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WHITE, F J Comparative effet ts of LSD and h~urzde Clues to specific hallutmogentc drug actions PHARMACOL 
BIOCHEM BEHAV 24(2) 365-379, 1986 --This  review compares the effects of LSD and its nonhallucmogemc congener 
hsurlde hydrogen maleate (LHM) on various biochemical, behavioral and electrophyslological radices of neuronal function 
The underlying rationale is that any differences between the effects of LSD and LHM might be relevant to neuronal actions 
which are unique and specific to hallucinogenic drugs and thereby provide clues to the neuroblologlcal substrates of 
halluclnogenesls In biochemical studies, LHM appears to be very similar to LSD with respect to its actions on 
monoamlnerglc (5-HT, DA, NE) systems The major difference between the two ergots appears quantitative in nature since 
LHM is more potent than LSD, especially on DA neurochemlstry Needed at the present time are additional comparative 
studies of LSD and LHM with respect to other biochemical measures, for example on the release of 5-HT and DA and 
comparisons at more molecular levels such as subcellular compartmentatlon Also necessary are more intensive regional 
analyses on specific subpopulatlons of 5-HT and DA systems (mesohmblc, mesostnatal and mesocortlcal) Behavioral 
studies are relatively uniform in their characterization of the greater DA-erglc activity of LHM as compared to LSD In 
particular, the drug discrimination (DD) procedure has indicated a more specific interaction of LSD with 5-HT neuronal 
systems as compared to LHM and has successfully differentiated the relative roles of 5-HT and DA systems in the 
behavioral effects of LSD and LHM Electrophyslologlcal studies have been consistent with both biochemical and behav- 
ioral findings with respect to the much greater effect of LHM on DA receptors In fact, the effects of LSD on DA- 
containing neurons are both weak and heterogeneous, again Indicating a need for more detailed analyses of specific DA 
projection systems The greater potency of LHM than LSD on 5-HT containing dorsal raphe neurons has lessened the 
attractiveness of the once popular theory that hallucinogenic efficacy is related to diminution of impulse flow in 5-HT 
systems but has also spawned greater interest in the possible role of postsynaptlc 5-HT receptors in hallucinogenic drug 
action Thus far, the most interesting finding is the ability of LSD and other hallucinogens, but not LHM, to potentiate an 
excltomodulatory effect of 5-HT in the facial motor nucleus If such a phenomenon occurs more generally in the CNS, the 
importance of this finding will be greatly enhanced Preliminary data is presented which suggests that LSD may also induce 
such an effect in a hmbtc forebraln structure, the nucleus accumbens In a concluding summary, it is proposed that those 
5-HT receptors which seem most likely to be involved in the halluclnogemc experience are those at which LSD is active but 
LHM is not (or is less so) and at which 5-HT antagonists are effective in reducing the LSD effect 
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S I N C E  H o f f m a n ' s  se rendip i tous  d i scovery  of  the po ten t  hal- 
lucinogenic  act ions  o f  lysergic acid d le thylamlde  (LSD) in 
1943 [52], r e sea rche r s  have  a t t empted  to e lucidate  the 
neuropharmacolog lca l  changes  which  cause or,  at least ,  cor- 
relate with the behaviora l  and percep tua l  mani fes ta t ions  
charac ter i s t ic  o f  the L S D  exper i ence  Neve r the l e s s ,  desp i te  
the use o f  many diverse  physiological ,  pharmacologica l  and 
behavioral  p rocedures ,  the mechan i sms  under ly ing the 
complex  spec t rum of  L S D ' s  b lobehavlora l  act ions  remain  
und i sce rned  Of  course ,  this should not  be surpris ing in view 
of  the myriad c o m p o n e n t s  of  the L S D  " t r i p "  and the gradual  
unfolding of  sequent ia l  s tages,  all o f  which  are likely to resul t  
f rom the in terac t ions  of  separa te  and pe rhaps  subtle 
neurobiological  subs t ra tes  

Historical ly,  the behaviora l  effects  o f  L S D  have  been  

linked to the endogenous  monoamlne  neuro t ransml t t e r s ,  
par t icular ly  the lndo leamlne  se r ton ln  (5 -hydroxy-  
t r y p t a m m e ,  5-HT),  but also to a l esse r  ex t en t  the  ca te-  
cho l amlnes  (CA), d o p a m l n e  (DA) and n o r e p l n e p h r m e  
(NE) The first hypo thes i s  regarding the m e c h a n i s m  of  
act ion o f  LSD was based on an tagonism o f  this amine in 
isolated smoo th  muscle  p repara t ions  [43,114] Thus ,  It was  
p ro p o s ed  that  LSD- induced  hallucinations might be depend-  
ent  upon a similar 5-HT antagonism in the centra l  ne rvous  
sys t em (CNS) As knowledge  of  the CNS ana tomy and phys-  
iology of  the m o n o a m m e s  emerged ,  due primarily to 
p ioneer ing h l s to f luorescence  visualizat ion o f  amine contain-  
ing neurons  [30], charac ter iza t ion  o f  L S D ' s  neurobIologtcal  
act ions  acc rued  concomi tan t ly ,  such effects  o f  L S D  have 
p roven  to be much  more  complex  than the simple 5-HT an- 
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tagonlsm observed m smooth muscle and many questions 
remain as to the exact nature of LSD's  interactions with 
central 5-HT neurons and receptors Nevertheless, the fact 
that 5-HT neuronal systems are involved in those actions and 
resultant hypotheses regarding 5-HT mediation of hal- 
lucinogenic efficacy have been widely accepted 

The emphasis on central serotonerglc systems as likely 
mediators of LSD's  potent hallucinogenic effects was 
prompted in the early 1960's by Freedman and colleagues 
who discovered that LSD increased the whole brain concen- 
trations of 5-HT and decreased the levels of  its major 
metabollte 5-hydroxylndoleacetic acid (5-HIAA) [37, 38.40, 
83] An important aspect of these findings, as well as subse- 
quent pharmacological analyses, was the mablhty of brom- 
LSD (BOL) to mimic the action of LSD BOL and LSD are 
nearly equipotent m their effects on peripheral 5-HT systems 
[22], but unlike LSD, BOL is, at best, only a very weak 
hallucinogenic agent [ 17] This differential hallucinogenic po- 
tency of BOL and LSD provided investigators with a valu- 
able tool for dissecting relevant neuroblologlcal substrates 
(correlates) of hallucinogenic activity Thus, any central ef- 
fect of LSD which was mimicked by BOL could be ruled out 
(at least tentatively) as an accountable mechanism For 
example, it has been reported that LSD and other hallucino- 
gens act as antagonists of central H-1 [36] and H-2 [47] his- 
tamine receptors, yet BOL is as effective as LSD at both 
receptors Therefore, the relevance of these receptors for 
LSD-lnduced hallucinosis seems questionable 

Using the LSD vs BOL strategy, a variety of CNS effects 
specific to LSD have been identified over the past two dec- 
ades [58] However,  an even more powerful lever for prying 
specific hallucinogenic neuronal substrates has recently be- 
come available The identification of  the close structural 
LSD-congener hsurlde hydrogen maleate (LHM) (Fig 1) as a 
nonhalluclnogenlc ergot denvatwe [48] has been of consid- 
erable importance because of  its strlklngly similar phar- 
macological profile to LSD Thus, LHM has been found to 
mimic many of the CNS effects of LSD and, in most cases, is 
actually more potent than LSD itself By systematically 
comparing the commonahtles and differences between the 
actions of  these two ergots, it is possible to identify with 
greater precision those mechanisms which are likely to be 
responsible for components of the LSD experience The pur- 
pose of  the present discussion is to provide a review and 
appraisal of those neuropharmacologlcal assays in which 
LSD and LHM have been compared directly (with particular 
emphasis on those systems employed by the author), as well 
as those systems thus far lacking in precise comparative 
data For purposes of organization and clarity, the material 
has been divided into sections covenng biochemical, behav- 
ioral and electrophyslologlcal studies 

B I O C H E M I C A L  S T U D I E S  

A n l l l l ¢  ~ T l l r / l o t ,  e r  

The comparative biochemical effects of LSD and LHM 
have been reviewed recently [39] Therefore, the present 
discussion will attempt to highlight and update the previous 
review The first study which caused researchers to question 
the theory that 5-HT neuronal systems mediate in some way 
the hallucinogenic property of LSD was performed by Pleri 
et al [74] who compared the biochemical changes occurnng 
in rat brain following peripheral administration of LSD and 
LHM These two compounds produced strikingly similar ef- 
fects, particularly a decrease in 5-HT turnover, except that 
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LHM-induced changes were somewhat more pronounced 
than those of LSD On the basis of these results, Pleri et al 
[74] concluded that "'the biochemical changes induced by 
both hsuride and LSD may solely represent an eplphenome- 
non unrelated to the halluclnosis " In addition to the com- 
mon ability of LSD and LHM to increase concentrations of 
5-HT and decrease 5-HIAA, these two ergots also caused 
similar increases in DA levels and decreases in the levels of 
the DA metabohte dihydroxyphenylacetlc acid (DOPAC) 
Moreover, both LSD and LHM Increased NE turnover [74] 
The major difference between LSD and LHM was a quan- 
titative one, LHM was more potent than LSD, especially 
with regard to changes in the CA's  Similar results have been 
obtained by other investigators [62-64] For example, using 
an in ~ tvo method of measuring the immediate precursors of 
5-HT and DA, i e , 5-hydroxytryptophan (5-HTP) and dihy- 
droxyphenylalanine (DOPA), after inhibiting aromatic amino 
acid decarboxylase with 3-hydroxybenzylhydrazlne, Kehr 
[62] found that both LHM and LSD reduced the synthesis 
and metabolism of 5-HT and, whereas LHM was a potent 
DA agonlst (inhibited DA synthesis), LSD was only a weak 
DA agonlst and, at higher doses, showed DA antagonist ac- 
tivity, l e ,  increased DA synthesis 

There are several biochemical effects of LHM which are 
not shared by LSD First, LHM antagonizes methlothepIn- 
induced increases in 5-HT turnover [74] Second, LHM de- 
creases DOPA accumulaUon tn DA-rJch brain regions [74] 
Third, LHM reduces concentrations of the DA metabohte 
homovanllhc acid (HVA) whereas LSD tends to increase 
HVA levels [64] However,  not yet as evident are biochemi- 
cal effects of LSD that are not mimicked by LHM, such 
effects may be of particular interest in determining hal- 
luctnogemc efficacy 

Re~ eptol  Binding and  A d e n v l a t e  Cv~ la s e  

Both LSD and LHM displace ~H-splroperldol from DA 
receptors in rat stnatal membranes at low concentrations 
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[41,55] In rabbit caudate, LHM displaces ~H-ADTN (2- 
amlno-6,7-dlhydro-l,2,3,4-tetrahydronaphtalene) [84], whmh 
labels DA receptors [28], and aH-LSD [84] which labels 
both DA and 5-HT receptors [20] In rat frontal cortex, 
LHM potently displaces the three serotonerglc hgands, ~H- 
LSD, ~H-5-HT and ~H-splropendol [55,84] Conversely, 
LSD potently d~splaces ~H-LHM binding m both strlatum 
and frontal cortex [15] Thus, ~t ~s apparent that LSD and 
LHM are strikingly slmdar with respect to receptor activity 
as determined by m vitro binding assays 

Both LSD and LHM have been shown to st,mulate a 
5-HT sensitive adenylate cyclase in frontal cortex and this 
stlmulatmn is antagomzed by the DA and 5-HT antagonist 
mohndone [7,84] Some researchers have reported that LSD 
[7, 31, 98], but not LHM [74,84], stimulates DA-sensltwe 
adenylate cyclase activity m the strlatum Others have re- 
ported that LHM can stimulate DA-senslt~ve cyclase m 
stnatal homogenates [ 1 I] and shces [85] Both LSD and LHM 
antagomze DA-sttmulated cyclase act~wty [31, 74, 84, 98] 

Releaae  E v p e r t m e n t s  

In a recent interesting report, Hetey et al [49] have 
shown that LSD and other hallucinogens (mescaline, DMT), 
but not LHM, dose-dependently inhibit the K+-evoked 
~H-DA release from crude synaptosomal fractmns of rat nu- 
cleus accumbens (NAc) Because these effects were blocked 
by both halopendol and methlothepin, it was postulated that 
the effect of the hallucinogens depended upon both DA and 
5-HT receptors located presynaptlcally on DA nerve termi- 
nals [49] Whde this is an intriguing finding suggesting a 
common effect of structurally dlsslmdar hallucinogens which 
is not mimicked by LHM, the lack of effect of LHM is sur- 
prising since ~t suggests that LHM does not stimulate 
presynaptlc DA receptors on DA nerve terminals (au- 
toreceptors) Although a similar conclusion was reached by 
Kebabmn and Kebabmn [61] who found that LHM did not 
inhibit tyroslne hydroxylatlon tn ~lttO, other studies have 
shown that LHM does inhibit DA synthesis under certain m 
i'ttto assay conditions [93] Moreover, several reports have 
indicated that LHM is a relatively potent stimulant of DA 
autoreceptors tn VlVO [62, 67, 99, 100, 110, 112] Direct ew- 
dence for LHM-induced stimulation of the DA autoreceptors 
which modulate impulse-flow m DA neurons is presented 
below (see Electrophyslolog~cal Studies) 

Thus far lacking and sorely needed are comparative 
studies of LSD and LHM on 5-HT release and its controlhng 
mechanisms, as well as addmonal studies on DA release, 
both m vitro and m vtvo, perhaps with push-pull cannulae, m 
lVO voltammetry or mtracerebral dialysis Moreover, com- 

parative studies at more molecular levels such as subcellular 
compartmentatlon and nerve terminal membranes, of both 
DA and 5-HT neurons, would be informative [39] Also 
needed are regional analyses of LSD's and LHM's  effects on 
specific subpopulatlons of 5-HT and DA systems (cortical, 
hmblc, strmtal, etc ) Comparisons of LSD- and LHM- 
reduced alteratmns of NE systems have thus far been hmited 
and additional detailed studms also seem warranted 

B E H A V I O R A L  STUDIES 

D A - D e p e n d e n t  Behavtor~ 

Over the past twenty years an enormous amount of be- 
havioral research has been conducted with LSD, not only to 

catalogue the effects of this extremely potent compound on 
behavior, but also to identify the neuropharmacologlcal 
mechanisms underlying such changes In conducting such 
experiments, behavioral pharmacologists have relied on a 
vast array of disparate behavioral techniques and animal 
species Probably the simplest and most frequently used 
procedures in behavioral pharmacology involve observing 
drug-induced changes in gross behavior, typical measures 
Include general motor activity and repetitive, stereotyplc be- 
haviors (gnawing, hcklng, etc ) In fact, these behaviors have 
generally been thought to indicate an increase in DA leceptor 
activity [34,78] Since LSD has been reported to cause both 
of these behaviors, effects which are reversed by DA 
antagonists, it was suggested early on that LSD acts as a DA 
agonlst [32,35] However, one consistent aspect of these ex- 
periments is that the doses of LSD which produce such ef- 
fects are evtremel3  high (5 0-10 0 mg/kg) and have httle, if 
any, relevance to doses which produce effects on the finng 
of CNS neurons (0 02-0 10 mg/kg) or induce halluclnosls in 
man (0 0025-0 005 mg/kg) Moreover, careful examination of 
the descriptive accounts of the LSD-induced stereotyptes 
lndmate that many of the indwldual behaviors (head weav- 
ing, tremor, splayed hlndhmbs) are now considered to be 
components of a 5-HT syndrome (see below) 

LHM exerts a bl-phaslc effect on motor behavmr m ro- 
dents [67,99] At low doses (0 1 mg/kg) this compound, hke 
apomorphme, produces a decrease in activity [67,99], 
presumably by activating DA autoreceptors [31] At higher 
doses (>0 1 mg/kg), LHM causes increases in locomotor 
activity and stereotyp~es, all of which are blocked by DA 
antagomsts [54] Clearly, with respect to motor act~wty and 
stereotypy, LHM is a more potent DA agonlst than LSD 

Another behavmral model for studying DA action ~s rota- 
tmnal behavior reduced by DA agonlsts in rats with undat- 
eral 6-hydroxydopamlne (6-OHDA)-lnduced lesions of the 
substantla nlgra [96] Such turning behavmr is contralateral 
to the lesmned side after a direct DA agomst, but is lpsdat- 
eral after an indirect DA agomst LSD has been shown to 
induce contralateral turning in th~s paradigm and the rotation 
is blocked by DA antagonists such as halopendol or 
p~moztde [75] In addition, LSD increases locomotor activity 
m 6-OHDA lesioned rats These results have thus 
strengthened the view that LSD acts as a DA agonlst [65,75] 
However, both the sensmwty and specificity of the rota- 
tional assay are somewhat questionable because the doses of 
LSD that rehably produce these effects are relatwely high 
(0 5 to 2 0 mg/kg) and the DA receptors, through which this 
behaworal episode is mediated, are not only supersensmve 
[97] but also nonspeofic [26] Furthermore, LSD-lnduced 
mrchng has not always been rephcated [70,77] LHM also 
induces contralateral circling indicative of a direct acting DA 
agonist [42,76], m fact, LHM is at least five times more 
potent than apomorphme in this model [42] 

Pmn et al [76] compared directly the rotatmnal behavior 
reduced by LSD, LHM, and apomorphme in rats with un- 
ilateral nlgrostrlatal lesmns produced by either 6-OHDA or 
5,6-dlhydroxytryptamme (5,6-DHT), a neurotoxln which 
depletes 5-HT as well as DA [16] The rotatmn induced by 
LHM or LSD was more pronounced m rats with 6-OHDA 
lesions than in those w~th 5,6-DHT lesmns There were no 
differences between the two lesmn groups with respect to 
apomorphme-induced cwchng The authors suggested that 
this was an lndmatmn of serotonerglc involvement m the 
actmns of LSD and LHM because 5,6-DHT depletes both 
5-HT and DA, and 5-HT modulates turning behavmr m a 
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dtrecUon opposite to DA [29,70] Thus the net effect of 
slmulatmg two neuronal systems, both with supersensmve 
receptors (5,6-DHT group), was an overall reduction in rota- 
tion as compared to the apomorphlne group (DA stimulation 
alone) or to the rats with only DA depleted (6-OHDA group) 
LHM was about 10-20 times more potent and considerably 
longer acting than LSD [76] Haloperldol completely blocked 
the LHM circling but only partially diminished LSD rota- 
tion, again demonstratmg the greater dopamlnerglc activity 
of LHM and the fact that LSD-lnduced clrchng involves 
non-DA mechanisms Both LHM and LSD also counteracted 
the catalepsy induced by the neuroleptic prochlorperazlne, 
another effect thought to reflect DA receptor stimulation 
[76], LHM was also more potent and longer acting than LSD 
In this model 

5-HT Dependent Behavtors 

Another set of drug-induced behavioral changes m rats 
has been suggested to indicate a spectfic interaction with 
5-HT receptors [46,57], and has thus been termed the 
"serotonin syndrome" [57] This syndrome is distinguish- 
able from the stereotypy induced by DA agonists by the 
appearance of head weaving, reciprocal forepaw treading, 
hind limb abduction, resting tremor, and Straub tall (rinsed 
and rigid position) The syndrome is reliably produced by 
inhibition of monoamme oxldase (MAO) in conjunction with 
injections of either of the amino acid precursors of 5-HT, 
L-tryptophan or 5-HTP [46] In addition, drugs which act as 
central 5-HT agonists produce the syndrome, including 
LSD, 5-methoxy-N,N-dlmethyltryptamme (5-MeODMT) 
and qulpazlne [57, 90, 95] 

By comparing the abdlty of LHM and LSD to produce the 
"serotonin syndrome," Sllbergeld and Hruska [87] found 
that both compounds Induced signs of the syndrome, but 
LHM was more potent Pretreatment with haloperldol 
potentiated and prolonged the LSD-lnduced syndrome but 
had no effect on LHM-lnduced behawors, this may occur 
because DA receptor blockade decreases the DA agonlst 
effect of LSD and thus allows a clearer expression of the 
serotonln syndrome The failure to observe the same in- 
teraction with LHM was explained by the greater potency of 
LHM for DA receptors [87] The 5-HT antagonist 
methyserglde partmlly blocked the effects of LSD, but not 
those of LHM Unfortunately, complete dose-response 
analyses with 5-HT and DA blockers were not performed 
and more specific 5-HT antagonists were not studied Again, 
one must view this behavioral syndrome with caution since 
the effective doses of both LSD (1 0-2 0 mg/kg) and LHM 
(! 0-1 5 mg/kg) were extremely high as compared to most 
behavioral test systems (below) 

The Ltmb-Fhck Model 

The ability of LSD and other hallucinogens to elicit 
hmb-fllckmg (LF) and abortive grooming (AG) in cats has 
been proposed as a specific animal behavior model for hal- 
lucinogenic drug action [59] However, upon closer scrutiny, 
it has been revealed that this model, like most, is not specific 
to hallucinogens [106] Nevertheless, this behavioral model 
has proven quite useful for simultaneous behavioral and 
electrophyslological investigations of LSD's effects [50, 
92a] In companng LHM and LSD in this model, most 
studies have found that LHM is at least as potent as LSD in 
ehciting these behaviors [50, 106, 107], actually, we have 
found LHM to be about four times more potent than LSD 

TABLE 1 
ANTAGONISM OF THE LIMB-FLICK (LF) RESPONSE ELICITED BY 

LSD OR LHM* 

Dose LSD LHM 
Antagomst (mg/kg) (0 08 mg/kg) (0 02 mg/kg) 

No antagomst - -  49 0 _+ 12 2 50 2 _+ 16 8 

Halopendol 01 225 _+ 72 284_+ 11 7 
Halopendol 05 60_+ 34? 1 0_+ 04+ 

lhzotffen 50 05 _+ 03~- 62 + 2Yt 

*Data are presented as the mean number of LF/hour _+SEM (n=6 
m all experiments) 

+Sigmficantly less than LSD or LHM alone (p<0 05) 

(Table 1) Pharmacological investigations Into neuronal 
mechanisms responsible for LSD and LHM induced LF/AG 
have demonstrated that although the 5-HT antagonist pizotl- 
fen (BC-105) blocked the effects produced by LSD [50,107], 
the DA antagonist halopendol was also effectwe [92a, 107] 
Moreover, we found that both of these antagonists also pre- 
vented LHM-induced LF [107] Interestingly, Jacobs and 
co-workers reported that the 5-HT antagonist mianserln 
blocked the LF/AG response induced by LSD but not that 
induced by LHM [50] Whether this discrepancy is due to the 
different 5-HT antagonists employed is an important matter 
worthy of future study Nevertheless, the fact that LSD and 
LHM are so similar in this model and the effects of both 
ergots can be blocked by both 5-HT and DA antagonists 
casts some doubt on the utility of this model for distinguish- 
Ing specific neuronal mechanisms relevant for hallucinatory 
activity [107] 

Hallu~ mogen-lndu~ ed Ltmb-Jerl~mg m Monhew 

Schlemmer and Davis [86] have recently reported that 
hallucinogenic drugs produce several behavioral effects m 
the monkey (stumptai1 macaques), among the most interest- 
lng were two emergent behaviors, limb-jerking and body 
shaking These behaviors are almost never seen in undrug- 
ged monkeys but are induced in a dose-dependent manner by 
a vanety of halluclnogemc drugs, LSD (as usual) being the 
most potent Important for the present discussion is the fact 
that LHM was ineffective at inducing these behawors 
[86,86a] As for antagonism of these behaviors, both 5-HT 
and DA antagonists effectively reduced the LSD effect al- 
though 5-HT blockers were more potent [86] More detailed 
study of the receptor mechanisms and locations responsible 
for this behavior seem warranted 

Disruption of Operant Behavtor 

In the mid 1960's, Appel and Freedman [8] reported the 
ability of LSD and other psychotomlmetic drugs to disrupt 
the bar-pressing behavior of rats trained on fixed-ratio (FR) 
schedules of food or water reinforcement The disruption of 
FR responding induced by hallucinogens such as LSD is 
characterized by an abrupt cessation of responding, the 
length of which IS dose-dependent, and a somewhat less 
abrupt return to the pre-disruptlon mode of responses [8] A 
considerable amount of work has been conducted with re- 
spect to LSD's effects in this paradigm, most of which lndi- 
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cates an almost  exclus ive  role for 5-HT systems In this effect 
[8, 33. 60, 79] Recent ly ,  Mokler  et al [71] compared  the 
effects  of  L S D  and L H M  on disruption of  FR-40 responding 
(40 responses  are required per reinforcer)  and repor ted  that 
L H M  was almost  three t imes as potent  as L S D  in disrupting 
FR per formance  Interestingly,  5-HT antagonists ,  but not 
DA antagonists ,  blocked the effects  of  both L S D  and L H M  
[71] The 5-HT antagonist  cmar senn  was an except ion  in that 
it b locked the effects of  LSD but potentiated the effect  of  
L H M ,  unfortunately,  the authors offered no explanat ions  for 
this rather  puzzling finding [71] For  addmonal  information 
reg,trdmg LSD s ettects on FR responding, see Sparber  I89al 

Drl t£ ,  D I s  t t II?llll~lllOll 

The drug discrimination (DD) procedure  has been particu- 
larly successful  in the study of  neuronal mechanisms  under- 
lying the effects  of  a vane ty  of  psychoact ive  compounds  (for 
recent  review see [44]) In this procedure ,  animals are 
trained to discriminate be tween  the presence  and absence  of  
a drug (drug vs saline) or the presence  of  one drug or  an- 
o ther  drug (drug vs drug) DD has several  advantages  ove r  
many of the o ther  behavioral  procedures  descr ibed above  in 
that (1) ~t ~s exqmsl te ly  sensit ive to low doses of  LSD and 
other  drugs [10], (2) It is relat ively specific within phar- 
macological  classes and to part icular  neuronal actions [10, 
13, 44, 82], (3) it is reliable and stable over  t ime [10,44], and 
(4) ~t is the animal behavior  whmh most  closely models  
the subject ive exper ience  of  drug effects in humans [82] 

With respect  to the LSD discr iminat ive stimulus (DS) ef- 
fect or  cue,  a decade of  research has provided substantial  
ev idence  that this effect of  LSD is mediated by actions at 
postsynapt lc  5-HT receptors  Thus,  the LSD cue (1) is 
readily mimicked by other  postsynapt ic  5-HT receptor  
agomsts  166,104], (2) Is blocked specifically by 5-HT 
antagomsts  [25, 66, 104, 113], (3) is potentiated by phar- 
m,tcologlcal procedures  which deplete 5-HT and increase 
~H-LSD binding [ 10,108], (4) is d lscr lmmably similar to elec- 
tncal  snmulat lon of  5-HT cell bodies in the dorsal raphe 
nucleus [5 l], a manipulat ion which increases 5-HT release in 
terminal areas,  and (5) is only partially mimicked by direct  
application of  LSD into the dorsal  raphe nucleus [82], the 
site of  somatodendrlt lC 5-HT autoreceptors  

We have used the DD procedure  and, in particular,  a drug 
vs drug discrimination to compare  and contrast  the DS 
propert ies  of  L S D  and L H M  (Table 2) In the first experi-  
ment,  two groups o f  water -depr ived male rats were  trained 
to discriminate 0 08 mg/kg of  rather LSD or L H M  from saline 
in a manner  descr ibed in detail e lsewhere  [101-104] Briefly, 
rats were injected lntraperi toneal ly (IP) with ei ther  the train- 
ing drug or  sahne 15 mm before being placed in exper imenta l  
chambers  containing two levers The rats were  trained to 
respond differentially on one of  the levers  (depending on the 
solution injected) for water  re inforcers  Note  that,  prior to 
del ivery of  the first reinforcer ,  the only cue the animal could 
use to determine  the correct  lever  was the drug-reduced 
"s ta te  '" For  this reason,  dlscr imlnablhty was always as- 
sessed prior to del ivery of  the first re inforcer  or, in test ses- 
s,ons, during ext inct ion periods in which no water  was deliv- 
ered and the session ended after  32 responses  had occur red  
on one of  the levers Fol lowing acquisi t ion of  the LSD and 
L H M  discriminations,  each group of  rats was divided into 
three equal  subgroups which were  trained to discriminate 
ei ther 0 02, 0 08 or  0 32 mg/kg of  each drug by progress ively  
altering dose [103,104] Thus,  at the end of  training (55 ses- 

T A B L E  2 

COMPARISON OF THE DISCRIMINATIVE STIMULUS PROPERTIES 
OF LSD AND L H M  

LSD vs LHM vs LSD vs 
Test Drug Saline Saline LHM 

Substitution Tests 
5-HT Agomsts 

Qmpazlne * t * for LSD 
MK-212 * t 
5-MeODMT * ~- 

DA Agomsts 
Apomorphlne 0 * * for LHM 
Lergotrde 0 * 
Amphetamine 0 0 

Antagomsm Tests 
5-HT Antagomsts 

Cyproheptadlne + 0 
BC-105 * 0 
Ketanserln * 0 

DA Antagonists 
Haloperldol 0 * 

5-HT and Antagomst 
Methmthepln t t 

*Complete substltutmn or antagomsm 
rincomplete subsntutlon or antagonism 
~ - N o  effect 

slons), the rats were accura te ly  discriminating a wide range 
of  doses  of  L S D  or L H M  from saline 

Figure 2 shows the results of  substi tution tests in which 
different doses  of  LSD and L H M  were adminis tered to 
assess the Slmllanty of  the two ergots It is apparent  that 
LSD and L H M  exer ted  similar discriminable effects across  a 
wide range of  doses In each group the percentage o f  drug- 
lever  responding elicited by at least one dose of  the novel  
drug was significant Never the less ,  particularly no tewor thy  
is the fact that the extent  of  substi tut ion of  the novel  drug 
was usually less than that of  the t ramlng drug A similar 
substitution of  L H M  m LSD-t ra lned African green verve t  
monkeys  (Cer~optte~us aethtop~) has also been demon-  
strated recently [71a] Our  data led us to examine  the 
possibility that the DS effects o f  L S D  and L H M  might be 
sufficiently &fferent  to allow rats to discriminate be tween  
them Because  rats can learn to discriminate quant l tanve  
differences m drug effects [14], three groups o f  rats were 
trained to discriminate be tween  L S D  and L H M  at three dif- 
ferent potency ratios (0 02, 0 04 or  0 08 mg/kg of  L H M  vs 0 08 
mg/kg of  LSD),  chosen on the basis of  the previous experi-  
ments Otherwise ,  the methods  were  the same as those de- 
scribed previous ly  except  that an FR 16 schedule was used 

Each of  the three groups readily learned to discr iminate  
LSD from L H M  The results of  substi tution tests with saline, 
LSD,  L H M ,  the DA agonist  apomorphlne  (APO), and the 
5-HT agonist  quipazlne (QPZ) are shown in Fig 3 In the 
0 08 mg/kg L H M  group, the discr iminat ion seemed to be 
based on the quant i ta t ive difference of  amount  of  drug effect ,  
i e ,  at equivalent  doses,  L H M  is much more potent  than 
LSD,  thus, during tests with a relatively high dose of  any 
drug, responding occurred  primari ly on the L H M -  
appropna te  lever  whereas  during tests with low drug doses,  
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FIG 2 Results of substitution tests w~th LSD and LHM m groups of rats trained to d~scnmmate one of three doses (0 02, 0 08 or 
0 32 mg/kg) of either LSD (top panel) or LHM (lower panel) from sahne Asterisks represent slgmficant substitutions Reprinted 
from [102] w~th permission (Copynght by the AAAS ) 

most  responding occur red  on the LSD-appropr la te  lever  In 
contrast ,  in the o ther  groups,  the discr iminat ions were  based 
on quahtattve dtfferences be tween  the effects  of  L S D  and 
L H M ,  I e , during saline tests  and tests with low doses  of  
LSD,  choice  behavior  was not under  st imulus control  As 
the dose of  L S D  increased,  the percentage  of  L S D  lever  
responding increased to above  chance  levels Discr iminat ion 
o f  all doses  of  L H M  was near  perfect  As the dose of  QPZ 
increased,  rats responded as though they had rece ived  LSD,  
as the dose of  APO increased,  they responded  as though they 
had rece ived  L H M  

Thus,  the effects  of  L S D  and L H M  were  sufficiently dif- 
ferent  to enable rats to discr iminate  be tween  them Obser-  
vat ions that the 5-HT agonlst  QPZ elicits LSD-appropr la te  
responding whereas  the DA agonlst  APO elicits L H M -  
appropriate  responding suggest that the DS effects of  L S D  
are medmted  primarily by 5-HT receptors  whereas  the DS 
effects of  L H M  are mediated primari ly by DA receptors  
This interpretat ion is supported by our  findings that (1) 
5-HT agonlsts  substi tute complete ly  for L S D  but only par- 
tlally for L H M ,  (2) 5-HT antagonists  block the L S D  cue but 
not  the L H M  cue,  (3) DA agonlsts  substi tute comple te ly  for 
L H M  but not  at all for LSD,  and (4) DA antagonists  block 
the L H M  cue but not  the L S D  cue (see Table  2) This is not  
meant  to imply that L S D  and L H M  act  only at 5-HT and DA 
receptors ,  respect ive ly ,  but  that the DS effects  of  these 

drugs are mediated pr;mardy by actions on one or  the other  
of  these neuronal  systems These  data present  striking evi- 
dence  that previously  reported quanti tat ive differences be- 
tween the neuronal  actions of  L S D  and L H M  can result in 
quali tat ive differences in the discriminable " s t a t e s "  
produced  by these ergots Thus,  our  results parallel those 
seen in humans  in that L H M  exerts  much greater  potency as 
a DA agonlst  (antl-Parklnsonlan effects) and does not 
produce  LSD-hke  hallucinogenic reactions [45] 

With respect  to the possible invo lvement  of  N E  neuronal 
sys tems m the L S D  and L H M  cues,  previous studies have 
demonst ra ted  that N E  is not involved in the L S D  cue since it 
is nei ther  blocked nor  mimicked by ei ther  a-adrenerglc  
(phentolamlne) or  f l-adrenerglc (propranolol)  antagonists  
[66] Never the less ,  b iochemical  measures  indicate effects of 
both L S D  and L H M  on N E  turnover ,  moreover ,  L H M  
exerts  o ther  effects  which are consis tent  with both c~- and 
f l -adrenerglc  an tagonism [15, 27, 62] To invest igate  this 
possibi l i ty  more direct ly  the effects  of  se lec t ive  c~1 and 
~_, agents  were  s tudied in rats t rained to d iscr iminate  
ei ther  LSD (0 08 mg/kg) or L H M  (0 04 mg/kg) from saline as 
descr ibed  above  In subst i tut ion tests ,  the c~, b locker  
yohlmblne produced a dose-related increase in both L S D  
and L H M  lever  responding which was considerably more 
ev iden t  in the L H M  trained rats (Table 3) Ne i the r  the c~ 
antagonis t  prazos ln  nor  the /3 antagonis t  propranolol  
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elicited significant LHM or LSD lever responding (Table 3) 
Thus, these results suggest that c~,-adrenoceptor antagonism 
may play a role in the DS effects of LHM, but is less likely to 
be involved m the LSD cue 

Aunlmat  v o/  Behav tora l  S t u d w  

In contrast to the available biochemical data, behavioral 
research with direct LSD vs LHM comparisons is more 
extensive and thorough It is evident from the available 
studies that LSD and LHM exert strikingly similar effects on 
"5-HT-rela ted" behaviors but that LHM is a much more 
potent elicitor of "DA-dependent"  behaviors In fact, upon 
review of the available data, there is little compelling behav- 
ioral evidence that LSD acts as a DA agonlst when adminis- 
tered at reasonable doses in intact (l e , unlesloned) animals 
We have recently found that relatively low doses of LSD 
partially mimic the DS properties of apomorphine, indicating 
that DA agonlst effects of low LSD doses can be detected 
when rats are trained to attend to such a neuronal action, 1 e ,  
are trained to discriminate a direct DA agonlst [53] Inter- 
estlngly, we also found that this effect of LSD was blocked 
to a greater extent by 5-HT antagonists than by DA 
antagonists, suggesting that the effect may be secondary to 
5-HT receptor activation [10,53] With respect to distinguish- 
lng specific LSD induced behaviors and underlying mech- 
anisms, the DD paradigm has been most successful in iden- 
tifying differences between LSD and LHM, thus. it is obvi- 
ous that the DS effects of LSD rely primarily on direct 
postsynaptlc 5-HT receptor activation (above) whereas the 
DS effects of LHM rely primarily on its actions as a direct 
DA receptor agonlst Among the other interesting behavioral 
comparisons of LSD and LHM is the finding that the FR-40 
disruption caused by these ergots is blocked only by 5-HT 
antagonists [71] To date, this seems to be the only effect of 
LHM (at least at reasonable doses) that is not blocked by DA 
antagonists, suggesting that the particular pattern of disrup- 
tion caused by LSD, LHM and various hallucinogenic drugs 
(pausing) may be a specific reflection of 5-HT receptor ac- 
tivation Thus, additional studies should attempt to identify 
the specific types and locations of the 5-HT receptors in- 
volved in LSD and LHM induced FR disruption 

ELECTROPHYSIOLOGICAL STUDIES 

5 - H T  Sv~tem~ 

Perhaps the most thoroughly characterized physiological 
effect of LSD is the ability of very low doses to reduce the 
firing rate of 5-HT containing neurons in the mldbraln dorsal 
raphe nucleus [4] These predominantly inhibitory neurons 
fire m a slow regular rhythm and thus keep the majority of their 
postsynaptlc target cells under tonic inhibition [1,6] LSD, 
when applied systemically (IV) in small doses (0 01-002 
mg/kg) or when applied dtrectly onto the raphe soma by 
mlcrolontophoresls, produces an abrupt inhibition of  the fir- 
lng rate of these cells [4-6] This in turn causes an increase in 
activity of  the postsynaptlc target cells due to the release of 
inhibition Psychoactive congeners of LSD, other hal- 
lucinogenic drugs and agents which increase synaptlc avail- 
ability of 5-HT (uptake inhlbitors, precursors, monoamlne 
oxldase mhlbltors) inhibit these raphe cells, potency of the 
hallucinogens in this regard is similar to their behavioral po- 
tency [6] 

Aghajanlan and colleagues [5] have also shown that the 
postsynaptic - t a rge t "  cells of  the raphe nuclei, located in 
various brain regions (lateral geniculate nucleus, amygdala), 
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FIG 3 Results of substitution tests with LSD, LHM, qmpazme 
(QPZ) and apomorphme (APO) m rats trained to discriminate 0 08 
mg/kg LSD from either 0 02 mg/kg LHM (top panel), 0 04 mg/kg 
LHM (middle panel) or 0 08 mg/kg LHM (bottom panel) Note that 
zero percent LSD responses is equivalent to 100 percent LHM re- 
sponses Asterisks represent slgmficant subsutuuon of QPZ for the 
LSD cue, or s~gmficant substitution of APO for the LHM cue 
(p<0 05, t-test for correlated measures) Reprinted from [102] with 
permission (Copyright by the AAAS ) 

are much less responsive to LSD than are the raphe cells 
Therefore, they have proposed that the hallucinogenic ef- 
fects of LSD may result from this preferential agonlstic effect 
at 5-HT autoreceptors located in the somatodendrltlC regions 
of the 5-HT containing raphe neurons [5], reasoning that the 
preferential inhibition of 5-HT cells causes dislnhlbltlon of 
postsynaptic target cells In contrast, non-hallucinogenic 
compounds which suppress 5-HT cells (5-HT, 5-HTP) also 
potently Inhibit the postsynaptic neurons thereby preventing 
"dIslnhlbltIon " 

Like LSD, LHM produces an abrupt, dose-dependent 
suppression of serotonerglc neurons In the dorsal raphe 
[81,100] In fact, In a comparative study, LHM was found to 
be 5-10 times more potent than LSD in selectively inhibiting 
the firing rate of these cells [81], both intravenous and mlc- 
roaontophoretlcally applied LHM were potent in this regard 
On the basis of the molar intravenous dose required to com- 
pletely inhibit cellular activity in the raphe, LHM is the most 
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T A B L E  3 

RESULTS OF SUBSTITUTION TESTS WITH ADRENERGIC AGENTS IN RATS 
TRAINED TO DISCRIMINATE LSD (0 08 mg/kg) OR LHM (0 04 mglkg) FROM SALINE* 

Dose 
Test Drug (mg/kg) LSD-Rats n/Nt  LHM-Rats n/N~ 

LSD 0 08 98 ± 2 8/8 - -  - -  
LHM 0 04 - -  - -  99 ± 1 8/8 
Sahne - -  1 ± 1 8/8 2 ± I 8/8 

Propranolol 5 0 4 ± 2 8/8 3 ± 1 8/8 
100 6 ± 3 8/8 12 ± 5 6/8 
200 15 ± 8 4/8 9 ± 6 3/8 

Phentolamme 5 0 8 ± 3 8/8 4 + 2 8/8 
100 6 ± 2 6/8 10 ± 4 6/8 

Prazosm 1 0 2 ± 1 8/8 4 ± 2 8/8 
2 0  3 ± 1 8/8 14 ± 6 8/8 
4 0  12 ± 4 7/8 31 ÷ 12 7/8 
8 0  21 ± 6 5/8 24 ± 12 4/8 

Yohlmbme 1 0 0 8/8 20 ± 6 8/8 
2 0  14 ± 8 8/8 46 ± 9 8/8 
4 0 56 ± 12 7/8 67 ± 12 8/8 
8 0  31 ± 14 6/8 79 ± 8 7/8 

*All data are presented as the percentage of responses on the drug-lever 
tn/N refers to the number of rats responding out of those tested 

p o t e n t  d rug  d e s c n b e d  to date  [81] T h e s e  resu l t s  p rov ide  
add i t iona l  e w d e n c e  l ncons t s t en t  wt th  the  5-HT a u t o r e c e p t o r  
h y p o t h e s t s  o f  ha l luc inogen ic  drug  ac t ion  H o w e v e r ,  u n h k e  
LSD,  L H M  ts qmte  p o t e n t  at  lnh tb l tmg the  firing of  amyg-  
dala  n e u r o n s  wh tch  r e c e w e  a d e n s e  5-HT m n e r v a t l o n  (Wang  
and  A g h a j a m a n ,  u n p u b h s h e d  resul ts) ,  a f inding wh ich  ts in 
a c c o r d  wt th  the  preferen t ta l  a u t o r e c e p t o r  hypo thes i s  of  hal- 
l ucmogen tc  ac t iv i ty  

M o r e  damag ing  e v i d e n c e  for  the  a u t o r e c e p t o r  hypothes~s 
o f  ha l l ucmogen lc  drug  a c t m n  has  been  p rov ided  by  a r ecen t  
ser ies  o f  e x p e r i m e n t s  in wh ich  dorsa l  r aphe  act iv i ty  and  be-  
hav to ra l  m e a s u r e s  were  s imu l t aneous ly  m o n i t o r e d  m awake ,  
f ree ly  m o v i n g  ca ts  [94] T h e s e  e x p e r i m e n t s  r evea led  tha t  the  
t tme  c o u r s e  of  the  behav to ra l  ef fects  o f  L S D  ( L F / A G ,  see 
a b o v e )  does  not  cor re la te  wi th  m h t b l t o r y  effects  of  L S D  m 
the  dorsa l  raphe .  In addi t ion ,  a l t hough  the  behav io ra l  effects  
of  L S D  exh lb t t ed  to l e rance  fo l lowmg repea t ed  admlms t r a -  
t lon,  such  was  not  the  case  for  l n h t b m o n  of  dorsa l  r aphe  
ac t tv l ty  [94] A l though  these  resu l t s  a rgue  aga ins t  a c t m n s  at 
the  dorsa l  r aphe  as the  p n m a r y  m e c h a m s m  of  L S D - m d u c e d  
ha l luc lnos t s ,  one  mus t  t ake  mto  a c c o u n t  the  poss tb le  lack of  
a p p r o p n a t e n e s s  of  the  L F / A G  cat  mode l  as an  m d l c a t o r  of  
h a l l u c m o g e m c  eff icacy (above)  P e r h a p s  equal ly  damag ing  
to the  a u t o r e c e p t o r  hypo thes i s  is the  r ecen t  f indmg tha t  the  
5-HT agoms t  q m p a z m e ,  w h t c h  is appa ren t ly  nonha l -  
l u c m o g e m c  [72,105] p o s s e s s e s  a pos t / p r e s ynap t l c  eff icacy 
ra t io  (for  lnh lb l tmg 5-HT n e u r o n s  and  n e u r o n s  in the  lateral  
gen lcu la te  nuc leus ,  r e spec t tve ly )  tha t  is s~mllar to tha t  of  
L S D  [18]. 

In v iew of  the  a b o v e  p r o b l e m s  wi th  the  p re synap t l c  5 -HT 
r e c e p t o r  hypo thes i s  of  L S D ' s  h a l l u c m o g e m c  po tency ,  and  
the  b e h a v m r a l  ev idence  s u p p o r t m g  an i m p o r t a n t  role of  

p o s t s y n a p t l c  5 -HT recep to r s  in ha l l ucmogemc  act tvl ty  [ 102], 
e l ec t rophys lo log l s t s  have  tu rned  the i r  a t t en t ion  to 
pos t synap t l c  5 -HT r ecep to r s  as po ten t ia l  si tes of  specif ic  hal- 
l u c m o g e m c  ac t ions  In an  e legant  ser ies  of  expe r imen t s ,  
McCal l  and  Agha jan lan  [69] have  s h o w n  tha t  L S D  and o the r  
ha i l ucmogens ,  bu t  no t  L H M ,  can  po ten t i a t e  the  ex- 
o t o m o d u l a t o r y  effects  of  5 -HT on g lu tamtc  a o d - m d u c e d  
exc i t a t ions  in the  rat  facial  m o t o r  nuc leus  (see [68a] for  de- 
tai led s u m m a r y  and  re fe rences )  Moreove r ,  this  is an effect  
tha t  is b locked  by  5-HT an tagon i s t s ,  a f indmg wh tch  is m 
conce r t  wi th  the  behav to ra l  e v i d e n c e  d i scussed  above  

It ~s difficult  to env is ion  h o w  ac t ions  of  L S D  on m o t o r  
n e u r o n s  could  be  Involved  m the  complex  ha l luc ina tory  
ep i sodes  induced  by  L S D  H o w e v e r ,  If such  ac t ions  of  L S D  
o c c u r  more  genera l ly  at  o the r  b ra in  sites,  pe rhaps  in l lmblc,  
visual  or  cor t tcal  a reas ,  they  would take  on cons ide rab le  
added  i m p o r t a n c e  To exp lore  thts  possibi l i ty ,  ex t race l lu la r  
single cell r ecord ings  were  recen t ly  ob ta ined  f rom the rat  
nuc leus  a c c u m b e n s  (NAc) ,  a f o r e b r a m  hmblc  s t ruc tu re  of ten 
pos tu la t ed  to be invo lved  in m a n y  of  the c o g n m v e  and  emo-  
t ional  d i s t u r b a n c e s  of  s c h l z o p h r e m a  [68, 91, 111] Prelimi- 
na ry  s tudies  lndtca te  at  leas t  two  dif ferent  effects  of  LSD m 
thts  s t ruc tu re  (1) a p r e d o m i n a n t  inh ib i to ry  effect  as previ-  
ous ly  d e m o n s t r a t e d  m o t h e r  fo reb rmn  s t ruc tu res  [5,6], and  
(2) a po t en t t a tmg  effect  on  the  exc i t a to ry  (modula to ry  ~) ac- 
t ion of  5 -HT whtch  was  ev iden t  on a small  subse t  of  neu rons ,  
in teres t ingly ,  this  po ten t i a t ing  effect  of  L S D  on 5- 
H T - l n d u c e d  rate  inc reases  occu r r ed  on  a s p o n t a n e o u s l y  
ac t ive  neu ron ,  bu t  not  w h e n  g lu tamlc  actd was ion- 
t o p h o r e s e d  to ac t iva te  a qu ie scen t  N A c  (Fig 4) This  is m 
con t r a s t  to the  f a o a l  m o t o r  nuc leus  whe re  L S D  po ten t i a t ed  
the abdl ty  of  5-HT to dec rease  the  a m o u n t  of  g lutamlc  acid 
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necessary  to act ivate  quiescent  cells Perhaps In the NAc .  
the ability of  5-HT to increase the act ivi ty of  some neurons 
reflects an endogenous  modula tory  facilitation o f  5-HT on 
glutamlc acid terminals [2] H o w e v e r ,  this is speculat ion 
based only on prel iminary ev idence  (n=3 N A c  neurons)  It 
should also be noted that in t ravenous  administrat ion of  the 
5-HT antagonist  plzotIfen, but not the DA antagonist  halo- 
peridol,  blocked this ra te-enhancing effect of  5-HT in the 
N A c  Moreover ,  the inhibitory effects of  L S D  and 5-HT on 
N A c  neurons were  not b locked by haloperldol  but were  par- 
tially blocked by plzotlfen Thus far, only inhibitory effects  
of  L H M  have been observed  in the N A c  (n= 12 cells) and 
these effects  were  mediated by DA receptors  since they were  
prevented  by haloperldol ,  but not pizotlfen Thus,  L H M  and 
L S D  differ markedly  with respect  to their  effects in the N A c ,  
suggesting a possible important  role for this l lmblc nucleus in 
the bmbehavlora l  actions of  L S D  

DA Systema 

L S D  (0 025-0 05 mg/kg) has been shown to decrease  the 
firing rate of  some A9 DA neurons in the zona  compac ta  of  
the substant la  nlgra [23,100], an effect character is t ic  of  DA 
agomsts  which is mediated by DA autoreceptors  in the 
somatodendr l tm regton [3] Howeve r ,  it should be noted that 
compared  to apomorphIne ,  L S D  is very weak m this regard 
[100] Moreove r ,  after chronic  t rea tment  with DA agonlsts,  
L S D  increases the f inng rate of  A9 DA neurons [24], a find- 
lng consis tent  with the hypothesis  that L S D  acts as a mixed 
agonlst-antagonlst  at presynapt ic  DA receptors  [31,98] 

We have recent ly conducted  a series of  exper iments  de- 
signed to compare  and contrast  the effects  of  L S D  and L H M  

on A10 DA neurons in the rat ventral  tegmental  area [110] 
These  A l 0  DA neurons are the pr imary cells o f  origin of  the 
mesohmblc  and mesocor t tca l  DA systems which have been 
]mphcated in var ious cognit ive and affectlve aspects  of  be- 
havior  [88] and, therefore ,  could possibly be involved m cer- 
tain cognit ive and affect lve (psychotomlmet lc)  components  
of  the L S D  experaence 

These  exper iments  demonst ra ted  that L H M  potently 
suppressed the firing rates of  A10 DA cells, but faded to 
consistent ly alter the firing rates of  non-DA neurons in the 
VTA The IDa. for L H M  suppression of  A10 DA cells (0 021 
mg/kg, see Fig 5) was similar to that repor ted  for L H M  on 
A9 DA cells [100] As previously  demonst ra ted  on A9 DA 
cells [100], ha lopendol  was ineffect ive in reversing the 
LHM-lnduced  suppression but was capable  of  prevent ing the 
effect (Fig 6), suggesting that L H M  acted as a noncompet i -  
t ive or  i rreversible DA agonlst ,  as was recent ly demon-  
strated for another  ergot der ivat ive ,  bromocrlpt ine  [12] This 
interpretat ion is supported further  by the fact that, following 
partial suppression of  an A10 or A9 DA neuron by L H M ,  
apomorphlne  was unable to suppress further  the firing rate of  
the cell (Fig 6) Unlike LSD (see below),  L H M  did not exert  
a typical DA antagonist  effect because  L H M  faded to re- 
verse  apomorph lne ' s  ra te-depressant  effects  on A10 DA 
cells 

In contrast  to L H M ,  L S D  exer ted  mixed effects on A10 
DA cells, partially suppressing the firing of  some cells, ac- 
celerat ing the f lnng of  some cells and exert ing no effects on 
others  (Fig 7) Interest ingly,  our  results suggested that A I 0  
DA cells with firing rates above  3 0 Hz  were  more  likely to 
be suppressed by L S D  than A10 DA cells with f inng rates 
below 3 0 Hz  This relat ionship be tween  the effects of  L S D  
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FIG 6 Effects of LHM on the firing rates of A10 DA neurons A 
Typical suppression of the firing rate of an A 10 DA neuron produced 
by increasing IV doses of LHM (0 001-0 016 mg/kg, total dose, 
0 031 mg/kg) and the inability of haloperidol (HAL) (0 05-0 4 mg/kg 
IV, total dose, 0 75 mg/kg) to reverse the suppression B Prevennon 
of the rate-suppressant effects of increasing IV doses of LHM 
(0 001-0 512 mg/kg, total dose, 1 023 mg/kg) on an A10 DA neuron 
by pretreatment w~th HAL (0 005-0 04 mg/kg, total dose, 0 075 
mg/kg IV) C Partml suppression of the finng rate of an A10 DA 
neuron produced by increasing IV doses of LHM (0 001-0 032 
mg/kg, total dose, 0 063 mg/kg) and the fadure of apomorphme 
(APO, 0 001-0 032 mg/kg, total dose, 0 063 mg/kg IV) to further 
suppress the finng rate of the cell Reprinted from [110] with per- 
mlSSlOU (Copyright by Pergamon Press ) 

and  basa l  ac t iv i ty  is exac t ly  the  oppos i t e  of  tha t  r epo r t ed  for  
the  DA agonls t s  a p o m o r p h m e ,  a m p h e t a m i n e ,  pe rgohde ,  and  
L H M  [109] The  po t ency  wi th  w h i c h  these  agoms t s  Inhibi t  
A10 D A  n e u r o n s  is indirect ly  re la ted  to basa l  ac t iv i ty  such  
tha t  agon l s t -mduced  rate  s u p p r e s s i o n  is more  p r o n o u n c e d  on  
s lower  firing D A  n e u r o n s  [109] The  r ea sons  for  the  unusua l  
na tu re  of  L S D ' s  l n t e r a c n o n s  wi th  indiv idual  DA n e u r o n s  are  
u n k n o w n  bu t  t he se  da ta  sugges t  tha t  the  inh ib i to ry  effects  of  
L S D  on A10 DA n e u r o n s  are med ia t ed  vla  s o m e w h a t  differ- 
en t  m e c h a n i s m s  t han  those  of  more  po ten t  DA agomst s  
P e r h a p s  L S D  exer t s  inh ib i to ry  effects  only on  a pa r t i cu la r  
subse t  of  A10 p ro jec t ion  n e u r o n s  t e rmina t ing  in some  spe- 
cific f o r e b r a m  a rea  F u r t h e r  e x p e r i m e n t a t i o n  uti l izing site- 
specif ic  an t ld romlc  s t imula t ion  t e c h n i q u e s  will be  requ i red  to 
inves t iga te  th is  poss lbt l l ty  

The  h a l o p e n d o l - r e v e r s l b l e  par t ia l  s upp r e s s i on  of  A l 0  
neu rona l  ac t iv i ty  by  L SD  suggests  tha t  L SD  is only  a weak  
DA agonls t  m vii ,  o ,  a conc lus ion  t ha t  is s u p p o r t e d  by  previ -  
ous  b iochemica l  [63] and  behav io ra l  [53] s tudies  As previ -  
ous ly  d e m o n s t r a t e d  on  A9 DA n e u r o n s  [24], L S D  also 
exe r t ed  wha t  appea r s  to be an  an tagon i s t  ac t ion  on  A10 DA 
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FIG 7 Effects of LSD on the finng rates of A10 DA neurons A 
Partml suppression of the finng rate of an A 10 DA neuron produced 
by increasing IV doses of LSD (0 001-0 128 mg/kg, total dose, 0 511 
mg/kg IV) B Increases m the finng rate of an AI0 DA neuron 
produced by increasing IV doses of LSD (0 001-0 256 mg/kg, total 
dose, 0 511 mg/kg), the subsequent pamal suppression of the finng 
rate of the cell by increasing IV doses of apomorphme (APO, 
0 001-0 032 mg/kg, total dose, 0 063 mg/kg) and the reversal of 
APO's effect by LSD (0 05 and 0 1 mg/kg IV) Repnnted from [110] 
with perm=ssmn (Copynght by Pergamon Press ) 

neu rons ,  r eve r s ing  the  r a t e - d e p r e s s a n t  effect  of  apomor-  
p h m e  This  reversa l  apparen t ly  was not  due to a 5 -HT 
agoms t  ac t ion  of  L S D  because ,  unl ike the 5-HT agomst  
5 - M e O D M T ,  L S D  was not  able  to acce le ra te  the  act ivi ty  of  
L H M - s u p p r e s s e d  A10 DA cells Thus ,  our  resul t s  seem to be 
c o n s i s t e n t  wi th  many  p rev ious  r epor t s  tha t  L S D  is a weak  
DA agonls t  wh ich  also exer t s  par t ia l  DA antagonis t - l ike  ac- 
t ions  [23, 24, 63, 98, 100] D A - a n t a g o m s t  p roper t i e s  of  L S D  
may also be  r e spons ib l e  for  the  inc reased  f i nng  rate  of  some  
A10 DA cells seen  fol lowing L S D  admin i s t r a t ion  because  
DA an tagon i s t s  typical ly  acce le ra te  the  firing of  A I 0  DA 
cells (Fig 6B) Addi t iona l  r e sea rch  IS needed  to ident i fy  the  
p ro jec t ion  areas  of  those  DA n e u r o n s  which  are a c n v a t e d  by 
L S D  

To d i sce rn  w h e t h e r  these  d rug- induced  a l te ra t ions  in the  
act iv i ty  of  A10 DA neu rons  were  d i rec t  effects  on the  A10 
cells or  were  poss ibly  media ted  t r ansynap t l ca l ly ,  experi-  
m e n t s  us ing  di rec t  m lc ro lon topho re t l c  appl ica t ion  of  L S D  
and  L H M  on to  A I 0  DA cells were  pe r fo rmed  L H M ,  like 
DA, inhibi ted  the  act ivi ty  of  A10 DA n e u r o n s  (Fig 8A, 
[108]), an  effect  tha t  was  p r e v e n t e d ,  but  no t  r eve r sed  by  the  
DA an tagoms t ,  t r l f luoperaz lne  These  resul ts  indicate  tha t  
the  n o n c o m p e U t l v e  ac t ion  of  L H M  on A10 DA neu rons  oc- 
curs  d i rect ly  on DA a u t o r e c e p t o r s  which  are of  the D-2 re- 
cep to r  sub type  [ 112] M l c r o l o n t o p h o r e t l c  appl ica t ion  of  L S D  
on to  A10 DA n e u r o n s  resu l ted  in b o t h  a weak  rate  suppres-  
san t  effect  and  a part ial  r eversa l  of  D A ' s  ra te  supp re s san t  
ac t ion  (Fig 8B) Thus ,  it appea r s  tha t  L S D  exer t s  mixed  DA 
agon i s t / an tagon l s t  ac t ions  on DA a u t o r e c e p t o r s  

N E  S y s t e m  

In c o n t r a s t  to its d e p r e s s a n t  effects  on  raphe  and  nigral  
cells,  i n t r avenous  L H M ,  in h igher  doses  (0 025-0 05 mg/kg),  
causes  an  inc rease  in the  cel lular  ac t iv i ty  of  some  N E  
n e u r o n s  on  the  locus coe ru leus  [81], L S D  has  a similar ,  bu t  
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less pronounced effect [92] This activation of NE neurons ts 
consistent w~th reports of a-adrenoceptor antagonist effects 
of both LHM and LSD and the typical finding that LHM is 
more potent than LSD in this action (above) 

C O N C L U S I O N S  

It is readily obvious that the spectrum of LHM's  potent 
neuropharmacologlcal and blobehavloral actions has played 
havoc with the major current hypotheses regardmg the 
neuronal mechanisms through which LSD exerts its power- 
ful hallucinogenic properties Discovering the shortcomings 
of such hypotheses appears, at least m hindsight, to have 
been inevitable since it is unlikely that any simple theory of 
hallucinogenic mechanisms could ever  account for the mul- 
tlfaceted components of so striking an experience as that 
induced by hallucinogens As cogently argued by Freedman 
and colleagues [39], the necessary orientation for future re- 
search is toward essential component parts (both in temporal 
and dosage parameters) of  the LSD experience and their 
correlation with biochemical and electrophyslologlcal events 
in the nervous system The problem in this respect IS the 
paucity of reliable and rephcable pharmacologic parameters 
in humans from which to deduce such correlations For this 
reason, the following discussion will attempt to correlate 
biochemical and electrophyslologlcal findings with data 
gathered from various behavioral assays in animals, making 
the admittedly large assumption that such behaviors are, in 
fact, reliable predictors or analogues of human behavior 

The original proposal that LSD's  hallucinogenic effects 
were due to a decrease in 5-HT turnover failed to account for 
many of the key biochemical events occurring in the first 
sixty minutes of LSD administration [39] The fact that LHM 
produces strikingly similar biochemical changes with respect 
to 5-HT turnover prompted some researchers to dismiss this 
action of LSD as an "eplphenomenon unrelated to hal- 
luclnosis" [74] We have argued elsewhere [102] that these 
common effects of  LSD and LHM indicate that effects on 
5-HT turnover are not alone sufficient for inferring hal- 
lucinogenic efficacy The available evidence linking 5-HT 
neuronal events to LSD's  actions are certainly far too com- 
pelling to be dismissed outright As pointed out above, con- 
slderably more research must be conducted on LSD and 
LHM with respect to membrane and subcellular events in- 
volved in 5-HT (and CA) storage and release mechanisms 

The popular hypothesis that hallucinogenic efficacy is re- 
lated to the ability of such drugs to inhibit the activity of 
5-HT neurons [5,6] has also been called into question by the 
greater potency of LHM than LSD at inhibiting raphe 
neurons [81] Yet the fact that LHM is also more potent than 
LSD on postsynaptlc 5-HT receptors (Wang and Aghajanlan, 
unpublished results) is compatible with the presynaptlc 
selectivity hypothesis of  hallucinogenic potency Neverthe- 
less, several other lines of evidence argue against a simple 
"lnhlbltlon-dlsinhlbmon" mechanism (see Electrophyslolog- 
lcal Studies, above) This is not meant to imply that inhibi- 
tion of dorsal raphe 5-HT neurons is not involved in hal- 
lucinogenic efficacy but rather, to suggest that such an effect 
is not a sufficient condition for the overall composite charac- 
teristic of the psychedelic experience Given the minute 
doses of  LSD which inhibit raphe neurons and the rapid 
onset of this event, it seems at least possible that raphe inhi- 
bition may be required to initiate other neuronal events 
which then propagate and sustain hallucinatory-related con- 
sequences However,  it is clearly not the case that these 
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FIG 8 Comparison of the effects of mlcromntophoretlcally ad- 
ministered LHM (0 01 M), LSD (0 01 M), DA (0 1 M) and apomor- 
phme (APO, 0 01 M) on AI0 DA neurons m the rat A DA readily 
suppressed the act~wty of th~s cell and the effect was rapidly re- 
versed upon current termmauon In contrast, LHM caused a pro- 
longed suppression of actw|ty which was not reversed by tN- 
fluoperazlne (TFP, 0 05 M) However, after the cell recovered to 
basal levels, LHM was no longer capable of suppressing the cell B 
LSD caused a slight suppress]on of th~s cell's basal finng and both 
partially reversed and partmlly prevented the rate-suppressant effect 
of DA C Like LHM, APO caused a prolonged rate suppression of 
this cell but unhke LHM, TFP readily reversed the effect of APO 
TFP also prevented further rate-suppressant efficacy of both APO 
and DA Numbers indicate ~ontophoreuc currents m nanoamperes 
and hnes represent the duration of ~ontophoreUc appllcahon 

subsequent events depend upon a potent direct DA agonIst 
action as previously proposed [94] since LHM is consid- 
erably more potent than LSD at DA receptors (see above) 

In addition to causing scientists to view these previous 
hypotheses of halluclnosls with a skeptical eye, the dis- 
covery of LHM's  neuroblologlcal activities has generated 
the search for new potential sites of specific hallucinogenic 
actions, the most promising of which are postsynaptlc 5-HT 
receptors At about the same time that we were obtaining 
behavioral evidence indicating that the discriminable (sub- 
jective) states elicited by LSD and LHM were distinguish- 
able primarily because of the greater specificity of LSD's  
interaction with postsynaptlc 5-HT receptors [102], McCall 
and Aghajanlan [69] discovered that the ability of LSD (and 
other hallucinogens) to potentiate 5-HT's excitomodulatory 
action in the facial motor nucleus was not shared by LHM 
More recently, Jacobs and co-workers [50,58] have also 
reached the conclusion that postsynaptlc 5-HT receptors 
may be the most important sites of hallucinogenic activity 
Among the important questions now at hand are (1) which 
postsynapttc 5-HT receptors are likely to be involved in 
LSD-induced halluclnosls, (2) in what way are they in- 
volved, and (3) what other neuronal actions may result from 
activation of these 5-HT receptors9 

Several investigators have postulated the existence of two 
or more types of 5-HT receptors in the CNS [2,73] Clearly, 
one criterion for accepting or rejecting a particular 5-HT 
receptor as accountable for hallucinatory phenomena is that 
LHM should not mimic the effects of LSD on that receptor 
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or, at the very least, LHM should exhibit considerably less 
potency A second criterion for acceptance of  certain 5-HT 
receptors as mediators of halluclnosis might be derived from 
the behavioral studies reviewed above Noticeable in almost 
all cases is the fact that 5-HT antagonists attenuate the be- 
havioral effects of  LSD in animals If we generalize this fact 
to the human experience, one might expect 5-HT antagonists 
would also attenuate at least some components of  the hal- 
lucinogemc experience Unfortunately there are, at present, 
no pubhshed data either to support or reject th~s possiblhty 
However ,  if we accept the validity of the behavioral models 
reviewed herein, then selective antagonism of LSD's  effects 
by 5-HT antagonists would be a second criterion to apply to 
5-HT receptor candidacy Based on these criteria, only two 
5-HT receptors thus far recognized would qualify as poten- 
tial mediators of hallucinogenic action One such receptor 
would be those at which 5-HT exerts an exota tory  (or ex- 
citomodulatory) action since the effects of  5-HT and, 
presumably, LSD are blocked by 5-HT antagomsts Such 
receptors have been identified in the facml motor nucleus 
[69] and, in preliminary experiments, in the NAc (above) 
The search for such receptors in other brain areas ~s an im- 
portant horizon for future research A second 5-HT receptor 
which meets the above criteria also appears to be located m 
the NAc since both 5-HT and LSD inhibit neuronal activity 
at th~s site and these effects are partially blocked by the 5-HT 
antagonist plzotlfen Although LHM also inhibits NAc 
neurons, its effects are blocked only by DA antagonists 
These are intriguing preliminary results worthy of extensive 
continued investigation 

With respect to the first 5-HT receptor o ted  above ("ex-  
citatory"),  ~t should be noted that other "excitatory'"  re- 
sponses to 5-HT have been reported in the cortex and reticu- 
lar formation However ,  LSD appears to be an antagomst at 
these sites [19,80], thus making reconcihatlon of these find- 
ings with the 5-HT antagonist-induced reduction of LSD's  
behavioral effects difficult Perhaps some components of 
LSD's  actions are due to 5-HT receptor antagonism in the 
CNS which could explain why some behaworal effects of 
LSD are partially mimicked by some 5-HT blockers [25,59] 
Unfortunately, the effects of LHM have not been evaluated 
on these "exc i ta tory"  5-HT receptors 

The above d~scussion ~s not designed to exclude com- 
pletely those 5-HT receptors which are not blocked by 
antagonists from a potentml role m hallucinatory events 
G~ven the lack of human clinical data, such exclusion is cer- 
tainly premature Obviously needed are detaded chmcal 

studies of a variety of 5-HT antagonists with emphasis on 
parhcular aspects of LSD's  spectrum of effects, w~th such 
Information it would then be possible to correlate specific 
neuronal effects with specific components of the LSD expe- 
rience Thus far, the majority of antagonist data acquired 
from human studies Utdlzed DA blockers which were re- 
ported m some cases to reduce the intensity of the LSD 
reaction [56] These results are often cited as supporting a 
DA agonist action of  LSD [31, 74, 75] However,  as argued 
convincingly by Freedman et a! [39], there is no sufficiently 
compelling evidence that DA antagonists specifically block 
LSD effects as opposed to merely causing sedation Until 
more detailed, controlled and nonanecdotal climcal findings 
are forthcommg (which is unhkely gwen current con- 
stralnts), we must continue to rely on animal models and, 
therefore, the criteria suggested above are offered as a work- 
ing hypothesis on which to base future research 

In conclusion then, it ~s certainly true that the effects of 
LSD reported m the hterature are multlfaceted and d~ver- 
gent, lmphcatmg a variety of different but probably interre- 
lated neuronal mechanisms as potentially accountable for the 
various components of the LSD experience The discovery 
of the nonhalluclnogenlc compound LHM which bears such 
close structural and pharmacological similarity to LSD pro- 
vldes a powerful tool to the hallucinogen researchers w~th 
which to unmask those neuropharmacologlcal mechanisms 
unique to the hallucinogens The studies thus far completed 
continue to emphasize the dominant role of 5-HT neuronal 
systems but now have led us to explore m greater detad the 
p reose  sites at which LSD's  lnterachons w~th this system 
are discrepant from those of LHM. Much work is left to be 
done, not only along the avenues traveled thus far, but also 
down new paths through unexplored temtories  Gwen the 
recent growth of  our knowledge of neuropeptide systems, a 
potential area for future research ~s the possible mterplay 
between hallucinogens, 5-HT systems and specific peptlde 
neuromodulators (see [32a]) Continued endeavors in this and 
other quests wdl hopefully shed new light into the unique 
neuroblological events which unfold to produce the 
psychedehc experience 
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