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Serotonergic Neuronal Systems 
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McCALL, R B Lffe~ t~ oJ hallu~tnogent~ drug~ on ~erotonergl~ neuronal ~v~tem~ PHARMACOL BIOCHEM BEHAV 
24(2)359-363, 1986 --Studies indicate that hallucinogens markedly suppress the discharge of serotonln containing neurons 
in the dorsal raphe nucleus Forebraln neurons receiving a major serotonerglc input, are relatively insensitive to hallucino- 
gens These actions of hallucinogens are not sufficient to explain the psychoactive effects of these drugs Ewdence is 
presented to indicate that hallucinogens sensitize serotonln and noreplnephrme receptors in the facial nucleus This 
receptor sensitizing effect is common to all, and specific for, hallucinogens It is suggested that a mechanism of receptor 
sensitization might account for the altered perceptual reactlvlly produced by hallucinogens 

Serotonln Hallucinogens d-Lyserglc acid dlethylamlde Mescaline Facial motor nucleus 

BASED upon the structural similarity between the hal- 
lucinogen d-lyserglc acid dlethylamlde (LSD) and serotonm 
(5-HT), Gaddum [14] and Wooley and Shaw [34] independ- 
ently proposed that the potent psychoactive effects of LSD 
might be mediated by an action on 5-HT receptors in the 
central nervous system However,  it was not until Dahlstrom 
and Fuxe localized 5-HT containing penkarya to the brain 
stem raphe nuclei and identified the areas of projection of 
these neurons using fluorescence hlstochemlcal techniques 
that the effects of hallucinogens on 5-HT pathways could be 
studied directly [11,13] Using mlcroelectrode recording 
techniques, Aghajanlan and co-workers were the first to 
examine the effects of intravenous (IV) LSD on 5-HT 
neuronal finng recorded from the dorsal raphe nucleus [2,3] 
They found that LSD (10-50 ~g/kg) produced a complete but 
reversible inhibition of 5-HT neuronal discharges Similarly, 
the mdoleamlne hallucinogens psdocln and N,N- 
dlmethyltryptamlne (DMT) inhibited raphe firing [3,4] In 
contrast, the non-hallucinogenic analog of LSD, brom-LSD, 
faded to reduce 5-HT unit activity More recently. Mosko 
and Jacobs [26]  demonstrated that 5-methoxy-N,N- 
dlmethyltryptamme (5-MeODMT), an ldoleamlne with weak 
hallucinogenic properties, also depressed raphe neuronal fir- 
ing 

In order to determine if hallucinogens acted directly on 
5-HT neurons to suppress their firing, Aghajanlan and co- 
workers studied the effect of mlcrolontophoretically applied 
LSD on raphe cells [1, 4, 6] They found that small ejecting 
currents of dilute LSD profoundly suppressed the firing of 
serotonerglc neurons Direct application of 5-HT also inhib- 
ited raphe finng (Fig 1, upper trace), although LSD was 
much more than 5-HT in its inhibitory effects lon- 
tophoretlc application of psllocin, DMT and 5-MeODMT 
also dramatically inhibited the discharges of 5-HT cells 
[4,12] These data indicate that hallucinogenic lndoles act as 
agonlsts at receptors located on 5-HT perlkarya and den- 
dntes (t e ,  autoreceptors [7]) in order to produce their in- 
hibitory effects 

The inhibitory effect of LSD on 5-HT cell firing ts not 
sufficient to explain its psychedelic actions, since 5-HT also 
suppresses raphe neuronal discharges However,  Aghaja- 
man and Halgler [4,17] found that forebram neurons receiv- 
ing a major serotonerglc input (e g ,  ventral lateral genlcu- 
late, the basolateral and cortical amygdala and the optic rec- 
tum) are relatively insensitive to LSD at lontophoretlc ejec- 
tion currents that are highly effective m the raphe (Fig 1) In 
contrast, lontophoretic 5-HT is approximately equlpotent in 
depressing activity of 5-HT neurons and neurons in 
postsynapttc areas which receive a major serotonerglc input 
(Fig 1) Psllocln, DMT and 5-MeODMT also preferentially 
Inhibit raphe firing as compared to the discharge of neurons 
In postsynaptlc forebraln areas [4,12] In these studies, the 
degree of  preference to the 5-HT autoreceptor correlated 
well with hallucinogenic potency The preferential inhibitory 
action of hallucinogens on raphe cells suggests that these 
agents could release postsynaptlc forebram neurons from a 
tonic inhibitory influence In agreement with this prediction, 
low intravenous doses of LSD accelerates the discharge rate 
of neurons in postsynaptlc areas which receive an inhibitory 
5-HT input (Fig 1, [15, 18, 27]) These studies led to the 
hypothesis that lndole hallucinogens produced their psycho- 
active effects by acting preferentially upon 5-HT autorecep- 
tors in the dorsal raphe, allowing postsynaptlc neurons to 
escape from the tonic inhibitory action of 5-HT neurons 
Since the visual and hmblc systems are densely innervated 
by 5-HT axons, the hallucinogen-induced dlsmhlbltlon in 
these areas could account for two of the major consequences 
ofhallucmogemc action visual hallucinations and alterations 
of affect 

Although the '~dlslnhlbitlon" hypothesis laid the 
framework for much Investigation, certain problems exist 
with the theory [22] First, the inhibitory action of LSD on 
raphe neurons is relatively transient, while the psychedelic 
effects of the drug are prolonged [9,32] Moreover,  the time 
course of the behavioral and raphe neuronal effects of LSD 
in the free-moving cat do not correlate [19,29] Second, al- 
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FIG 1 Comparison of the response of a neuron m the dorsal raphe 
nucleus with that of neurons m the ventral lateral gemculate and the 
basolateral nucleus of the amygdala to mlcro~ontophoreUc adminis- 
tration of 5-HT and LSD LSD preferentmlly inhibited 5-HT 
neurons 5-HT mh~blted 5-HT neurons and postsynapt~c neurons to 
a slmdar degree In this and the following figures, the horizontal bar 
indicates the ~ontophoret~c ejection period, the number over the bar 
represents the ejecting current The ordinate represents the rote- 
grated finng rate m spikes per second Repnnted by permission of 
The Wllhams and Wdklns Co , Baltimore, MD Copyright 1974 

though tolerance develops to the behavioral effects of LSD 
[9, 29, 32], no such tolerance develops to the inhibitory effect 
of  LSD on 5-HT neurons [30] Third, the phenethylamlne 
hallucinogen mescahne and LSD are thought to act at the 
same receptor site to produce their psychoactive effects [9, 
32, 33] However ,  mescahne does not directly suppress the 
firing of  5-HT neurons in the dorsal raphe [16] Finally, the 
ergohne derivative llsunde, produces a direct, rapid dose- 
dependent suppression of  the spontaneous activity of 5-HT 
neurons [20,28] In fact, hsurlde is approximately 5-10 times 
as potent as LSD in inhibiting raphe finng Importantly, 
however,  hsurtde does not possess halluclnogemc proper- 
ties Taken together, these data suggest that an agonlst ac- 
tion at 5-HT autoreceptors and the subsequent release from 
tonic Inhibition in postsynaptlc forebraln areas may be in- 
sufficient to explain the mode of action of hallucinogens 

An alternative posstblhty ts that hallucinogens act on 
postsynaptic 5-HT receptors to produce their psychedelic 
effects In this regard, McCall and Aghajanlan have charac- 
terized a third type of 5-HT receptor in the central nervous 
system located on facial motoneurons [5, 23-25] As illus- 
trated in Fig 2, they found that mlcrolontophoretlc apphca- 
tlon of 10-200 nA pulses of 5-HT lasting from 1 to 10 mln 
failed to activate the normally quiescent facial motoneurons 
However,  5-HT markedly potentmted the excitatory effect 
of lontophoretlcally applied glutamate on these neurons (Fig 
2A) One minute pulses of iontophoretlc 5-HT also enhanced 
the subthreshold (Fig 2B) and threshold (Fig 2C) excitatory 
effects of glutamate In addition, 5-HT (5-10 hA) dramat- 
ically facilitated the excitatory effects of afferent nerve 
stimulation Like 5-HT, noreplnephnne (NE) also markedly 
facilitated excitatory inputs to facial motoneurons [23] Pe- 
ripheral 5-HT antagonists (1 e , methyserglde, metergohne, 
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FIG 2 Facdltatlon of glutamate-reduced excitation of facial 
motoneurons by 5-HT A 5-HT (10 hA) reduced the threshold re- 
qmred for glutamate-reduced activation ofumt 5-HT (200 nA) faded 
to directly excite neuron B Faohtatmg effect of l-mm pulses of 
5-HT on glutamate-mduced exotatlon (G2 nA) of motoneuron C 
Faclhtatlon of the subthreshold exotatory effect of glutamate (G7 
nA) by 5-HT 

cyproheptadine and clnanserln) which fall to block the in- 
hibitory effects of 5-HT in the raphe and forebraln areas [7], 
antagonized the facilitating effects of 5-HT but not NE [25] 
Thus, in the facial nucleus, 5-HT functions in a manner that 
is not analogous to direct excitation, but rather acts as a gain 
setter to enhance the effects of excitatory inputs Further- 
more, the data indicate that the receptor mediating the 
facdltatlng effects of 5-HT in the facial nucleus is distinct 
from those found in the dorsal raphe and postsynaptlc fore- 
brain areas 

More recently, McCall and Aghajanlan studied the effects 
of hallucinogens on the faclhtatlng action of 5-HT and NE in 
the facial nucleus [24] Intravenous administration of  LSD 
(10-100 /zg/kg) had no effect by itself on the glutamate- 
induced excitation of  facial motoneurons In contrast, the 
faclhtatlon of facial motoneuron excitation by lontophoretl- 
cally applied 5-HT and NE was enhanced approximately 10- 
fold by low doses of LSD (5-10 txg/kg, IV, Fig 3A, Table 1) 
Similarly, lontophoresls of LSD at low currents (2-7 hA) 
failed to effect the glutamate-induced excitation of 
motoneurons, but markedly enhanced the facilitation of fa- 
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FIG 3 LSD potentmtes the facthtatmg effect of lontophoret~cally 
apphed 5-HT and NE on glutamate (G)-mduced facial motoneuron 
excltatmn A Intravenous LSD (10 /xg/kg) ~mmedmtely enhances 
the response to 5-HT and NE, an effect lasting at least 4 hours 
(slashed basehne) B Iontophoretlcally apphed LSD (5 nA) also 
enhances the effect of 5-HT C Higher ejecting currents of LSD (20 
nA) temporarily depress the response to 5-HT 
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FIG 4 Mescahne potentmtes the facdltatlng effect of mntophoretl- 
cally apphed 5-HT and NE on facml motoneurons A A low dose of 
mescahne (1 mg/kg, IV) enhances the effects of 5-HT and NE with- 
out directly activating the cell The actmn of mescahne lasts at least 
2 hours B Metergohne (100/xg/kg, IV) blocks the enhancement of 
glutamate excltatmn which is produced by higher doses of mescahne 
(6 mg/kg, IV), metergohne also blocks 5-HT but the response to NE 
is enhanced C Iontophoretlcally apphed mescaline (10 nA) poten- 
tmtes the facd~tatmg effect of NE on facml motoneurons 

T A B L E  1 

INFLUENCE OF INTRAVENOUS HALLUCINOGENS AND 
NONHALLUCINOGENS ON THE FACILITATING EFFECT OF 5-HT 

AND NE ON FACIAL MOTONEURONS 

Number of 
Drug Ammals* Dose % Control 5-HT % ControlNE 

LSD 8 10 txg/kg 1026 ± 93t 976 ± 109t 
Mescahne 6 1 mg/kg 763 ± 120t 913 ± 168t 
Psdocm 5 1 mg/kg 497 ± 46t 491 ± 72f 
DMT~: 5 I mg/kg 469 ± 48 
Llsunde 5 40/zg/kg 102 ± 4 102 ± 2 
Methysergzde 5 1 mg/kg 0 98 ± 6 

*One neuron was tested per ammal 
+p<0 02, Student's t-test 
~Ammals were pretreated with metergohne (100 ~g/kg, IV) 

clal mo toneu ron  excatataon by 5-HT (Fag 3B) Higher  eject-  
mg cur ren ts  o f  LSD (15-40 nA) p roduced  a t rans ient  block of  
the effect  to 5-HT whach was fo l lowed by an enhanced  re- 
sponse  (Fig 3C) The most  remarkable  feature  of  L S D ' s  
effect  was that even  a b n e f  exposure  of  the hallucinogen sen- 
Satlzed responses  to 5-HT and NE for several hours  (Fag 3A) 

L o w  doses  o f  mescal ine  (0 5-1 0 mg/kg, IV) also poten-  

t lated the effect  o f  5-HT and N E ,  but did not al ter  the 
g lu tamate- reduced  exci ta t ion o f  facial mo toneu rons  Again, 
the potentmt lng  effects  o f  mescal ine  lasted several  hours  
(Fag 4A) Hagher doses  o f  mescal ine  (6-10 mg/kg, IV) acted 
darectly to faclhtate  the g lu tamate- induced  excatatmn of  fa- 
ctal mo toneu rons  This effect  was  b locked by the 5-HT 
an tagomst  mete rgohne ,  indicating that  at hagh doses  mes-  
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callne acts  as a 5-HT agonlst  in the facial nucleus  (Fig 4B) 
In animals pre t rea ted  with me te rgohne ,  ion tophore t ic  mes- 
caline potent ia ted  the facilitating effect  o f  NE (Fig 4C) 
Thus,  the data in Figs 3 and 4 indicate that  low doses  o f  LSD 
and mesca l ine ,  in the absence  o f  an effect  o f  their  own,  
markedly  increase  sensi t ivi ty to both  5-HT and NE in the 
facial nucleus  

To de te rmine  if the sensi t izing act ion of  LSD and mes-  
cahne  is specific for hal lucinogens ,  the effects  o f  two i n  
do leamlne  hal lucinogens ,  psllocln and DMT, and two 
nonhal luc lnogenlc  ergot der ivat ives ,  hsurlde and methyser -  
glde, were  studied Like LSD,  psllocln (0 5-2 0 mg/kg, IV) 
markedly  potent ia ted  the effect  o f  5-HT and NE on 
m o t o n e u r o n s  but had no direct  act ion when  g~ven alone 
(Table 1) In contras t ,  DMT (0 5-2 0 mg/kg, IV) facilitated 
the g lu tamate- induced  exci ta t ion of  mo toneu rons  by itself 
This effect  was b locked by metergol lne DMT was unlike 
mesca l ine  in that a 5-HT sensi t izing action could not be dif- 
fe rent ia ted  even  at low doses  from the 5-HT agonlst  ac twl ty  
Neve r the l e s s ,  in animals pre t rea ted  with me te rgohne ,  DMT 
(like mescal ine)  potent ia ted  the facilitating effect  o f  NE 
(Table 1) Thus ,  it appears  that the ablhty to potent ia te  the 
fac lh ta tmg effect  o f  5-HT and NE may be c o m m o n  to all o f  
the psychede l i c  hal lucinogens Impor tant ly ,  the nonhal-  
luc inogens  hsur lde  and methyserg lde  failed to potent ia te  the 
facilitating effects  o f  5-HT and NE (Table 1) 

The hal lucinogens appear  to potentmte  the effects  of  
monoamlnes  on facial mo toneu rons  by increasing the sen- 
SltWlty of  5-HT and NE recep tors  [24] The mechan i sm by 
which hal lucinogens sensi t ize 5-HT and NE recep tors  is not 
known H o w ev e r .  the fact that LSD and 5-HT appear  to brad 
to different  5-HT recep tor  sites 110] suggests  the possibility 
that drug induced changes  in recep tor  sensit ivity could occur  
through interact ions be tween  5-HT and LSD binding sites 
In any case.  a sensi t izat ion of  5-HT and NE recep tors  lo- 
ca ted  on mo toneu rons  [23,31] likely accounts  for the 
e n h a n c e m e n t  of  spinal ref lexes  produced  by hal lucinogens 
[8,21] If the sens lhz lng  effects  o f  hal lucinogens descr ibed  
above  occurs  in sensory  pa thways  in the central  nervous  
sys tem,  then a mechan i sm of  receptor  sensi t izat ion,  in dJs- 
t lnchon  to dlslnh~bltlOn, m~ght account  for the al tered per- 
ceptual  reactivi ty p roduced  by these  drugs Suppor t  for a 
r ecep to r  sensit izing effect  o f  hal lucinogens s tems  from the 
fact that  lndoleamlne and phene thy lamlne  hal lucinogens act 
in a similar fashion in the facial nucleus,  while hsurlde has no 
effect  Fur the rmore ,  the time course  of  the LSD enhanced  
effects  o f  5-HT and NE in the facml nucleus parallels the 
prolonged behawora l  effects  o f  this drug in the free m o w n g  
cat [29] These  observa t ions  raise the interest ing posslblhty  
that relatively long-term changes  in the sens l twl ty  of  n o r a d  
renerglc and/or  serotonerglc  recep tors  may be revolved in 
the psychedel ic  act ions of  hal lucinogens 
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