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._ b_:'ain and the Ninety-six rabbits were used for an electrographic analysis of d-lysergic acid diethylamide
phetamine. Fed. (LSD) and 9 congeners. Experiments performed on the groups of intact animals showed

'o_::_:,, C. C. AND that sustained drug-induced EEG arousal patterns were obtained with LSD, d-lysergic
mt::,_!-p-tyrosine acid monoethylamide (LAE), d-lyscrgic acid morpholide (LSM), d-l-methyl-lysergic
d ,',lrdiovascuiar '" acid diethylamide (MLD) and d-lysergic acid dimethylamide (DAM), but not with 1-

_5_ methyl-3-1ysergic acid butanolamide (UML), d-isolysergic acid diethylamide (d-iso-LSD),

of _i_: ettect of Mysergic acid diethylamide (I-LSD) and 2-brom-d-lysergic acid diethylamide (BOL).

d : _:_c_;dures. J. All drugs which produced EEG activation were psychotomimetic, but the reverse did not

in',_ ,] _'ine stores necessarily hold true. One hallucinogen, d-lysergic acid amidc, failed to elicit EEG arousal.
mni:_ Anesthesi- In order to ascertain a site of EEG alerting, a series of transections consisting of sections

above the midbrain, below the midbrain and at the level of the first cervical vertebra were
r_m: ,?. ^,xr, Ha-" made. Cervical transection neither abolished the evoked activation when LSD was given

ed t e¢,f adrenal previous to the section nor inhibited the appearance of EEG arousal in rabbits transected

_?i;a:_uacol. 14: prior to the administration of the drug. However, the arousal reaction was abolished by

:_:_,_, J. ]3, a,XD transections caudal to the midbrain, indicating an effective locus for LSD between these
_a_:_::_ of action planes. Even though LSM, MLD and DAM evoked EEG alerting in animals with intact

.:,xpm- brain, the drug-induced arousal could be neither initiated nor maintained following cervical

transection. In contrast, LAE elicited activation following transections posterior to the
1 av idm_ce be- ,. midbrain whereas sections above the midbrain abolished the dang-induced pattern. These

:s. P::y_:hol. Rep. results indicate effec_tive loci for EEG alerting of the hallucinogens in the lower brainstem

e_ )_-,._,_tincnon- region. In general, our results show that those psychotomimetic compounds containing the N-
ior :_, ','a_s and diethyl configuration exhibited loci of action in the lower brainstem. Furthermore, it has

.or_ _%ychophar- been suggested that the indole group and the N-diethyl or N-dimethyl configuration are

important in producing changes in thc site of EEG activation as well as in psychotomimetic
_ehavioral effects behavior.
)itor of tyrosine
)48, 1965.

That LSD and its congeners can affect be- tonin in the accelerator nerve of the heart in
havior is well documented (Hoch e_ al., 1953; the clam, Venus merceneria, and Gaddum
Abramson e_ al., 1955; Von Felsinger, 1956; (1953) has found LSD to be a potent antago-
Hirsch e$ al,, 1956; Isbell e$ a/., 1956; Solms, nist of serotonin on smooth muscle in vitro. As
1956). Exact analyses of the effects of these further means of analysis, studies on the elec-
substances in the brain are, however, few in trical activity of the brain have been made on

t_ number. Wo011ey and Shaw (1954) have sug- LSD homologs. Bishop e_ al. (1958) reported

tested that LSD affects behavior by competi- that BOL, a nonhallueinogenic congener, de-
tive inhibition with serotonin and normal brain presses synaptie transmission in the lateral

constituents. Welsh (1954) has shown that geniculate body. Evarts et al. (1955), studying

LsD inhibits transmission mediated by sero- the effects of LSD on the visual system of the
cat, demonstrated that low doses of LSD

Received for publication December 31, 1964. caused a decrease in amplitude of the geniculate
_Present address: Louisiana State University,

Baton Rouge, Louisiana. postsynaptic response, although transmission

353



! .354 SCHWEIGERDT m' AI,. Vol. 151 1

within the retina "md the cortical level was of electrodes were verified. For tim brain and

_i little affected. In addition, administration of spinal cord transections, the procedures were
LSD in low concentrations facilitates evoked ideniical with those employed by Brodey et al.

auditory and visual primary responses in the (1963) and Schweigerdt and Himwich (1964)
unanesthetizcd, immobilized cat (Purpura, (fig. 2). Following each experiment, the animalsweresacrificedand the brainsremovedto ascer-
1956). tain if the transectionwas completeand in the

Bradley (1958) found that in unrestrained, prescribed plane. Ten compounds were invest i-
conscious animals, LSD elicited low-amplitude gated: LSD; LAE; d-lysergic acid (LA); LSM;
fast activity in the EEG. On the other hand, MLD; d-iso-LSD; I-LSD; DAM; BOL; and
LSD h'td no effect on either encephale or UML. All drugs were dissolved in distilled water
ce_'z,eatl, isold cat preparations. It was suggested and injected into the femoral vein via a poly-
that the alerting effect of LSD on EEG may ethylene eannula. Pilot studies carried out on the

_ be exerted directly by the action of the drug animals with nnoperated brains were initially
i on reeel)_corsrelated to the collaterals entering conducted in order to determine the minimal
i the reticular formation. In addition to the dosage of each of the 10 drugs that evoked EEG

: direct effect on the reticular level, afferent arousal. These predetermined dosages were thenused subsequently in all experimental procedures.
stimuli were necessary to provoke alerting. Total dosages used in the production of alerting
Previous investigations from our laboratory were as follows: LSD (0.062 _mol/kg); LAE
(Rin,ldi and Himwieh, 1955; Himwieh ctal., (0.169 _mol/kg); LSM (0.148 _mol/kg); MLD
1959) have revealed that low doses of LSD (0.296-0.592 _mol/kg); and DAM (0.169 _mol/

(0.003-0.015 temoi/kg) caused a decrease in kg).
amplitude and an increase in the frequency of In all experiments, blood pressure readings were

the EEG, whereas slightly higher amounts monitored t)y a polyethylene eannula inserted
(0.030 _mol/kg) of LSD elicited continuous into the femoral artery and connected to a mer-
_flert l)atterns. The present stud), is concerned cury manometer. Animals with tracings that didnot show normal maintenance of blood pressure
with an electrographic analysis of LSD and 9 (80-120 mm Hg) after transection were not in-
homologs (fig. 1) in an effort to elucidate the eluded in the study.
actions of tl_ese compounds on the spontaneous

R_SULTS. A normal resting pattern con-electrical activity of the rabbit brain and to

determine sites of action in producing EEG stated of high amplitude slow waves inter-
alerting, rupted by relatively rapid spindles (14/see).

• Afferent stimulation 1)reduced by hand clapping

M_'rtmD. A total of 96 albino rabbits ranging in or by pinching the footpad changed the resting
weight_ from 2.5 to 3.0 kg were used. Animals pattern m:trkedly. All leads showed a sharp
were u'acheotomized under ether and local Ponto- reduction ill amplitude and an increase in fre-
eaine anesthesia, eurarized and artificially respired queney in addition to the elimination of spindles
at a rate of 34 strokes/rain with a vohuue of 150 (alert pattern). Under these conditions, the
ml/strokc. Brain wave recordings were made on eont.rol alert pattern lasted for 10 to 20 see.

., an 8-('hannel Grass Model III D eleetroenceph- Experiments performed on groups of 5 intact
alograph (EEG). Monoeoaxial electrodes were animals showed that sustained drug-induced

. implanted according to the maps of Sawyer et al. arousal patterns were obtained with LSD, I
(1954) in the anterior cortex (motor), anterior 3,
l'_tcral 4, vertical plus 9; amygdala, anterior 2, LAE, LSM, MLD and DAM. EEG arousal

: lateral 5.5, vertical plus 5; eaudate nucleus, patterns for LAE and MLD did not appear ]
anterior 3, lateral 4, vertical plus 4.5; posterior until approximately 30 rain after the injection. 1
cortex (limbie), posterior 4, lateral 4, vertical plus Once established, the alert pattern for each of

_: 8.5; hippocampus, posterior 4, lateral 4, vertical the 5 drugs held for 30 min or longer. Increase :
:i plus 5.5; thalamus (VPL), posterior 4, lateral 4, in the dosages of LA, d-iso-LSD,/-LSD or UML i

vertical minus 1; and reticular substance, posterior failed to elicit EEG alerting. In 6 of 10 ant- :
: 10, laWral 2, vertical minus 9. For purposes of mals, 0.248 /_mol/kg to 0.496 p.mol/kg of BOL
_2 convenience, these will be referred to as EEG, also failed to produce EEG alerting, although i

even though they were direct tissue recordings arousal patterns were maintained in the other I

from cortical and subeortieal sites, tIistologic 4, but for only approximately 15 rain.
_!i examinations were undertaken and the placements d-Lysergic acid monoethylamide. Experiments
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rroups of 5 intact. Fro. 1. Chemical structure_ of compounds investigated.
md drug-induced
ined with LSD, performed on 5 intact animals showed EEG animals, EEG activation was seen immediately
YI. EEG arousal arousal patterns after 0.169 /zmol/kg LAE. following injection of 0.062 /zmol/kg LSD.

did not appear EGG of 4 animals transeeted at the precol- Animals transected eaudad to the midbrain
fter the injection, licular prepontine plane (transection 1) and (transection 3) either before or after LSD
,ttern for each of given LAE did not disclose an arousal pattern, administration did not exhibit the drug-induced
r longer. Increase Similarly, in 4 rabbits transected after the drug- arousal. A total of 10 animals was transeeted a_
3,/-LSD or UML induced arousal was established, the section the level of the first cervical vertebra (¢ran-

In 6 of 10 ani- abolished this pattern. In animals transected section 4) in experiments with LSD. Cervical
Fmol/kg qf BOL caudad to the midbrain (transection 3) and transection neither abolished the activation

alerting, although rejected with LAE, an alerting pattern was ob- when LSD was given previous to the section
zne_ m the other tained within the same time interval as that nor inhibited the appearance of EEG arousal
L5m.n. for intact animals (fig. 3). in animals transected prior to the administra-
nide Experiments d-Lysergic, acid diethylamide. In 5 intact tion of tliedrug (fig. 4).
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FIG. 2. Schematic representation of the rabbit brain showing planes of transections. EKG
Ill our expcrimeui_ _rausections 1, 3 and 4 were employed.
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FzG. 3. Continued maintenance of EEG arousal pattern evoked by 50 Fg/kg i.v. LAE.

MLD

._ d-Lysergic acid morpholide, d-lysergic acid EEG arousal when the drugs were adminis-
J dimethylamide and d-methyl-Iysergic acid di- tered after the transection. Likewise, in animals

il In performed 3 transeetedafter the arousalreaction estab-ethylamide. experiments on was

'_ groups of 5 intact animals, EEG activation lished, the drug-induced alerting was elimi- were

1 pa_terns were obtained with LSM, DAM and nated by that cut. Because these animals ister(51LD. The total quantities of each agent transected at the cervical level did not exhibit bloo(

!_1] needed _o produce sustained arousal were: arousal even though adequate blood pressures drug•-_>, temi,
_ L_]_, 0.148 _mol/kg; DAM, 0.169 /_mol/kg; were maintained, it was felt that additional
:$ and MLD, 0.296 to 0.592 _mol/kg. Cervical sections at the postcollioular, postpontine level injec
: _ransections performed on 3 groups of 4 rabbits were not necessary. As noted in table 1, the induJ
.j e:_ch wid_ LSM, DAM or MLD did not show results for LAE, LSD, LSM, DAM and MLD folio

!
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aoo_v_ _CAs--lZ
_*_¢_r_ FIG. 4. Continued maintenance of 20/_g/kg i.v. LSD,

_,_,_._ _¢_. TABLE 1
?

Effects o] brain and spinal cord transgction on drug-induced arougal

'No. of Drug Site of Transection Effect Nec_mary Levd for EEO hra_l_.._e_,_¢,..._ Drug Animals Administration . '

__ LSD 4 Pretraneeetlon Posteollleular, pcetpontlne Alerting stopped Between mldbraln and flrlt eervlcal verte.
4 Pcattransection Alerting stepped bra and the eeph&lad input to retlculaz
5 Pretraneeetion Firs_ eervie_d vertebra Alerting eontin- formation

"_' 5 Poettraneeetion Alerting contin-
ued

_V_-_'vS_CV_,/'_V_ LAE 4 Pretranseetion PreeoUieular, prepontiae Alerting stopped Midbraln region
4 Pcattransectlon Alerting etepped
4 Pretranse_tlon Poeteollieular, postpontine Alerting con-

tinued

?V'V -("4_"J_'wv_#_%'V 4 Peettr_aseetion Alerting cen.
tintmd

_* _ LSIK 2 Pretrauseetlon First cervical vertebra Alerting stopped Lower brain stem region mad apinai seer,

9CAs_I I 2 Peettraneection Alerting stepped ent input

DAM 2 Pretranseetion First cervical vertebra Alerting etopped Lower brain stem region and spinal a_erent

: :, ]_.\_, 2 Peettraneeetion Alerting eteppe_ input

MLD 2 Pretranseetion Firet cervical vertebra Alerting stepped Lower brain etem region and epinal after-
gs wore adminis- 2 Posttr_tion Alerting stopped ent input
k(.,._is(: ;n :umnals
2_'_ i011 ",V_c ,',,'' }_-

_r_,_g was chmi- were the same whether the drugs were admin- Dzscvssm_. Our results show that, of the 10
_e _hese animals istcred before or after transection. Changes in compounds studied, 0nly LSD, LAE, 1VILD and
el did not exhibit blood pressure were studied for each of the DAM evoked sustained alert EEG patterns in
e blood pressures drugs. LSD induced an initial elevation in sys- rabbits with intact brain. In addition, our
t that additional temic blood pressure (30--40 mm Hg) following findings in tran_cted animals reveal that LAE,

postpontine level injection, whereas the remaining compounds the monoethyt d-lysergic acid amide derivative,
d in table 1, the induced only slight increases (5--10 mm Hg) acts effectively at the midbrain level. The in-

DAM and MLD following administration, ability of LSD, the diethyl derivative, to evoke

" : i - ' 7"
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EEG alerting in animals transected at the post- sion that these configurations are effective at
_. collicular, postpontine level suggests that this the lower brainstem level is exhibited by the in tlKath
9 drug possesses a locus of action in the lower fact that LAE, with a single ethyl group, af- assis_

! hrains_:em region. In contrast, LSM, MLD and fected EEG alerting in animals transeetedDAM did not exhibit EEG alerting in encephale caudad to the midbrain and, therefore, had a

1 isold preparatior_s. These latter findings are in higher site of action at the midbrain level. Am_a:• agreement with those reported by Bradley It is noteworthy that of the drugs studied, Ko
:_ (1958), namely, that in the cat LSD alerting those which evoked sustained EEG arousal LS:!_! spo

could be neither initiated nor maintained after (LSD, LAE, LSM, MLD and DAM) are Bisue,ervica] transection. Bradley suggests that the clinically hallucinogenic (Solms, 1956; Isbell, Sm

i_ action of this hallucinogen (LSD) in cats may 1959; Abramson et cd,, 1955; Gogerty and amph:

:_! be to sensitize receptors at the level of the Dille, 1957; Isbell e_ al., 1956). With the ex- BaADI
reticular formation, so that they become more eeption of LAE, these hallucinogens had an inbrs
sensitive to afferent impulses arriving via col- effective locus of action for IgEG alerting at by

"{ iaterals and especially those coming centripe- the lower brainstem region. It is true that one W.: Lit
_ tally in Tt_espinal cord. This explanation would hallucinogen, LA, without an N-substituted BRODI

apply t.O the failure of LSM, MLD and DAM ethyl group, failed to elicit EgG activation. LA, An
to inw_ke EEG arousal in spinal animals since however, possesses relatively weak psychoto- mePh.
cervicat _,ransection would abolish much of the mimetic activities (Solms, 1956). Thus the EvaR'
afferen¢ background necessary for tL,, _o-called diethyl or monoethyl configuration may be a M,
spontaneous EEG arousal reaction ev_.,a in the necessary condition for evoking drug-induced dietiv:

. absence of direct stimulation on the part of the arousal patterns though at different levels. Ph.
experimenter. On the other hand, in tile rabbit, Substitution of a dimethyl group on the amino GADD

ac_i_

unlike the cat, LSD did evoke alerting in nitrogen (DAM) or the enclosure of the two Ph:
cervical-sectioned animals. It would seem that ethyl groups into a morpholine ring (LSM) does Goo_

LSD is more stimulating to the receptors at not change the ability of these substances to pro- ofma
the reticular level than are LShI, MLD or duce EEG alerting. With the addition of a Ham,

DAM in the rabbit. In any event, it is likely methyl group on the indole ring (MLD) or the F.:In
• that the tonic reticular inputs from supraspinal substitution of one ethyl radical with a hydro- Br_

regions were adequate to elicit EEG arousal gen, as in LAE, a period of latency is seen be- list
with LSD in the rabbit transected at the cervi- fore the drug-induced arousal. This delay aug- Hms,A.:
cal levd. However, with LSM, MLD and DAM, gears either that these drugs do not pass tile X_
not only were supraspinal tonic impulses neces- blood-brain barrier readily, or that some active up¢
sary, bus also those of the spinal cord as well. intermediate is formed in the intervening pc- Hoc_Ps_
Our data on cervical transected animals also rio& With the exception of BOL, the nonhal-

sugges_ *.hat the dissimilarity between rabbits lucinogenic compounds, d-iso-LSD, gLSD and
and eals may be due to a species difference, UML, failed to elicit EEG alerting. We found it

because the results with LSD agree with pre- necessary, however, to administer BOL in total
vious findings of psychotomimetic indoles oh- dosages which approached toxic levels to obtain
rained m rabbits. These studies with psilocin even brief periods of activation in some ani-
and MP-809 (Brodey et al., 1963) and bufotenin reals. Our results reveal the importance of the

and 5-HTP (Schwcigerdt and Himwieh, 1964) indole group as well as the essential role of the
'_ disclosed that psyehotomimetic indole agents N-diethyl configuration. It appears that both

" possessing the N-dimethyl side chain configura- parts of the molecule of the hallucinogen aret
! tion exhibit loci of action for EEG arousal pos- necessary for EEG alerting at the lower brain-

) terior to the midbrain, whereas homologs stem region, Thus it becomes apparent that
i without the N-dimethyl configuration were el- strategic differences in chemical structure induce

feetive at the midbrain level. Our data on ani- changes in drug action and may influence be-
:n:ds injected with LSD, the diethyl congener, havior as well.
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