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Prior studies utilizing EEG, gross behavior the various stages of anesthesia (Mori etal. 1968).
and auditory evoked response techniques have The technique of monitoring the unit activity of
demonstrated that some agents although report- a large population of neuronal elements describ-
ed to be "anesthetics" should be, in fact, class- ed previously (Arduini and Pinneo 1962; Schlag
ified as "epileptogenics" (Winters and Spooner and Balvin 1963; Buchwald et al. 1965; Winters
1965a, b; Winters et al. I967a). In order to et al. 1967b) seems particu::trly useful for the
assess more critically the neuronal state induced present study since drug-induced epileptoid
by these agents, e.g., phencyclidine and gamma- states are phenomena which probably arise from
hydroxybutyrate, it is necessary to utilize meth- changesin neuronal aggregates.
ods which are more sensitive to changes in In the presentstudy we will attempt to corn-
neuronal activity than those afforded by tech- pare the action of six compounds which induce
niques such as the gross EEG and behavioral varying degrees of CNS excitation: amphet-
responsiveness (Winters and Spooner 1965a, b; amine, lysergic acid diethylamide, mescaline,
Winters et al. 1967a), loss of the righting reflex phencyclidine, pentylenetetrazol and gamma-
(Marcus et al. 1967), and the size of the evoked hydroxybutyrate. The changes in reticular multi-
response (Mori et al. 1968). Continuous moni- ple unit activity (RUA) will be compared with
toring of the activity of neuronal elements in the the changes in gross behavior and EEG in an
midbrain reticular formation which is very sensi- attempt to clarify some of the underlying pro-
tive to changes in behavioral states (Moruzzi and cesses involved in these induced states, and a
Magman 1949; French et al. 1953)has been useful continuum of excitatory states and two types of
in examining neuronal changes during wakeful- generalized seizures will be discussed.
ness and sleep (Winters et al. 1967b) and during

METHODS

A total of 70 experiments was performed on
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tivity were noted. Inappropriate behavior was Recordings of the multiple unit activities were
characterized by the animal moving its head as obtained from the same grosselectrode which was:ION
if visually tracking in space objects which were simultaneously recording the EEG in the mid-
not visible to the observer, brain reticular formation. Tile stereotaxic place-

EEG patterns induced by the drugs in the ment of the electrodes was either at A 3, L 3,

present study have been reported previously: d- H -1 or A 4, L 2, H -1 (Jasper and Ajmone
amphetamine 2-8 mg/kg or methamphetamine Marsan 1953)and was verified histologically in
2 mg/kg (Bradley and Elkes 1957); lysergic acid six cats. The electrical activity obtained from
diethylamide (LSD-25) 50-100/_g/kg (Heath and each bipolar electrode (diameter 160,u) was AC
Mickle 1960; Adey et al. 1962); mescaline 20-30 coupled into the first stage of the EEG machine
mg/kg (Bradley and Elkes 1957); phencyclidine (Grass Model 6). The high frequency components
2-8 mg/kg (Winters et aL 1967a); gamma-hy- of the electrical signals were tapped off at tile
droxybutyrate 200-800 mg/kg (Winters and second amplifier stage (terminals J-3 and J-4)

968). Spooner 1965a,b, 1966); and pentylenetetrazol through a 100pF capacitor; thus electrical
ty of 20-25mg/kg(AjmoneMarsan and Ralston 1957; activity above 500 c/see was shunted through
crib- Okuma1960). the capacitor.The electricalactivity below509
,hlag Each agent induced similar results in a mini- c/see continued from the 1st stage amplifier to
_ters mum of four different cats before a characteristic the final EEG amplifier stage with suitable

the pattern of events was accepted ; while each cat did filtering and amplification, and this standard

told not receive all of the drugs studied, all cats re- EEG signal was expressed on the paper write-
tom ceived gamma-hydroxybutyrate for comparison, out of the EEG machine. Meanwhile the high

No animal received drug more often than once frequency component, after passing through the
om- every 10 days. Each agent was administered 100 pF capacitor, was amplified and the com-

luce intraperitoneally in sufficient dosage to obtain ponent above 2500 c/sec shunted to ground by
bet- the desired action rather than in pre-set doses, passing the signal through a Tektronix 122 pre-
ine, It was not the intent in this study to evaluate the amplifier (set at 1 kc), resulting in a bandpass
ha- potency or rate of action of each agent, but rather system centered at 1000 c/see with - 3 dB points
dti- to examine the progression of induced states, at 500 c/see and 2500 c/sec This activity repre-
,ith Saline, drug carrier, or ineffective doses of senting multiple unit activity was displayed on a
an , each drug were administered for control obser- Tektronix 502 oscilloscope. To obtain a continu-

ro- ration, and the slight activation of the EEG, ous recording ofthe change in unit activity before
I a RUA and behavior due to handling of the animal and after drug administration, the filtered signals
of and/or peritoneal irritation disappeared within were passed through the cathode follower output

5 rain in all experiments. When the initial exci- of the oscilloscope, rectified, smoothed, and re-
ration exceeded 10 min, it was assumed that the corded continuously on a slow-moving strip chart
excitation resulted from central activation rather recorder (Brush 280). Thus, the data were ob-

an than peritoneal irritation, since similar activation tained as both a large population of raw units
Ily of the EEG accompanied by elevation of RUA observed on the oscilloscope and the amplitude

,'s. was demonstrated in ten gallamine triethiodide demodulated signal recorded on the strip chart
es (Flaxedil *) immobilized cats following either recorder (Winters et aL 1967b).At the completion
e- gamma-hydroxybutyrate (5 experiments) or of each experiment the system noise was tested
ty pentylenetetrazol (5 experiments) gb, en intra- utilizing a dummy plug containing a 10 kf2

venously (unpublished). An animal with ajugular resistor across the input in place of the animal
l- vein implant inserted chronically likewise dem- (see Winters et al. 1967b for a discussion of

il onstrated an initial period of excitation after relationship of this signal to unit activity). The
e gamma-hydroxybutyrate administration. In the change in both the basal level of unit activity
- acute studies (unpublished), the blood pressure and the fluctuation of activity from this basal
e rose minimally prior to the onset of generalized level was examined, since the basal level of the
:, seizures; thus the initial excitation does not unit activity is directly related to the width of the

appear to be related to pressure changes, envelope of raw units; when the• envelope is

, Electroenceph.clin. Neurophysiol.,1969, 27:514-522
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wider the DC value of the basal level is higher (paradoxical) sleep, wakefulness, and slow wave

and, conversely, when the envelope is smaller sleep. Following the establishment of control
the basal level falls to a level closer to DC 0. As levels for these three states (Winters et al. 1967b),

discussed previously (Winters et al. 1967b), the the drug was administered and the changes in the
change in the envelope width suggests that the basallevel and fluctuation of multiple unit activ-

appearance of larger spikes indicates that a ity were observed.
larger number of units are firing simultaneously,

and the greater the number and frequency of RESULTS

units firing the greater the chance of summation All of the agents studied induce a similar

of units due to coincident unit firing. The fluctu- general pattern of EEG and behavioral change

ation in unit activity indicates that the firing and differ mainly in the degree of progression

pattern of the population of units alternates (Fig. 1). The changesin the basallevel and fluctu-

above the basal rate, and the height of these ation of unit activity induced by each agent corre-

bursts ofunit activity is a reflection of this pattern late with the changes in gross behavior and EEG.
expressed as the fluctuation of unit activity. The progression of changes induced by each drug

Each experiment was preceded by control ex- can be delineated according to the EEG patterns

amination of the animal during rhombencephalic as follows.

oRue_,_M__________1
/

_ _ _I PROGRESSIVEEEG STAGES
• _ __,__ /

t

- %,2

SP_

Fig. 1
A representation of the states and EEG stages induced by various drugs, as follows: desynchroniza-
tion (D.S.); intermittent 2.5-3 c/sec hypersynchrony (I.H.); continuous 2.5-3 c:'sec hypersynchrony
(C.H.); reduced frequency (1.5 c/sec) hypersynchrony (J, Freq.); spikes with electrical silence (Sp.
Elec. Sil.); and generalized seizure (Gen. Seizure). The vertical bar under each drug represents the
progressive state(s) which were induced by each agent in the present study. Spikes with electrical
silence were rarely noted following pheneyclidine. In general, the EEG patterns were similar and
each agent differed mainly in the rate of progression and the total progression induced.

Electroenceph. cl#,. Neurophysiol., 1969, 27:514-522
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Fig. 2

Comparison of the amplitude demodulated signals of the midbrain reticular formation unit activity
during the control states of RPS (rhombencephalic phase of sleep), Awake, and SWS (slow wave
sleep) and following administration of methamphetamine, LSD-25 and mescaline. The lowest line

(DC 0) represents the system balanced to zero; the 10 kf2 line represents the system noise level with a
10 kf_ resistor across the input. Changes in basal unit activity are measured as the distance from the
base of the unit activity tracing to the 10 kf2 line. The fluctuation is the width of the excursion from the
basal reticular unit activity level to the peaks. See legend to Fig. 1.

A. Desynchronized mine induced EEG patterns of intermittent 2.5-
Amphetamine, LSD-25, mescaline, phency- 3.5 c/sec hypersynchrony, inappropriate be-

clidine, gamma-hydroxybutyrate, and pentyl- havior, hyperactivity, pupillary dilation, saliva-
enetetrazol all induced EEG desynchronization, tion, occasional defecation and a slight increase
behavioral hyperactivity plus a slightly increased in the level of RUA above the desynchronized
basal level of RUA above awake control levels state (Fig. 2 and 3). Pentylenetetrazol traverses

. and no significant change in fluctuation (Fig. 2 this phase so rapidly that this phase is often not
, and3). seen.

B. Intermittent hypersynchrony C. Conthmous hypersynchrony
i All of the agents examined except ampheta- LSD-25 effects did not progress to this state.

22 i Electroenceph. clin. Neurophysiol., 1969, 27:514-522
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Fig. 3

:it Comp_trison of the anaplitude demodulated signals of the midbrain reticular formation unit activityduring control states and following phencyclidine, gamma-hydroxybutyrate and pentylenetetrazol

(Metrazol). Intermittent hypersynchrony and spiking (IH + SP); hypersynchrony and spiking

(HS + SP); hypersynchrony, spiking and desynchrony (HS + SP + DS); spiking and electrical
silence (SP + ES); generalized seizure (GS); post-ictal depression (P1). See legends to Fig. 1 and 2.

Electroenceph. clin. Neurophysiol., 1969, 27:514-522
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Mescaline, phencyclidine, gamma-hydroxybuty- ation, whereas gamma-hydroxybutyrate induced
rate and pentylenetetrazol all induced rigid pos- a decrease of the basal RUA level below the
tures with fixed gaze, pupillary dilation, reduced awake control level with an increased fluctuation
responsiveness to stimuli, inappropriate behavior (Fig. 2 and 3).
and continuous 2.5-3 c/sec hypersynchronous
EEG waves. D. Reduced fi'equeno, hypersynchrony with spikes

There were two types of RUA during this This state was not achieved with mescaline.
phase. Mescaline and pentylenetetrazol induced Gamma-hydroxybutyrate induced a state where-
no change, or a slight elevation in basal unit in the animal lay on itsside with the head and
level and no changes in the fluctuation compared limbs in abnormal positions and exhibited a fixed
to intermittent hypersynchrony; phencyclidine gaze, pupillary dilation, and unresponsiveness to
induced the same level as or slightly lower than stimuli; the EEG pattern was characterized by

intermittent hypersynchrony and reduced fluctu- 1.5 c/see slow waves and spikes and there was a

GAMMA-HYDROXYBUTYRATE

RF t_

q ,, I I ...... IT If ,,_,+,+

Chcks

1 , lli, i+_i[]' I+
] , t_3' .... , ,:+

" I0 $#¢ lOmm time _C 0

Fig. 4

Comparison of various stages (A-E) of gamma-hydroxybutyrate (GHB) induced EEG changes with

the corresponding amplitude demodulated multiple unit activity recording (A-E in arrows) from the
same electrode implanted in the midbrain reticular formation.

EEG (upper portion) : 2.5 c'sec hypersynchrony (,4), 1.5 c'sec hypersynchrony (B), spontaneous spikes
bursts with varying periods of electrical silence (C),induction of generalized seizurebursts by presenta-

tion of clicks during C (D), termination of generalized seizure from D followed by post-ictal depres-
sion and a return to pattern noted in C (E).

Multiple unit activity (lower portion): Control unit activity during rhombencephalic sleep (R), Slow

wave sleep (S), and wakefulness (A) and following 800 mg kg GHB. Arrows with letter inserts denote
corresponding EEG patterns. Time runs from right to left. From start to B chart ran at sl0w speed:
7 mm= 10 rain; then the chart speed was periodically increased to 7 mm -- 10 sec to demonstrate

' the intermittent tmit bursts. The 2 burst episodes prior to the onset of clicks and the entire seizure

progression D and E were run at the faster chart speed. Note the large amplitude of summated spikes

intermittently occurring on a markedly reduced basal firing level starting at B and most pronounced
between C and D. The signal to noise ratio (computed by measuring the basal height above DC 0 vs.

the height above DC 0 of a 10 k£) dummy load at the input) in this animal was not as good as those

+ noted in the cats shown in Fig. 2 and 3 ; however, the findings are representative.

_ Eleetroenceph. clin. Neurophysiol., 1969, 27:514-522
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520 w.D. WINTERSet al.

fall in the basal RUA level below control slow followed by a return to the activity noted just
wave sleep with an increased fluctuation (Fig. 3). before the generalized seizure. During the post-
Phencyclidine induced 1.5 c/sec slow waves with ictal depression the basal level dropped markedly
spikingandperiodsofdesynchronizationbetween from the level noted during the seizure but did
slow wave bursts; the animal was rigid and not fall below control levels (Fig. 3 and 4). Tiae
immobile with a fixed gaze and abnormal phencyclidine-induced seizure was not followed

postures; there was no change in the basal unit by a post-ictal period, but the pattern noted prior
level and a reduction in the fluctuation (Fig. 3). to the seizure reappeared (Fig. 3).
Pentylenetetrazol induced behavioral immobility
with fixed gaze and rigid abnormal posture, the
EEG waves were 1.5 c/sec slow waves with DISCUSSION

spiking, and the basal RUA level increased The progression of events induced by the
above control rhombencephalic sleep level agents in the present study implies that three
(Fig. 3). basic states are induced; i.e., an initial excitation,

followed by a state characterized by abnormal
E. Spikes withelectricalsilence posture and behavior, and finally, generalized

Gamma-hydroxybutyrate induced a period of seizures (Fig. 5). During the initial excitation the
polyphasic spike bursts separated by increasing reticular unit activity changes in a manner similar
intervals of electrical silence lasting up to 1-3 to the initial excitatory stages (I and II) induced
sec, associated with myoclonic jerks, fixed gaze, by general anesthetics (see Fig. 5 and Winters
rigid abnormal posture and a marked fall in the et al. 1967b; Mori et al. 1968).
basal RUA level with bursts of markedly in- While the initial state induced in the present
creased fluctuations which occurred simultane- study is clearly a behavioral and electrical ex-
ously with the appearance of EEG spike bursts citatory state, the second induced state is less
(Fig. 3 and 4). Phencyclidine induced an increase clearly understood. This state is characterized by
in spiking and a slight increase in fluctuation inappropriate behavior coupled with abnormal
but no change in basal level (Fig. 3). Pen- postures indicative of "hallucinatory" behavior.
tylenetetrazol induced increased spiking, increas- Obviously one cannot be certain that this induced
ed rigidity and a rise in the level of unit activity state in cats is the same hallucinatory phenome-
and fluctuation (Fig. 3).

CONVULS10NS

F. Generalized seizures ,_,_,_o,.

Gamma-hydroxybutyrate, phencyclidine and ,.._o,"_,_.......
pentylenetetrazolinduced tonic-clonicgeneral-
ized seizures with a high frequency, high ampli- r_ttucl_r0_Y
rude EEG pattern. The seizure following either

t_o, MESCALINIr,_, _kZ_t_ _''a'_Nlnlou$OXrD_, [
phencyclidine or pentylenetetrazol occurred with- _...... _ .......
out external stimulation. Following gamma- ,,_-_:_,.... -,_,ox_r_./
hydroxybutyrate, the seizure was induced by _ ,_

AWkI_E _, EXCITED

repetitive auditory, visual or tactile stimulation. _ _,;_,
The basal level of reticular unit activity was at s_,
or above the control rhombencephalic phase of
sleep level following phencyclidine, gamma- A_ST.tS_,_
hydroxybutyrateand pentylenetetrazol,and the
fluctuation increased above the level noted during
rhombencephalic sleep (Fig. 3 and 4). -_a_

Fig. 5

G. Post-ietaldepression A proposed schema of states induced by some CNSexcitant and depressant agents. The data are compiled
A brief post-ictal depression was noted with from data in the present studyand a previous study (Mori

gamma-hydroxybutyrate or pentylenetetrazol, et al. 1968).See discussion for details.

Electroeneeph.clitt.Neurophysiol.,1969, 27:514-522
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d just nor that occurs in man; however, this behavior a number of different levels of energy transfer.
post- is pronounced in the cat following agents such as (See Marcus et al. 1967 for a discussion.)
kedly LSD-25, mescaline and psilocybin which induce As can be noted from the present and previous
tt did profound hallucinatory actions in man. In ad- studies (Winters et al. 1967b; Mori et al. 1968) a
• The dition to the induction of hallucinatory behavior combination of gross behavior, ongoing EEG,
owed in man, these agents induce 2.5-3 c/sec hyper- averaged evoked responses and multiple unit ac-
prior synchronous EEG wave patterns during the hal- tivity form a useful group of neuropharmacologi-

lucinatory state which appear to be similar to the cal techniques for the analysis of drug-induced
hypersynchronous activity noted in cats with states in cats with chronic brain electrode im-
these agents (Heath and Mickle 1960). Further, plants.
Adey et al. (1962) demonstrated that LSD-25

SUMMARY
the induced an apparent intermittent loss of contact

:hree with the environment at the same time that the The EEG, gross behavior and multiple unit
tion, hypersynchronous 3 c/sec EEG waves appear in activity were recorded during the continuous pro-
rmal the EEG of the cats performing in a T maze. Thus gression of states induced by amphetamine (d-,
!ized there is strong presumptive evidence that the in- and meth-), lysergic acid diethylamide (LSD-25),
Lthe duced state of intermittent hypersynchrony, in- mescaline, gamma-hydroxybutyrate, pentylene-
1liar appropriate behavior, and inappropriate pus- tetrazol or phencyclidine. The drugs appear to
iced tures are, in fact, evidence of a hallucinatory fall within a pattern of progressively increasing

tters state. The hallucinoid activity preceding the excitatory states. The least active agents induce
generalized seizure activity induced by these con- only the initial phase, i.e., excited: amphetamine;

_ent vulsant agents may represent the aura notedclini- then hallucinoid: LSD-25 and mescaline. The
ex- callyprior to a grand mal seizure, more potent agents transcend these initial phases

less With phencyclidine and pentylenetetrazol, the andinduce generalized seizures: gamma-hydroxy-

l by pre-seizure phase of CNS excitation is associated butyrate, phencyclidine and pentylenetetrazol.
aaal with a progressive rise in the level of reticular The reticular multiple unit activity increased
ior. unit activity indicating a progressive rise in the slightly during the initial two phases ; then follow-
:ed frequency of reticular formation unit firing. How- ing gamma-hydroxybutyrate the basal level fell
ne- ever, during the pre-convulsant state induced by progressively while the fluctuation rose markedly,

gamma-hydroxybutyrate, the basal level of re- whereas following pentylenetetrazol the multiple
_0Ns ticular unit activity progressively falls while the unit activity progressively increased. During the

intermittent fluctuation of unit activityis marked- generalized seizures the unit activity was marked-
ly increased; thus the units fire less frequently, ly elevated in both of these groups; then the unit
but when they do fire, they do so synchronously activity fell during the brief period of post-ictal
both spontaneously and in response to stimuli depression followed by a return of each drug
(Fig. 4). In contrast, during Stage III anesthesia, group to the unit activity levels noted during the
the basal level of unit activity is likewise low but pre-seizure state•
the fluctuation is markedly reduced, the units do
not fire in bursts and are relatively unresponsive R_SUM_
to stimuli (Mori et al. 1968). It appears that

ACTIVITI_ UNITAIRE MULTIPLE DE LA FORMATION
gamma-hydroxybutyrate induces episodes of re-
fractoriness followed by periods of synchronous RI_TICULAIRE AU COURS D'UNE PROGRESSION
responsiveness to stimuli, whereas during general D'i_TATSINDUITSPAR DESEXCITANTSDU SYST[;ME

.anesthesia the reticular units are continuously NERVEUXCENTRAL
unresponsive, presumably due to a profound in- L'EEG, le comportement global et l'activit6
hibition, unitaire multiple ont 6t6 enregistr6s pendant la

The amazing similarity of actions induced by progression continue d'6tats induits par: lesS
,d the structurally different groups of agents listed ampMtamines (d et meth), l'acide didthylamide
ri in Fig. 5 may indicate that the system affected lysergique (LSD-25), la mescaline, le gamma-

by theseagents involved interference at one of hydroxybutyrate, le pentyl6net6trazol ou phency-

2 Electroenceph. clin. Neurophysiol., 1969, 27:514-522
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clidine. Ces drogues provoquent des 6tats d'exci- neural basis of the anesthetic state. Arch. Neurol.

tation progressivement croissants. Les agents les Ps.vchiat. (Chic.), 1933, 69: 519-529.
moins actifs induisent seulement la phase initiale, HEATH,R. G. and MICKLE, A. W. Evaluation of sevcn• years' experience with depth electrode studies in human
c'est-h-dire l'excitation (amph6tamines) puis des patients. In E. R. RAMEYand D. S. O'DOHERTV(Eds.),
hallucinations (LSD-25 et mescaline). Les agents Electrical studies on the unanesthetized brain. Hoeber,
les plus puissants d6passent ces phases initiales et New York, N.Y., 1960: 215-247.

induisent des crises g6n6ralis6es (gamma-by- JASPER, H. H. and AJMONEMARSAN, C. A stereotaxic
atlas of the diencephalon of the cat. Nat. Res. Council

droxybutyrate, phencyclidine et pentyI+net6tra- of Canada, Toronto, 1953.
zol). L'activit6 unitaire multiple rOticulaire MArcus, R. J., WINTERS,W. D., MORt, K. and SPOONER,
augmente 16g6rement pendant les deux phases C.E. A comparison of gamma-hydroxybdtyrate,

initiales; puis, apr+s gamma-hydroxybutyrate, Ie gamma-butyrolactone and short chain fatty acids onthe EEG and behavior of the rat. Int. J. Neuro-
niveau de base tombe progressivement tandis que pharrnacol., 1967, 6: 175-185.
la fluctuation augmente de faqon marqu6e; apr_s MORI, K., WINTERS W. D. and SPOONER,C. E. Com-
pentylbnet6trazol l'activit6 unitaire multiple parison of reticular and cochlear multiple unit activity
augmente progressivement. Pendant les crises with auditory evoked responses during various stages

g6n6ralis6es, l'activit6 unitaire s'61bve de faqon induced by anesthetic agents. I[. Electroenceph. din.
Neurophysiol., 1968, 24: 242-248.

importante darts ces deux groupes, puis elle MoRuzzr, G. and MAGOUN, H. W. Brain stem reticular
diminue pendant la brbve p6riode de d6pression formation and activation of the EEG. Electroenceph.
post-ictale, qui est suivie par un retour, pour clin. Neurophysiol., 1949, 1: 455473.

chaque groupe de drogues, aux niveat,x d'activit6 OKUMA,T. Effect of metrazol on cortical and subcortical
evoked potentials. Electroenceph. elin. Neurophysiol.,

unitaire not6s pendant l'6tat pr6-critique. 1960,12: 685-694.
SCnLAG, J. and BALVIN, R. Background activity in the

The authors wish to thank Mrs. Susan Miller and cerebral cortex and reticular formation in relation
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