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Summary—The sites of action of ketamine (CI-581; 2-(0-chlorophenyl)-2-methylamino cyclo-
hexamine HCI) were determined in the central nervous system using electrophysiological
techniques in both acute and chronic cat experiments. It was demonstrated in chronic pre-
parations that the cataleptic anesthetic state induced by ketamine is accompanied by an alter-
nating pattern of hypersynchronous delta wave bursts and low voltage, fast wave activity in the
neocortex and thalamus. The delta wave bursts had a distribution in the neocortex similar to
that of spindles produced by low doses of barbiturates or natural sleep. Subcortically, the
delta wave bursts were observed prominently in the thalamus and in the caudate nucleus. The
EEG patterns of the diffusely projecting thalamic nuclei were closely related phasically to the
delta waves of the neocortex. EEG changes in the midbrain reticular formation and hypo-
thalamus were not as prominent. Paradoxically, the hippocampus showed theta “‘arousal”
waves during the delra wave burst period of the thalamo-neocortical system. This functional
dissociation between the thalamo-neocortical and limbic system was one of the EEG charac-
teristics of ketamine.

Ketamine, in contrast to the barbiturates, depressed the recruiting response at a time when
neocortical EEG activation was minimally affected. Somatosensory potentials evoked from
stimulation of the median nerve were depressed primarily in the nonspecific thalamic nuclei,
midbrain reticular formation, somatosensory cortex and sensory relay nuclei, respectively,
with minimal anesthetic doses. Multiple neuronal unit activity showed clear grouping in the
thalamus. The closest relationship of multiple unit activity to the delta waves in the neo-
cortex was observed in the diffusely projecting thalamic nuclei. After ketamine the reticular
formation showed neither grouping nor suppression of multiple unit activity during the neo-
cortical delta bursts. Based upon these observations, the site of action of ketamine in minimal
anesthetic doses appears to be in the non-specific thalamo-neocortical system. This system
seems to be a primary factor in producing the hypersynchronous delta wave burst pattern in
the EEG.

INTRODUCTION

KETAMINE is a potent dissociative anesthetic in both animals (McCARTHY ef al., 1965; CHEN
et al., 1966; BREE et al., 1967) and man (DoMmiNo et al., 1965; CorssEN and DoMiNO, 1966;
VIRTUE ef al., 1967). The drug is a short-acting anesthetic without serious undesirable side
effects, such as respiratory or cardiovascular depression. Ketamine produces an emergence
delerium in approximately 1/3 of adults (DomiNo et al., 1965) with a much lower incidence
in children (CorsSEN and DoMiNo, 1966). Ketamine has unusual cataleptic features which
distinguish it from more common general anesthetics. It is very closely related to phen-
cyclidine (DoMiNo, 1964) in many of its pharmacologic effects. However, because of its
shorter duration of action, weaker psychotomimetic effects and being less convulsant, it is
superior to phencyclidine as an anesthetic. Current clinical studies suggest that ketamine
may become a very useful anesthetic agent, particularly in infants and children.
557
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It was our purpose to determine the sites of action of ketamine and compare it with
barbiturates such as pentobarbital and thiamylal in several neurophysiologic preparations.
In addition, a detailed analysis of the mechanism underlying ketamine-induced, hyper-
synchronous delta wave bursts in the neocortex and thalamus was undertaken.

METHODS

Experiments were performed in 50 acute and 5 chronic adult cats. The animals weighed
between 2-7 and 4 kg. In acute cat experiments, surgery was performed under diethyl ether
anesthesia. Wound edges were infiltrated with 19, xylocaine, the animal paralyzed with
decamethonium (1 mg/kg, i.v.) and artificially ventilated. Chronic indwelling brain elec-
trodes were placed in various cortical and subcortical areas under pentobarbital anesthesia.
Concentric bipolar needle electrodes were used for subcortical recordings. Conventional
stainless steel needle tubing, 0-5 mm with a center wire of 0-22 mm dia. and insulated except
at the tips, was used. The electrodes were implanted with the aid of a stereotaxic apparatus
according to the atlases of JASPER and AJMONE-MARSAN (1954) and SNIDER and NIEMER
(1961). Location of electrode tips was checked by physiological responses during the
experiment and subsequently verified by histological examination. Neocortical electrodes,
consisting of two small silver balls of 0-5 mm dia., were placed visually on the pia matter of
the appropriate gyrus. Recruiting responses were elicited from nucleus centrum medianum
by electrical stimulation with 8 Hz square wave pulses of 0-2-0-5 msec and 1-5-4-0 V. EEG
activation was produced by electrical stimulation of the midbrain reticular formation or
nucleus centrum medianum with square wave pulses of 100 Hz, 1 msec and 0-7-2-0 V.
Somatosensory evoked potentials were recorded monopolarly from the posterior sigmoid
gyrus, nucleus ventralis posterior lateralis, nucleus centrum medianum and midbrain
reticular formation. Somatosensory evoked potentials were produced by electrical stimula-
tion of the contralateral median nerve via needle electrodes inserted percutaneously.
Parameters of electrical stimulation were square wave pulses of 0-2-0-3 msec, 1 Hz
and 1-5-5-0V. Thisusually represented approximately 4 times threshold. Evoked potentials
were summated using a CAT computer as the mean of 100 responses. Multiple unit activity
was recorded usually monopolarly to the nasion as reference. The corresponding EEG
activity was recorded with the same electrode. Multiple unit activity was amplified on one
channel of the Grass model 111 EEG, passed through a spike filter (Kopff SF10-A), and
visualized on a dual beam Tecktronics oscilloscope in a similar manner to that of WEBER and
BucHwALD (1965). Multiple unit activity and the corresponding EEG activity were photo-
graphed simultaneously using a Polaroid camera. All drugs were administered i.v. in
acute preparations and i.p. in the chronic experiments. Doses of 1-16 mg/kg of ketamine,
5-20 mg/kg of pentobarbital and thiamylal were given over a 30-sec period.

RESULTS

Effects of ketamine on EEG and behavior

The effects of ketamine in doses of 2-4 mg/kg i.v. on the EEG of an acute cat is illustrated
in Fig. I. Shortly after injection, delta waves appeared in increasing number in the neocortex,
thalamus and caudate nucleus. When an additional dose (2 mg/kg or a total of 4 mg/kg)
was given approximately 3-5 min later, slow waves of higher amplitude appeared more
continuously (Fig. 1B, C). Subsequently, the delta waves were interrupted by progressively
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FiG. I. EEG effects of ketamine.

Panel A. Control EEG tracings of an acute cat preparation. Minimal EEG spindles are
observed in the neocortical areas. Panel B. 4 min after 2 mg/kg of ketamine i.v. Continuous
hypersynchronous delta waves were observed in the neocortical areas. Panel C. 4 min after
an additional 2 mg/kg of ketamine (4 mg/kg total). The EEG effects were somewhat enhanced.
Panel D. 15 min later. Characteristic delta wave bursts interrupted by low voltage, fast fre-
quency activity were observed in the neocortical areas. At this time the hippocampus showed
a tendency to develop theta wave “‘arousal” activity. Panel E. 40 min after the last dose of
ketamine. The EEG of the neocortex showed low voltage, fast wave activity with occasional
delta waves, while the hippocampus showed a continuous theta wave activated pattern. Panel F.
1 hr after ketamine administration. EEG showed a general “‘arousal” pattern both in the neo-
cortical and limbic systems. Bipolar EEG recordings were taken. Symbols for this and subse-
quent figures are: A.SIG, anterior sigmoid gyrus; SUP, suprasylvian gyrus; LAT, lateral
gyrus, HIP, hippcampus, VPL, n. ventralis posterior lateralis. The time base for 2 sec is shown.
The vertical bars represent 100 .V calibration.

longer episodes of low voltage, fast wave activity. This produced the characteristic delta
wave burst appearance (Fig. 1D), while the hippocampus showed theta “‘arousal” waves.
Approximately 20-45 min after ketamine, delta waves occurred less frequently and were of
lower amplitude (see Fig. 1E). At this time, more typical hippocampal theta wave activity
was observed. About45-60 min after ketamine administration, the EEG showed generalized
activation both in the neocortex and subcortex, although sporadic slow waves still appeared.
Approximately 1-0-1-5 hr after 4 mg/kg of ketamine, the EEG returned to control.

In contrast to the marked delta wave bursts in the neocortex, thalamus and caudate
nucleus, prominent delta waves did not appear in the hippocampus, hypothalamus and
midbrain reticular formation (see Fig. 1). Hippocampal changes induced by the drug
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usually consisted of an activation pattern in the delta wave burst period of the thalamo-
neocortical system. Dissociation of the EEG activity between the thalamo-neocortical
and the limbic system appears to be one of the more unusual EEG features of this agent.

The behavioral correlates of the prominent EEG changes produced by ketamine were
studied in 5 cats with chronic indwelling brain electrodes. Following 2-4 mg/kg of ketamine
i.p., moderate voltage delta waves appeared sporadically in the neocortex and thalamus.
The cats retained their resting postures but appeared slightly less attentive to external stimuli.
Following 4-8 mg/kg i.p., the alternating pattern of hypersynchronous delta wave bursts
and low voltage, fast wave activity was similar to that seen in acute preparations (Fig. 1D).
In these doses the continuous delta wave pattern (Fig. IB, C) was not observed, and the
delta wave bursts were usually shorter in duration and interrupted for longer periods of
time by fast activity. Thus the continuous delta wave pattern is not an essential correlate of
behavioral anesthesia. The EEG dissociation between the thalamo-neocortical and the
limbic system observed in acute animals was also present in chronic preparations. During
the hypersynchronous delta wave burst period, the animals crouched flatly on the floor
without any significant movement with their heads between their outstretched forelegs.
They showed no behavioral responses to external stimuli including ordinarily painful
pinches. In contrast with the anesthetic state produced by barbiturates, ketamine-induced
anesthesia looked behaviorally quite different. After ketamine, the animal’s eyes were
kept half open in a fixed gaze, pupils maximally dilated, and the corneal reflex maintained.
The animal did not lay on its side as after barbiturates. The EMG of the neck muscles was
slightly reduced in amplitude. Respiration was reduced slightly and the heart rate increased.

Twenty or 30 min after the i.p. injection of ketamine the neocortical delta wave bursts
became less frequent, smaller and irregular, while the hippocampus showed a more activated
EEG pattern similar to that shown in Fig. 1E. During this period, the cats emerged from
anesthesia showing continuous restlessness. They lifted their heads, looked around, tried
to stand, walked but were severely ataxic and fell repeatedly. They appeared somewhat
confused and excited but inattentive to external stimuli. About 1 or 1-5 hr after ketamine,
both EEG and behavior returned almost to control, although the tendency for ataxia per-
sisted for 2 hr or more.

Because of the close relationship between the hypersynchronous delta wave bursts in
the EEG and the anesthetic state produced by ketamine, a further analysis of the delta wave
bursts and their underlying neuronal mechanisms was undertaken. During the period of
maximal EEG effect of i.v. ketamine with continuous delta waves, both biphasic and tri-
phasic delta wave forms were observed, mainly in the neocortical system (see Fig. 1C,
Fig. 2A). These patterns were similar in both monopolar and bipolar recordings in the
neocortex (Fig. 2A, D). They showed a small negative-positive and large negative slow-
wave component in the monopolar recording reminding one of a spike-dome complex but
somewhat atypical in that the spike was not so sharp. The large slow wave components
sometimes were interspersed by fast-frequency bursts of 14-15 Hz (see Fig. 2B). In the delta
wave burst period, the waves had a simple sinusoidal form with a sharp positive cleft followed
by a negative slow wave (see Fig. 2D). The typical 8-10 Hz spindle bursts observed in the
drowsy state were generally reduced after ketamine.

In the neocortex, the delta waves were more prominent in the anterior half of the supra-
sylvian, lateral and anterior sigmoid gyri. In contrast, they were poorly developed in the
ectosylvian (auditory area) and posterior lateral gyri (visual area) as illustrated in Fig. 3.
This distribution of delta waves is somewhat similar to the distribution of spindle bursts
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FiG.2. Phase relationship of ketamine induced EEG slow waves.

EEG recordings were obtained in an acute preparation. Panel A. 5 min after 4 mg/kg i.v. of
ketamine. Bipolar recordings indicate that n. centrum medianum has the sharpest slow waves,
followed by the round delta waves of the neocortex. Panel B. 10 min after ketamine admini-
stration, Panel C. Bipolar recording at a faster speed of 5 min after ketamine administration.
Panel D. Monopolar recording 10 min after ketamine administration. Legends: P.SIG.,
posterior sigmoid gyrus; ECT, ectosylvian gyrus; CM, n. centrum medianum.
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Fi1G. 3. Neocortical regional differences of ketamine-induced slow waves.

Panel A. Control EEG tracing showing low voltage, fast wave activity in various neocortical
areas. Panel B. 5 min after 4 mg/kg of ketamine i.v. Note that the delta wave bursts are pro-
minent in the somatomotor (A.SIG)and association areas (A.LAT and SUP) but poorly devel-
oped in the primary auditory (ECT) and visual (P.LAT) areas. Panel C. 15 min after ketamine
administration. Note the development of typical delta bursts and a low voltage, fast wave
pattern most evidentin the association areas (A. LAT and SUP). Panel D. 1 hr later. Partial
recovery from ketamine. Note that the association areas still show some slow wave changes.
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observed during spindle wave sleep and following small doses of barbiturates. However,
the delta waves appeared more prominently in the association area than in the somatosensory
and motor areas.

Subcortically, the slow wave bursts were prominent in the thalamus and caudate nucleus.
The clearest and sharpest slow waves occurred in bipolar recordings taken from nucleus
centrum medianum and seemed to be followed by deita wave activity in the neocortex.
The peaks of the sharp slow waves in nucleus centrum medianum corresponded to the
starting point of the large negative slow waves of the neocortex and sensory relay nucleus
(see Fig. 2A, C). In nucleus ventralis posterior lateralis and the caudate, the slow waves
usually had a more blunt slow-wave form in both monopolar and bipolar recordings but
were not necessarily associated with the neocortical waves as closely as those in the diffuse
thalamic projection system.

Effects of ketamine in the cerveau isolé preparation

In this preparation, ketamine produced a similar delta wave pattern in both the neocortex
and thalamus as in intact cats (see Fig. 4). However, the delta wave activity was somewhat
slower and had a rather continuous appearance without interruption by the low voltage,
fast waveactivity. Spindle bursts were recorded but reduced in amplitude and duration and
interspersed with delta waves. It appeared that the brain stem was not essential for the pro-
duction of slow waves but was essential for the production of the distinct pattern of slow
wave bursts interrupted by low voltage, fast frequency activity.

Effects of ketamine in the subtotal decorticate cat

In a total of 4 acute decorticate preparations, the EEG activity of the thalamus was
recorded from nucleus ventralis posterior and centrum medianum. The EEG usually
showed a low voltage, fast wave pattern prior to ketamine administration. After 2-4 mg/kg
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FiG. 4. EEG effects of ketamine in the cerveau isolé preparation.

Panel A. Control EEG recording 2 hr after a classical midbrain transection. Panel B.

5 min after 4 mg/kg of ketamine i.v. Note the development of delta wave activity and decrease in

spontaneous spindle bursts in the neocortex and sharp slow waves in CM. Panel C. 15 min

after ketamine. Panel D. 1 hr after ketamine. Although there is partial recovery of the

amplitude of EEG spindles, delta wave activity tends to persist. Although it is possibie for slow

waves to occur following ketamine administration in the cerveau isolé, no clear delta wave
bursts interrupted by low voltage, fast wave activity are present.
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of ketamine i.v., the delta waves were observed without a clear burst form, suggesting that
the neocortex contributes to the production of the burst form of delta waves. After 5-10
mg/kg of thiamylal, typical spindle bursts were not clearly observed in these decorticate
preparations but the 8-10 cs activity of spindle-like character was still present.

Effects on neocortical recruiting responses

The action of ketamine on recruiting responses produced by electrical stimulation of
centrum medianum was studied in 12 cats. A dose of 1 mg/kg of i.v. ketamine depressed
neocortical recruitment in 5 of 9 cases. The recruiting response was reduced in 8 of 9 instances
with 2 mg/kg and in all cases with doses of 2-4 mg/kg. A 509 increase in the control thres-
hold did not overcome the induced depression of the recruiting response following 2—4 mg/kg
of ketamine. In contrast to the dramatic depressant effects of ketamine on recruiting
responses, 5-20 mg/kg i.v. of pentobarbital consistently enhanced neocortical recruitment
in 5 animals. Typical records of these opposite effects of ketamine and pentobarbital on
the recruiting response in the same animal are illustrated in Fig. 5 after a suitable interval
for recovery from ketamine.
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Fic. 5. Comparative effects of ketamine and pentobarbital on the recruiting response.

Panel A. Control recruiting response elicited by stimulation of n. centrum medianum. Panel

B. 5 min after 2 mg/kg of ketamine i.v., this response is reduced. Panel C. 30 min after

ketamine administration. Panel D. 1 hr after ketamine administration. The recruiting

response recovered almost to control levels. Panel E. 5 min after 6 mg/kg of pentobarbital

i.v., theresponse is distinctly enhanced. Panel F. 5 min after an additional 15 mg/kg of pento-
barbital i.v., the recruiting response is still enhanced.
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Effects of EEG activation

The action of ketamine on EEG activation produced by threshold high frequency stimula-
tion of the midbrain reticular formation and/or nucleus centrum medianum was studied in
12 animals. With 1 mg/kg i.v., EEG activation was not affected either in its threshold or
duration in both the neocortical and limbic systems. Following 2 mg/kg, the threshold
of neocortical activation was not altered, although the duration was reduced to } to } of the
control period (see Fig. 6C, D). Hippocampal activation responses were still present even
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F1G. 6. Effects of ketamine on EEG activation.

Panels A and B. Control EEG activation elicited by a threshold stimulus to the midbrain

reticular formation and n. centrum medianum. Panels Cand D. 5or 6 minafter2 mgjkgi.v. of

ketamine, EEG activation is reduced in duration but the threshold is not altered. Panels E

and F. 5 or 6 min after a total of 4 mg/kg of ketamine, EEG activation is shortened but still

present. EEG activation responses produced by stimulation of the midbrain reticular forma-

tion and n. centrum medianum are only shortened in duration after minimal anesthetic
doses of ketamine,

when the thalamo-neocortical slow waves reappeared indicating the dissociation of the
neocortex and hippocampus. Following doses of 4 mg/kg of ketamine, the threshold of
stimulation of the reticular formation or nucleus centrum medianum to cause EEG activation
was not elevated, although the effects were limited to the period of stimulation (see Fig. 6E, F).
Following 8 mg/kg of ketamine, desynchronization of the neocortex was reduced to the
duration of reticular stimulation. Depending on the dose administered, recovery occurred
within 45 min (after 2 mg/kg) to 1-1-5 hr (after 4-8 mg/kg). In contrast to the less obvious
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depression of EEG activation by ketamine, doses of 10--20 mg/kg of pentobarbital or thia-
mylal produced marked suppression of EEG activation and elevation of the threshold for
stimulation of both the reticular formation and nucleus centrum medianum.

Effects on somatosensory evoked potentials
Somatosensory evoked potentials produced by contralateral median nerve stimulation
(1 Hz, 0-2-0-3 msec, 1-5-4 V) were recorded monopolarly and summated 100 times by the
CAT computer. The results described were obtained in 15 animals. Asillustrated in Figs. 7
and 8, the evoked potentials consisted of sharp positive and blunt negative waves in the
( MEDIAL NERVE 1.3V, | CPS,0.2MSEC,I00STIM.)
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F1G. 7. Effects of ketamine and thiamylal on somatosensory evoked potentials,

Panel A. One hundred somatosensory evoked potentials were summated before and after

various times following 3 mg/kg of ketaminei.v. Notethat 5 min after ketamine administration,

the potentials are reduced in all areas, but proportionately most in centrum medianum and

next in the reticular formation. The negative components of the potentials are also depressed.

Panel B. Effects of 15 mg/kg of thiamylal i.v. Note that following thiamylal administration,

the sensory evoked potentials are depressed in most cases in the brain but most prominently in
the reticular formation. Negativity is up in this and the subsequent illustration.
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FiG. 8. Effects of ketamine on somatosensory evoked potentials,

Note that ketamine 4 mg/kg i.v. reduced the negative component of the response in posterior

sigmoid gyrus more dramatically than in the thalamic relay nucleus. Furthermore, the negative

components are more suppressed than the initial positive waves. Note gradual recovery over
the next 90 min. Parameters of electrical stimulation are illustrated.

following four structures: posterior sigmoid gyrus (P.SIG), nucleus ventralis posterior
lateralis of the thalamus (VPL), nucleus centrum medianum (CM), and midbrain reticular
formation (RF). These waves generally persisted for as long as 150 msec after stimulation.
Comparing the rather stable primary positive components in the above mentioned four
structures, ketamine (2-4 mg/kg) suppressed these potentials generally in VPL, CM, and RF.
In P.SIG the positive component was suppressed only by the larger dose of 4 mg/kg. Itis of
interest that the depression of the first positive component was greater in CM and RF than
in P.SIG and VPL as might be expected. Furthermore, it was noticed with ketamine that
the CM potential was more depressed than that in RF (see Fig. 7) in most of the prepara-
tions studied.

The secondary negative component of the somatosensory evoked potential was quite
variable and even absent in some cases. When it was present, however, it was even more
suppressed by ketamine than the first positive component, especially in the neocortex (Fig. 8).

In contrast to the effects induced by ketamine on somatosensory evoked potentials,
thiamylal (8-20 mg/kg, i.v.) produced greater suppression of the evoked potential in the
reticular formation than in CM (Fig. 7).

Effects on multiple unit activity
Multiple unic activity (SCHLAG and BALVIN, 1963 ; WEBER and BUCHWALD, 1965 ; Goop-
MAN and MANN, 1967; PODVOLL and GOODMAN, 1967) was recorded from the same electrodes
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as used for EEG recording in CM, VPL, RF, and the neocortex in 12 animals. The neuronal
activity consisted of continuous multiple units of approximately 15-20 xV in amplitude in
the thalamus and reticular formation. The noise level of the system was approximately
4-6 nV. Multiple unit discharge increased in amplitude during EEG activation and showed
a high voltage grouping corresponding to the evoked potentials induced by sensory stimuli
in the thalamus and reticular formation.

The correlation between multiple unit activity and EEG changes produced by 2-4 mg/kg
of ketamine was studied in detail. During the delta wave phase induced by ketamine, the
neuronal activity in CM and VPL showed remarkable grouping with a close phase relation-
ship with the EEG (see Fig. 9 CM). Neuronal grouping of activity in CM and VPL was
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F1G. 9. Effects of ketamine on multiple unit activity and EEG deita waves.

Each panel consists of the photographed multiple unit and EEG activity from either n. centrum
medianum or the reticular formation. Below this appears the EEG activity recorded in a con-
ventional manner. The length of the bar below indicates the period in which the multiple unit
activity was recorded. MP designates monopolar recording and BP bipolar recording. Note
that in the control period, multiple unit activity has arelatively high baseline, seemingly unrelated
to spontaneous EEG activity. Similarly, in the control tracing recorded from the reticular
formation, a high baseline of multiple unit activity is seen. Five min after 4 mg/kgi.v. ketamine
administration, multiple unit activity in n. centrum medianum showed a grouping closely
related to the centrum medianum bipolar recording but poorly related to the centrum medianum
monopolar recording. In contrast, the reticular formation at this time showed none of the
characteristic grouping of the neuronal activity seen in the thalamus. Note also that the total
amplitude of multiple unit activity was not greatly affected. 8 min after ketamine administra-
tion, the same phenomenon of grouping of multiple unit activity in n. centrum medianum
persisted.



568 M. Mivasaka and E. F. Dommo

pronounced with the peaks and troughs closely related to the delta waves. Before ketamine
the neuronal activity was of constant amplitude and asynchronous. After ketamine the peak
amplitude exceeded the mean control amplitude, while the amplitude of the troughs was
smaller than control. During the interrupting fast-wave phase, neuronal activity of CM
and VPL was somewhat smaller than during the control period.

In the midbrain reticular formation, the neuronal activity did not show any characteristic
grouping during the delta wave phase. The neuronal activity was almost at the same ampli-
tude level following ketamine or only slightly decreased (see Fig. 9, RF). Likewise hypo-
thalamic neuronal activity did not show any characteristic amplitude modulation.

The amplitude of multiple unit activity in the neocortex was close to the noise level, in
contrast to the much larger amplitudes recorded in the subcortical structures. No significant
changes could be observed by this method because of the inadequacy of the recordings.

Of particular importance was the fact that there was a close relationship between the
multiple unit burst patterns and the form of the EEG slow waves especially in n. centrum
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Fi1G. 10. Effects of thiamylal on multiple unit activity and EEG.

The format of this illustration is similar to that of Fig. 9. During the control period, a high

level of multiple activity was observed in both n. centrum medianum and the reticular formation

while the EEG showed low voltage, fast frequency activity. 8 min after 20 mg/kg of thiamylal

1.v., multiple unit activity was markedly suppressed in both the thalamus and reticular formation.

The suppression of the neuronal activity in the reticular formation was marked, almost to the
noise level.
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medianum. An especially important variable was whether monopolar or bipolar recordings
were used. With monopolar EEG recordings there was much less association between
slow-waves and multiple unit activity as might be expected. In contrast, close bipolar EEG
recordings showed much closer correlation with the neuronal activity. It was noted that
bursts of neuronal activity corresponded to the positive sharp clefts justs preceding negative
slow waves in the monopolar EEG of the same electrode in the thalamus. This grouping
corresponded more clearly to the prominent peaks of the sharp slow waves in the bipolar
EEG of n. centrum medianum (Fig. 9, CM). The peaks of the neuronal bursts of n. centrum
medianum corresponded to the deep cleft followed by large delta waves in the EEC of the
neocortex.

Similarly, the neuronal discharge patterns from n. ventralis posterior lateralis usually
corresponded to portions of the slow waves recorded in the same place, particularly with
bipolar recordings. However, even in this nucleus, burst patterns frequently correlated
more clearly with the sharp slow waves recorded in the bipolar EEG of n. centrum medianum.

The i.v. administration of 10-20 mg/kg of pentobarbital or thiamylal in preanesthetic or
minimal anesthetic dosage depressed the amplitude of spontaneous neuronal discharges
in the reticular formation and thalamus to a much greater extent than anesthetic doses of
ketamine (2-4 mg/kg). Asshownin Fig. 10, neuronal activity in RF was markedly depressed
by thiamylal in contrast to that in CM or VPL. Multiple unit discharge in the reticular
formation was more depressed by barbiturates than in the thalamus. In contrast, ketamine
modulated multiple unit activity at the thalamic level with little effect on the reticular
formation.

DISCUSSION

In anesthetic doses in man, ketamine produces fairly continuous theta waves and rarely
delta wave bursts (DOMINO et al., 1965; VIRTUE et al., 1967). In the present experiments
in cats, the alternating pattern of hypersynchronous delta wave bursts and low voltage,
fast wave activity was observed consistently with anesthetic doses of ketamine primarily
in the thalamus and neocortex. These prominent EEG changes in the cat were very similar
to the EEG patterns observed in the neocortex of animals given phencyclidine, a closely
related congener of ketamine (DoMmino, 1964).

After ketamine the thalamus showed a synchronous relationship with the neocortex
in the alternating EEG pattern of high voltage, delta wave bursts and low voltage, fast wave
activity. The diffuse thalamic projection system, especially n. centrum medianum, showed
sharp, slow waves followed by delta waves in the neocortex and thalamic sensory relay
nuclei. The delta wave bursts usually appeared after suppression of spindle bursts and
showed a similar distribution in the neocortex to spindles (MORISON and DemPpsy, 1942).
This fact suggests a predominant involvement of a thalamo-neocortical reverberating circuit.
This is in line with the widely held concept that spindle bursts and slow waves are dependent
on the activity of the nonspecific thalamo-neocortical circuit (RALSTON and AJMONE-MARSAN,
1956 ; BREMER, 1958 ; BUSER, 1964 ; JASPER, 1965).

Ketamine-induced delta wave bursts were not prominent in the midbrain reticular
formation and hypothalamus. Furthermore, the hippocampus showed the typical theta
activity of “‘arousal,” in spite of the appearance of high voltage, delta wave bursts in the
thalamus and neocortex. The hippocampal “arousal” waves appeared more activated than
during the control period, especially at the end of the delta wave burst period. Behaviorally
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this corresponded to a drunk-like, restless and excited state, which might be interpreted
as the period of emergence delerium. This prominent EEG dissociation between the neo-
cortex and the limbic system might be involved in the mechanism of its psychotomimetic
action. A similar type of EEG dissociation has been observed with ethyl alcohol (KoGi
et al., 1960), except that neocortical delta waves were more persistent after ketamine.

The recruiting response produced by centrum medianum stimulation was suppressed
by ketamine in both preanesthetic and anesthetic doses. In contrast, EEG activation
produced by stimulation of the reticular formation or centrum medianum was barely altered
by ketamine. The recruiting and activation responses elicited by stimulation of the diffuse
thalamic projection nuclei are mediated by different pathways. The former is thought to
be mediated through the reticular nucleus to the neocortex, while the latter backward through
the midbrain reticular formation (SCHLAG and CHAILLET, 1963 ; WEINBERGER ef al., 1965).
Ketamine seems to suppress mainly the diffuse thalamo-neocortical projection system with
less of an effect on the reticular-neocortical activating system. This is in marked contrast to
the effects of barbiturates on these systems as described previously (Domino, 1955; KING,
1956; KiLLaM, 1962). These effects of ketamine on recruiting the activating responses
are somewhat similar but not identical to the action of diethyl ether (DoMiNo, 1955; BRAZIER,
1961).

In both the cerveau isolé and subtotally decorticated preparations, moderate to high
voltage delta waves were recorded after ketamine in the thalamus, although the delta waves
did not have clear burst-forms compared to those observed in the intact brain. It is apparent
that the reticular activating system is not critical for the presence of delta wave bursts in
the intact brain, but it is involved in the production of delta bursts by interrupting the delta
waves with low voltage, fast wave activity. The neocortical part of the reverberating circuit
is not essential for production of delta waves, but is necessary for producing clear bursts of
high-voltage, delta waves in a similar manner to the bursts of spindles.

The primary positive components of the somatosensory evoked potentials were more
constantly and conspicuously suppressed by ketamine in centrum medianum and the reticular
formation than in the neocortex and n. ventralis posterior lateralis. This prominent suscepti-
bility of the nonspecific thalamic system is similar to that observed following barbiturate
anesthesia (FRENCH ef al., 1953; CoLLINS and O’LEARY, 1954; KING, 1956; KiLLAM, 1962 ;
BRrAZIER, 1961). Although the evoked potentials were depressed in both centrum medianum
and the reticular formation, the centrum medianum appeared to be more suppressed in
5 of 7 cats. These results were not statistically significant across all animals, but they were
sufficiently consistent to merit comment. In general, it appears that the diffusely projecting
thalamic system and midbrain reticular formation may show some differential susceptibility
to different kinds of general anesthetics. For example, BRazier (1961) has pointed out
that barbiturates suppress the evoked potential more in the reticular formation than in
centrum medianum, while diethyl ether has a greater depressant effect on responses recorded
in centrum medianum. Similarly, ARDUINT (1958) reported that the neocortical surface
negative slow potential produced by the reticular formation was depressed by barbiturate
anesthesia, but responses produced by thalamic stimulation (both medial and lateral) were
not. Brazier has postulated that diethyl ether exerts its major depressant effects at the
level of the midline thalamus because it suppresses evoked potentials in centrum medianum
as well as the neocortical recruiting response elicited from stimulation of this area. Along
similar lines, on the basis of the evidence obtained in our study, it appears that ketamine
has a stronger depressant effect on the diffuse thalamic projection system than on the midbrain
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reticular formation. It was frequently observed that the negative components of the somato-
sensory evoked response were more suppressed than the initial positive wave. A similar
phenomenon was observed on cortical evoked potentials recorded in the rabbit (DomiNo,
1964) following administration of phencyclidine. The corresponding somatosensory evoked
potentials in the specific relay nucleus of the thalamus, ventralis posterior lateralis, were
less influenced by ketamine. It is of interest that ANOKHIN (1964) and JANKOWSKA and
ALBE-FESSARD (1961) have offered evidence that the initial positive potentials in the sensory
cortex are produced in the deeper neocortical layers by specific thalamic volleys. On the
other hand, the subsequent negative potentials appear to originate in the superficial apical
dendritic layers by the nonspecific ascending thalamo-reticular system. On this basis, the
greater effect of ketamine on the negative potentials of the somatosensory evoked response
might be interpreted as a depression of the diffuse thalamic projection system at a thalamic
and/or neocortical level.

Following anesthetic doses of ketamine, multiple unit activity showed a clear grouping
in both specific and nonspecific thalamic nuclei in synchronous relation with delta waves
recorded in the same structures and in the neocortex. The grouping of neuronal activity
in n. centrum medianum showed the closest basic relationship with the EEG, especially
with bipolar EEG recordings in the n. centrum medianum which were constantly followed
by neocortical delta waves. The neuronal activity in the reticular formation and hypoth-
alamus showed relatively little change without suppression or grouping in contrast with their
strong suppression following subanesthetic as well as anesthetic doses of the barbiturates.
It should be pointed out that ketamine merely accentuated the synchronous firing of multiple
units in the thalamus rather than completely suppressing them.

KNOTT ef al. (1955) pointed out that the diffusely projecting thalamic system is important
to the production of delta waves in the neocortex. This was based on evidence that lesions
of the diffuse thalamic projection nuclei produced persistent EEG slow waves in the neo-
cortex. Lesions of specific sensory relay nuclei did not produce prominent EEG changes.
However, NAKAMURA and OHYE (1964) reported that the specific relay nuclei are also impor-
tant for the projection of delta waves and postulated that the posterior hypothalamus exerted
a strong suppressing action upon delta wave activity via the specific sensory nuclei to sensory
cortex. The delta waves induced by ketamine do not appear to depend upon suppression
of the latter system, since evoked potentials in the specific relay thalamic nuclei were minimally
affected and the hypothalamic hippocampal activating system (ToOK1ZANE et af., 1960) was
not significantly suppressed by this drug.

Our findings on EEG and multiple unit activity suggest that the diffuse thalamo-neo-
cortical projecting system appears to be the primary site of action of ketamine. This would
be consistent with the observation (MCCARTHY ef al., 1965; Domino er al., 1955; CHEN ef al.,
1966 CorsseN and DomiNo, 1966) that primates, having greater development of the neo-
cortical system, show a greater susceptibility to the anesthetic actions of ketamine. Ketamine
anesthesia differs markedly from that induced by barbiturates by lacking a strong depressant
effect on multiple unit activity in the reticular formation. Thus, this anesthetic may have
characteristics similar to those reported by WINTERS ¢t al. (1967) for gamma hydroxybutyric
acid and alpha chloralose.

The relationship between spontaneous EEG changes and neuronal activity has often
been studied in connection with neocortical EEG spindles using microelectrode techniques.
Much less is known about the relationship of delta waves to neuronal unit discharge. VER-
zbANO and CAaLMA (1954) observed a close and constant relationship between the slow waves
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of spontaneous and barbiturate-induced spindle bursts and unit activity in nonspecific
thalamic nuclei. Their experiments showed groups of unitary spikes followed immediately
by the positive phase of the slow-wave of the spindle. These investigators thought that
the positive phase of the spindle bursts might be due to summation of positive after-potentials
of neuronal spikes. JASPER (1965) also described the close relationship of the neuronal
discharge and EEG slow waves in the recruiting response. In his study, a grouping of
neuronal discharges appeared in neurons of deep cortical layers on the negative crest of the
surface recruiting response. These waves did not appear to be due to a simple summation
of neuronal discharges. The depolarization of the neurons in the recruiting response had
to reach a critical threshold before grouping of self-discharges appeared. Furthermore,
neuronal units fired even after the depoliarization had reached a critical level below threshold.
CREUTZFELDT et al. (1961) observed a more remarkable correlation between neuronal dis-
charges and EEG activity in neocortical neurons following diethyl ether or cyclopropane
anesthesia than after barbiturates. Groups of 4-8 neuronal discharges occurred synchron-
ously with the biphasic or positive delta waves that are characteristic of deep diethyl ether
anesthesia. ScHLAG (1956) also observed a close relationship between EEG and unit
activity in spindle waves, but thought these were two independent phenomena because
their relationship was not constant. BUCHWALD ef al. (1966) observed no clear cut relation-
ship between FEEG and neuronal unit discharge except during large amplitude, rhythmic,
EEG slow waves. AIMONE-MARSAN (1963) has reviewed this entire problem in detail.
Slow wave EEG activity and neuronal discharge are indeed closely related. He has con-
cluded that slow potential changes were either directly responsible for or secondary to
neuronal unit discharge. In our own experiments, following ketamine, a constant phase
relationship between multiple unit discharge and delta wave activity was clearly observed,
especially in bipolar recordings in diffusely projecting thalamic nuclei. Our own experience
with attempting to correlate multiple unit activity with EEG slow waves supports the con-
clusions of AJMONE-MARSAN that technical considerations are all important in obtaining
a close relationship.
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