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The EEG, Evoked Potentials, and Single-unit Activity

during Ketamine Anesthesia in Cats

Y. Kayama, M.D.,* and K. Iwama, MD.7

The cffects of ketamine in cats which were
allowed to move about freely or restrained only
minimally were studied. EEG, evoked potentials,
and single-unit activity were recorded. Soon
after intravenous injection of ketamine, low-volt-
age fast waves of the sensorimotor and visual cor-
tices increased in amplitude, and the on-going
theta waves of the hipp were replaced by
desynchronized activity. Later, the seizure activ-
ity in the neocortex, as well as that in the hippo-
campus, appeared as bursts. Ketamine markedly
enhanced the evoked potentials of the sensori-
motor and visual cortices in response to electrical
stimulation of the medial lemniscus and optic
chiasm, respectively., Ketamine-induced EEG de-
synchronization of the sensorimotor cortex was as-
sociated with an increase in spontaneous unitary
discharges. These findings were interpreted as
indicating that the effect of ketamine is to stimu-
late the neocortex, hippocampus, and other sub-
cortical nuclei concurrently, eventually inducing
seizure activity., This challenges the concept of
! i as a dissociative anesthetic. (Key
words: Ketamine; Transmission; Single-unit activ-
ity; Electroencephalogram. )

Doanxo and his associates were the first to
study the mechanisms of action of ketamine in
cats by recording spontaneous EEG patterns
and evoked potentials, both cortical and sub-
cortical.- 2 They found that ketamine induced
hypersynchronous delta waves in the thalamo—
neocortical system and theta-arousal waves in
the hippocampus. They interpreted these find-
ings as depression of the thalamo-neocortical
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system with activation of the limbic system and
thus, as functional “dissociation.” Accordingly,
they proposed that ketamine was a dissocia-
tive anesthetic.t-

Our experiment was designed to obtain more
explicit information about the electrographic
changes during ketamine anesthesia. Using
cats moving about freely or with minimum re-
straint, we studied the effects of ketamine, iv,
on spontaneous EEG patterns of the neo-
cortex and hippocampus, cortical evoked po-
tentials, and cortical single-unit activity. We
found that the neocortex and the hippocampus
were affected by ketamine in virtually the
same way, challenging the concept of ketamine
as a dissociative anesthetic.

Methods

Fifteen cats prepared for recording electri-
cal activities of the neocortex and hippocampus
were studied in 65 chronic experiments. Using
pentobarbital anesthesia (35 mg/kg, intra-
peritoneally) each cat was fixed in a stereo-
taxic apparatus. Small stainless steel electrodes
were screwed to the skull overlying the sen-
sorimotor and visual cortices. A parallel bi-
polar needle electrode of insulated stainless
steel was placed in the dorsal hippocampus at
a depth which evoked high-amplitude seizure
discharges. Bipolar electrodes of the same
type were introduced into the medial lemniscus
and optic chiasm. The position of the lemnis-
cal electrode was determined by observing po-
tentials evoked by single-shock stimulation of
the skin of 2 paw. The chiasmal electrode was
positioned using potentials evoked by flash
stimulation of the eyes. All deep electrodes
were fived to the skull with dental cement.

Some cats were prepared for recordings of
cortical-unit activity. By trephination, a small
hole was made in the skull over the sensori-
motor cortex or around a point of the lateral
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Fic. 1. Effects of intr ly-admini d K on the electroencephal hic pat-
tern of an unrestrained cat. SMC, sensorimotor cortex; VC, visual cortex; Hip, hippocampus.
Top, records made during arousal at rest (RA), alertness (Alert) and paradoxical sleep (PS).
Center, from 30 to 50 sec after ketamine, 5 mg/kg, was injected. The cat was asleep (slow-
wave sleep). Toward the right the EEG’s were all desyn nized. Bottom, xecorSs made

2, 5, and 10 min after injection.
min still shows EEG seizures,

gyrus at AP 0 to —3 mm. Concentrically
with this hole 2 metallic tube (diameter 8 mm,
height 10 mm) was fixed to the skull. The
dura was left intact. To make possible unitary
recording with painless fixation of the head,
the method of Noda et al.5 was followed: a
mound of dental cement was made on the
skull and two aluminum tubes (diameter 8
mm, length 35 mm) were embedded in it
horizontally and parallel, with a separation of
about 4 cm. Pressing two pairs of ear bars
against the aluminum tubes sufficed to fix the
head to a stereotaxic apparatus.

To administer ketamine intravenously, a
polyethylene tube (diameter 1 mm, length 15
cm) was inserted into a subcutaneous vein
of the foreleg or neck and led to the head
underneath the skin. A syringe needle con-
taining heparin was connected to the end of

EEG seizures are evident at 2 min.

The VC record at 5

the tube and fixed to the skull with dental
cement.

After allowing at Jeast two days for recovery,
studies of the effects of ketamine were begun.
For studies of EEG patterns and evoked po-
tentials the cat was placed in a box (40 X 40
X 60 cm) with an observation window. It
was allowed to move about freely. For stimu-
lation of the medial lemniscus and optic chiasm
electrical pulses 0.05 msec in duration were
applied at various intensities. EEG’s and
evoked potentials were led to R-C amplifiers
(RB-2, Nihonkohden) and then to an oscillo-
scope (VC-7, Nihonkohden) in conjunction
with a pen-recorder (WI-260, Nihonkohden).
EEG’s were recorded on paper. Evoked po-
tentials, displayed on the oscilloscope screen
by a rapid sweep, were photographed.

In studies of single-unit activity the cat’s
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Fiec. 2. Ketamine-
induced EEG seizures.
Two minutes after
ketamine was injected,
enhanced fast waves
of the sensorimotor
(SMC) and visual
cortices (VC) were
interrupted by bursts
of seizure activity.
The seizures were
spike-and-wave com-
plexes in the SMC
and spiky waves in
the VC (second row).
Later, the seizures
radually subsided
third row), and finally
they disappeared
(fourth row).

SIVIC Aok on o e oo R v avpiraboge

vC

| 2001

T e a and

[ 200.v
5sec

head was fixed to a stereotaxic apparatus as
described and the body was placed horizon-
tally on a board. Microelectrodes, made of
stainless steel and insulated with Insl-X, were
inserted into the cortex through the metallic
tube placed concentrically with the trephined
hole. Movement of the cortex was minimized
by filling the inside of the metallic tube with
agar. Unitary spikes were led to a cathode
follower, displayed on an oscilloscope, and re-
corded on film. In addition, amplified spikes
were led to a Schmitt circuit and converted
into 3-msec rectangular pulses. This made it
possible to record unitary spikes on paper si-
multaneously with the EEG's.

For stimulation of visual cortical units a
shadow of the experimenter’s hand was moved
on a dimly illuminated screen placed in front
of the cat’s eyes. Touch, pressure, and electri-
cal stimuli were applied to the skin to activate
sensorimotor cortical units.

The doses of ketamine administered intra-
venously ranged from 3 to 5 mg/kg in the
EEG and evoked-potential studies. The dose
was 2 mg/kg in most of the unitary activity
studies. The drug was injected as a single
dose given within 30-60 seconds. When the
same cat was studied on more than one occa-
sion, at least a day was allowed between ex-
periments for recovery. In studies of cortical
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unitary activity ketamine was injected at inter-
vals of about an hour, and in most animals
the total doses remained below 10 mg/kg.

Results
Benavior axo THE EEG

Changes in behavior and EEG’s were first
noted about 30 sec after ketamine, 3-3 mg/
kg. The eves were fully open, with a fixed
gaze, and the pupils were maximally dilated.
The cat licked its lips and showed profuse
salivation. The head remained elevated and
was sometimes shaken slowly, but no overt
movements of the body and extremities were

Joow
956

observed. There were occasional twitching
movements of vibrissae, ears, and some shoul-
der muscles. Often the cat extended its fore-
limbs and crouched flat on the floor. When
the cat was forced to assume an abnormal
posture, it easily fell onto its side. The cat
paid no attention to visual, auditory, or pain-
ful stimuli, although it often spontaneously
displayed a searching response similar to that
elicited by activation of the limbic system.®*
After a larger dose of ketamine (8-10 mg/
kg), the cat strongly extended all four limbs,
assuming a posture similar to opisthotonus.
Recovery from ketamine, 3-5 mg/kg, took
about 10 minutes after the injection. The cat
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Fic. 4. Visual cortical evoked potentials be-
fore and after injection of ketamine, 5 mg/kg.
Evoked potentials were produced by single-shock
stimulation of the optic chiasm. Control records
(left) were obtained during arousal at rest. En-
hancement of the evoked potential was greatest
3 min after injection (center) and had decreased
slightly at 17 min (right). Sweeps in each column
were consecutive.

began to move but was severely ataxic. At
this stage it reacted to strong painful stimuli,
although the defensive responses were very
poor. Ataxia persisted for 20-30 minutes; all
effects of ketamine seemed to have disappeared
after an hour. These behavioral changes agree
well with those reported previously.

EEG records from the sensorimotor and
visual cortices and hippocampus before and
after ketamine, 5 mg/kg, are shown in figure 1.
The records made during arousal at rest (RA),
alertness induced by the presence of a rat in
the cat’s view (Alert) and paradoxical sleep
(PS) are in the top row; those made during
slow-wave sleep are in the leftmost part of the
center row. This cat’s EEG patterns during
these behavioral states were typical and were
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consistent with those described by previous
investigators.* ®

In this experiment ketamine (5 mg/kg) was
injected during slow-wave sleep. About 40
seconds after the injection, the cat opened its
eyes, lifted its head, and began to salivate.
Concomitantly, the EEG’s were all strongly
desynchronized (rightmost part of records in
center row). Then, on the background of
enhanced low-voltage fast waves, groups of
three to five slow waves appeared simultane-
ously in all of the EEGs. The slow waves
gradually increased in amplitude to a maxi-
mum about 2 minutes after the injection (left
records, bottom row). Sharp spikes were
superimposed on the slow waves of the neo-
cortical EEG’s. The wave frequency in one
burst of slow waves was about 1.5 Hz; the
burst recurred at intervals of about 4 seconds.
As time passed, ketamine-induced slow waves
tended to disappear, leaving the desynchro-
nized background activity almost unchanged.
Five minutes after injection, the EEG's were
similar to those seen in the state of alertness,
although some slow waves with superimposed
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Enhancement of sensorimotor cortical
evoked potentials by ketamine. Single shocks
were applied to the medial lemniscus. Control
reco! were obtained during arousal at rest.
Sweeps in each column were consecutive.
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Fic. 6. Unitary activity of the sensorimotor cortex before and after injection of ketamine,

2 mg/k A

1, spontaneous discharges of two different units (A and B).

Control records were

obtained during arousal at rest. Discharge rates increased a minute after injection of ketamine

and returned to the control level after 10 min.
were slower than those of unit B. II, evoked discharges of another unit.

In every phase the discharge rates of unit A
The number of

spikes occurring in response to tactile stimulation increased after injection of ketamine.

spikes remained in the visual cortex (center
records, bottom row). The visual cortex
finally ceased to show slow-wave activity about
10 minutes after the injection (right records,
bottom row); EEG’s remained in a pattern of
alertmess for more than an hour. In sum,
ketamine enhanced low-voltage fast waves and
then induced bursts of slow waves with or
without superimposed spikes in the neocorti-
cal and hippocampal EEGs. From several
observations of the EEG effects of ketamine
in different cats, it seems reasonable to identify
the ketamine-induced slow waves as represent-
ing seizure activity. Typical records of the
ketamine-induced EEG seizures are presented
in figures 2 and 3.

In figure 2, about 2 minutes after injecting
ketamine (5 mg/kg) enhanced fast waves of
the sensorimotor cortex were interrupted regu-
larly by bursts of high-amplitude activity com-
posed of typical spike-and-wave complexes.
In the visual cortex there were also bursts of

spiky waves, slightly leading in phase the
spike-and-wave bursts of the sensorimotor cor-
tex. Concurrent with these cortical events,
the cat showed twitching movements of the
ears, vibrissae, and some shoulder muscles. In
later stages the bursts of EEG seizures became
less frequent and the typical form of spike-
and-wave complexes was hardly seen, even in
the sensorimotor cortex.

In figure 3, the hippocampus responded to
ketamine (3 mg/kg) with bursts of spike-and-
wave complexes in addition to an enhancement
of fast waves in the background. The sensori-
motor cortical activity corresponding to the
spike-and-wave burst of the hippocampus was
a simple slow undulation of the baseline.
Twitching movements in the periphery also
occurred in this cat.

On the basis of these data, ketamine in-
duced EEG seizures. Since degrees of sensi-
tivity to seizure would differ from one animal
to the next and from one neural site to another,
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TasLE 1. Discharge Rates of 21 Units ia the Sensori-
motor Cortex, Recorded before and 1, 3, 5, and
10 Minutes after Injection of Ketamine®
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mine, 5 mg/kg, the evoked potentials in both
positive and negative components gradually in-
creased, and by 3 minutes they had almost
doubled (middle column). The small spikes
superimposed on the positive component were

ted by ketamine. The evoked po-
tentials remained enhanced as long as the
background activity of low-voltage fast waves
continued to be facilitated (right column).
This enhancement of visual cortical evoked po-
tentials was seen in 12 experiments on six cats.

Ketamine also enhanced the potentials
evoked in the sensorimotor cortex in response
to stimulation of the medial lemniscus, al-
though the degree of enhancement was less
than in the visual cortex (fig. 5). The con-
trol (left column) amplitude of the evoked po-
tential, measured from the positive peak to
the negative peak, was 250 =20 uv (mean
+5D); three minutes after ketamine (middle
column) this value was 278 =14 v, and
after 20 minutes it was 251 =15 pv (about
Similar facilitation of
the evoked potentials of the sensorimotor cor-
tex was observed in four experiments on three

Discharges/Sec
Unit also aug
Control | 13Min | 3Min | 5Min | 10 Min
1 4.4 12.8 9.4 —_ S.1
2 7.0 18.0 17.5 17.8
3 150 | 105 — 125 | 134
1 3.5 11.2 _— 3.5
3 1.9 8.0 6.5 a.1 1.8
6 15.0 20.0
7 0.8 0 0 2.0
S 12.0 18.8 —_ 13.5 15.0
9 5.9 4.3 10.5 15.5
10 8.0 6.6 7.0 5.0
11 2.5 7.2 4.2
12 8.0 11.5
13 8.0 3.0 4.5 — 8.0
14 12.0 8.5 1.4
15 4.2 21.0
16 30.0 31.0 — 26.0 20.0
17 140 | 310 — 260 | 29.0 25 responses in each).
18 6.0 40.0 23.0 28.0 16.0
19 13.0 17.5 18.0 16.0 12.5
20 12,0 326 —_ 42.0 26.2
21 15 | 175 | 195 | 120 cats.

* Figure 7 shows this information in graph form.

the response patterns might be expected to
vary widely. Indeed, simple slow waves, spiky
waves, slow waves with superimposed spikes,
and spike-and-wave complexes all were ob-
served. All were clearly distinguishable from
the background of enhanced low-voltage fast
waves, and in a few cats twitching of face and
shoulder muscles accompanied the EEG sei-
Zures.

Evokep POTENTIALS

Figure 4 shows potentials evoked in the
visual cortex in response to single-shock stimu-
lation of the optic chiasm. The response was
a diphasic wave with small spikes superim-
posed on the first positive component. This
configuration of the evoked potential is essen-
tially the same as that described by previous
workers.1%- 1t The control records (left column)
were obtained during the state of arousal at
rest, in which evoked potentials are larger than
those seen during slow-wave sleep. After keta-

In the stage of the maximal ketamine effect
the amplitudes of evoked potentials were often
much smaller than control values (an example
is seen in the last record of the middle column
of figure 4). Suppression of the evoked po-
tentials, when it did occur, coincided with
bursts of EEG seizure activity.

SINGLE-UNIT ACTIVITY

The sensorimotor cortex. Twenty-one units
were sampled. They were found within depths
of about 2 mm from the cortical surface. Am-
plitudes of the unitary spikes ranged from 500
pv to 3 mv. During arousal at rest the units
discharged tonically at rates ranging from 1.6
to 16 spikes/sec (one exceptional unit dis-
charged at 30 spikes/sec). No systemic stud-
ies of the changes in the discharge rate in the
transition from wakefulness to sleep were
made.

Ketamine increased the discharge rates in
most units. Two examples are shown in fig-
ure 6-I. The discharge rates in the control
state of arousal at rest were 4.4 and 13 spikes/
sec, Tespectively. One minute after ketamine
(2 mg/kg), the discharge rates increased to
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13.5 and 43 spikes/sec, respectively. This fa-
cilitation lasted more than 10 minutes, sub-
siding gradually.

The discharge rates of the 21 units studied
are shown in table 1 and plotted in figure 7
as a function of time after injection of keta-
mine, 2 mg/kg. In 11 of the 21 units unitary
discharge was recorded for 10 minutes; in the
remainder it was lost before then. It is clear
that the discharge rates of most units increased
a minute after injection, with slow decreases
in rate in the next 10 minutes. In four units,
however, the discharge rates decreased after
administration of ketamine.

When the EEG of the sensorimotor cortex
showed seizure activity evoked by ketamine,
the pattern of unitary discharges was some-
what modified (fig. 8). The ketamine-induced
EEG seizure consisted of a burst of spiky
waves, during which the previously-acceler-
ated unitary activity was completely silenced.
Despite the seizures, the overall unitary dis-
charge rate was higher than the control value.

In some units which responded to tactile
stimulation of the skin, ketamine increased the
numbers of spikes in response to stimulation.
A typical record is given in figure 6-II

The visual cortex. Twenty-two visual corti-
cal units were studied. Their depths and am-
plitudes of spike discharges were about the
same as those in the sensorimotor cortex.
However, the spontaneous discharge rates
were much slower in the visual cortical units.

The effects of ketamine were quite variable
from one unit to another. Figure 9 illustrates
activity of five different units in the same cat
before and 1-3 minutes after ketamine, 2 mg/
kg. In units 13 and 17, groups of several
spikes, each with high-amplitude slow waves,
were elicited. On the other hand, activity in
some units (16, 18, and 19) was suppressed
during the bursts of high-amplitude slow
waves.

The EEG pattern during intervals between
bursts of high-amplitude slow waves consisted
of enhanced fast waves. In the burst intervals
unit 16 showed a train of high-frequency dis-
charges. In other units, however, the activity
during the burst intervals remained about the
same as the control value. This is typically
seen in unit 17, which had a relatively high
discharge rate before ketamine.

ELECTRICAL ACTIVITY IN KETAMINE ANESTHESIA

Spikes/sec

40T

30

Control 1 3 5 10min

Fic. 7. Facilitation of spontaneous discharge of
sensorimotor cortical units, Ordinate, spike counts
per second. Abscissa, times after injection of keta-
mine, 2 mg/kg. Number of units, 21. In 11 of
the 21 units discharge was recorded for 10 min-
utes, and in the remainder, for shorter periods.

The effects of ketamine on responsiveness
of the units to visual stimulation were difficult
to appraise. However, there are examples
(units 18 and 19) in which responses to a
moving shadow were more or less suppressed
by ketamine. There were no units in which
ketamine clearly facilitated the unitary re-
sponses to visual stimulation in any experi-
ment.

Discussion

The most consistent electrographic signs of
ketamine anesthesia in unrestrained cats were
observed in the EEG’s of both the neocor-
tex and the hippocampus, which were first
strongly desynchronized and then interrupted
by seizure activity manifested as slow waves,
slow waves with superimposed spikes, or spike-
and-wave complexes. These findings were es-
sentially the same as those of Miyasaka and
Domino.? However, these workers did not
pay much attention to EEG desynchronization,
and their interpretation of the nature of the



324

. oy

Y. KAYAMA AND K. IWAMA

o ™

Anesthesiology
V 36, No 4, April 1972

Fic. 8. Suppression of
DC ischarges

A onpinlinly g
Control

A Tyt "

] e 1 nt

of a sensorimotor cortical
unit during bursts of
EEG seizures. In each

row the upper record is
the background EEG, the
lower one spontaneous
unitary discharges. Con-
trol records were ob-
tained during arousal at
rest. Ketamine, 10 mg/
kg, was given in this ex-
periment. EEG seizures
were evidenced as trains
of spiky waves (middle
row). During seizure
bursts the previously-ac-
celerated unitary dis-
charges stopped com-
pletely. At 5 minutes
(bottom row) unitay ac-
tivity was still facilitated.

Uni spikes were re-
cordt:aythrough a Schmitt

slow waves with high amplitudes was different
from ours.

Ketamine-induced neocortical desynchroni-
zation was greater than that seen during
arousal at rest, and was associated with en-
hancement of the primary evoked potentials of
the sensorimotor and visual cortices. The lat-
ter is consistent with the well-established fact
that the cortical evoked potentials in response
to specific thalamic volleys are increased in
amplitude when cortical desynchronization is
brought about by waking from slow-wave sleep
in chronic cats -1 or by activation of the mid-
brain reticular formation and hypothalamus in
acute cats,16-18

Ketamine-induced desynchronization in the
sensorimotor cortex was associated with in-
creases of the discharge rates in most of the
cells. This is in accord with the findings
that when EEG desynchronization occurs with
behavioral arousal from slow-wave sleep, over-
all cell activity in the motor cortex,’® associa-
tion cortex,?® hippocampus,? lateral geniculate
body **2* and midbrain reticular formation #
increases. In the visual cortex, however, units
in which the discharge rates increased in asso-
ciation with EEG desynchronization by keta-
mine were rare. According to Evarts et al.*
and others,®> the mean discharge rate in a
group of visual cortical units does not change
significantly in the transition from slow-wave

circuit.

sleep to arousal, although most units have
slower activity during arousal than during
slow-wave sleep. This suggests that in the
visual cortex EEG desynchronization is not re-
flected in an increase of overall cell activity.
This is probably true with ketamine-induced
EEG desynchronization.

Since the first observation by Green and
Arduini,® it has been well-known that during
arousal when the neocortex has desynchronized,
the hippocampus produces hypersynchronous
slow waves (theta waves). However, it has
often been reported that instead of theta
waves, low-voltage fast waves occur in re-
sponse to arousal stimuli.?*-?* Stumpf*° has
shown in rabbits that verv strong stimuli ap-
plied to the midbrain reticular formation
evoke low-voltage fast waves with concurrent
depression of on-going theta waves in the hip-
pocampus. This leads us to conclude that
the hippocampal desynchronization seen early
after ketamine and accompanied by strong
neocortical desynchronization is a sign that the
hippocampus is receiving an unusually strong
activation. It should also be noted that at no
stage of ketamine anesthesia did the hippo-
campus produce regular, slightly accelerated
theta waves like those seen during paradoxical
sleep. The ketamine-anesthetized state is en-
tirely different from paradoxical sleep.

Mivasaka and Domino emphasized that keta-
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mine anesthesia was characterized by the ap-
pearance of slow waves of high amplitude in
the neocortex and some subcortical nuclei.
Some of their findings were confirmed in the
present experiment, but there are some dif-
ferences. For example, the ketamine-induced
slow waves were more continuous and persist-
ent in their experiment than in ours. Also,
while they did not report slow waves in the
hippocampus, we found in some experiments
that this structure produced slow waves with
about the same pattern as those produced by
the neocortex. One possible reason for these
discrepancies may be that most of the experi-
ments in the previous study were done on
acute immobilized cats, whereas our cats were
minimally restrained or allowed to move about
freely.

Based upon our observations as well as the
data of Miyasaka and Domino, we consider it
more appropriate to categorize the ketamine-
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induced slow waves and their variants as rep-
resenting EEG seizures, for the following rea-
sons.

1) Ketamine-induced slow waves from dif-
ferent areas of the neocortex and hippocampus
are synchronous. Miyasaka and Domino re-
ported that this synchronism existed between
the neocortex and some subcortical nuclei.
Such generalized synchronism is most perti-
nent to the generalized seizure.

2} Ketamine-induced slow waves are often
associated with sharp spikes and sometimes
appear as the spike-and-wave complex which
is one of the typical patterns of EEG seizures.
This was also evident in the records made by
Miyasaka and Domino (see their fig. 3).2

3) In some visual cortical unmits the dis-
charges were found to burst in synchrony with
the ketamine-induced slow waves with super-
imposed spikes. This discharge pattern is
quite similar to that seen when the cat cere-

dr\%f CONTROL AFTER KETAMINE
. v H , 4 ',
B L T e S R
13 ({78 ] .' 1 ] : (y‘_lrv‘!il _;u | T l LS . | .ll !#u;l L1 11

T ¥ T

AR A ey e A e

A omntiprsle Sy 7 S ey

st

16 " 1 1 ] 1 noe ¢t 1 Yo 11 a3 lek 1pn iR
T SRR B H B
Mol e, 1 y " *vz—'!:*y»uem».vpgwww,,*._*.‘{' A
7 g g rg i g TSI TN N 10§ WAL R ORI S A 1 i
. o N i Vs L
\*,‘:-;:M“.,W_‘v"ﬁ\fw Tyl ,'\:-N\M"'Iﬁ.r \:?_’;MW"I‘J' Y .,\,'..m.wv.ﬂ_ - '."‘\'

Igapsteapa il

! 1
WAy

It
—

L I
i T 1

Fic. 9. Effects of ketamine on unitary activity of the visual cortex.

Left, control records

obtained during arousal at rest. Right, 1-3 min after injection of ketamine, 2 mg/kﬁ:‘ In each
P

row the upper record is the background EEG and the lower one, unitary spikes s

ed by a

Schmitt circuit. Arrows below the unilma: spikes indicate stimulation by a moving shadow.

Changing directions of the arrows mean
text).

at the direction of the shadow was changed (see
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bral cortex responded to low-frequency stimu-
Jation of the thalamic intralaminar system with
a burst of the spike-and-wave complex.?3*

So far, we have pointed out that the elec-
trographic signs of ketamine anesthesia are
EEG desynchronization and seizure activity.
These two kinds of electrical activity are un-
likely to be independent of each other. In the
neocortex an excitatory drive produced by
ketamine causes EEG desynchronization first.
Although this desynchronization could be ex-
pected to be accompanied by facilitation of
spontaneous unitary discharges, such facilita-
tion was more evident in the sensorimotor cor-
tex than in the visual cortex. Correspondingly,
facilitation of the unitary responses to periph-
eral stimulation was conspicuous in the sen-
sorimotor cortex only. In addition, if certain
critical conditions, local and/or general, are
fulfilled, seizure activity with various electri-
cal patterns during which unitary activity
tends to be suppressed develops. That exces-
sive excitation often leads to blocking of sin-
gle-unit activity has been demonstrated in uni-
tary studies of the seizure activity induced
by electrical and chemical stimulation.®*-3% Al
though our study of hippocampal activity dur-
ing ketamine anesthesia was limited, it is not
unreasonable to suppose that the above-men-
tioned process of ketamine action may be op-
erative in the hippocampus as well.

Domino and associates* maintain that there
is a functional dissociation between the
thalamo-neocortical and limbic systems during
ketamine anesthesia. If their concept of func-
tional dissociation means that ketamine acts
differentially on the two systems, we do not
support it, because in the present experiment
the actions of ketamine, both EEG-desyn-
chronizing and seizure-inducing, were found
to affect the neocortex and the hippocampus
equally.

Winters and associates 3% 3 have presented
the view that EEG changes induced by in-
creasingly more potent central nervous system
excitants constitute a continuum of desynchro-
nization, intermittent hypersynchrony, con-
tinuous hypersynchrony, spikes, spikes with
electrical silence, and generalized seizure.
These workers pointed out that some drugs
used for anesthesia (N.O, alpha-chloralose,
gamma-hydroxybutyrate, ether, and trichloro-
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ethylene) have EEG effects corresponding to
various stages in the above-mentioned contin-
wum. Phencyclidine, 1-(1-phenyleyclohexyl)
piperidine hydrochloride, was found by Win-
ters et al.3® to induce generalized seizures, the
extreme of the EEG excitation continuum.
Although ketamine and phencyclidine have
similar chemical structures, ketamine’s EEG
effects are limited to intermittent hypersyn-
chrony, including desynchronization. It is evi-
dent that the clinical usefulness of this drug
as a general anesthetic is based upon a mecha-
nism entirely different from that of the bar-
biturates.

Finally, a brief comment about the correla-
ton between behavioral and electrographic
signs of ketamine anesthesia is indicated.
First, EEG desynchronization may be a basis
for behavioral arousal. Salivation, licking, and
searching behavior may be correlated with
excitation of the limbic system, because these
behavioral signs are known to be elicitable by
electrical stimulation of any part of the limbic
system.® ¥ The motor symptoms, such as
stretching of the forelimbs, slow movements of
the head, and opisthotonus, are likely to be
due to excitation of the extrapyramidal motor
system, because Miyasaka and Domino found
that the caudate nucleus was affected by
ketamine and showed hypersynchronous slow
waves. The last question is concerned with
loss of consciousness. The present experiment
has shown that during ketamine anesthesia the
seizure activity induced has various electro-
graphic patterns. Although the ketamine-in-
duced EEG seizure does not lead to gen-
eralized convulsions, it may interfere with
consciousness in the same way as petit mal
seizures.+®

The authors are grateful to Prof. Hiroshi Take-
shita for his constant encouragement. Many
thanks are due to Drs. S. Kiyono and H. Noda for
their helpful advice during the course of the ex-
periment.

References

1. Corssen G, Miyasaka M, Domino EF: Chang-
ing concepts in pain control during surgery:
Dissociative anesthesia with CI-581, a prog-
ress report. Anesth Analog (Cleve) 47:
746-759, 1968



Anesthesiology
V 36, No 4, April 1972

2

3.

S

ot

(=

-1

o

©

10.

11

13.

14

16.

. Miyasaka M, Domino EF:
S

Neuronal h

ELECTRICAL ACTIVITY IN KETAMINE ANESTHESIA

327

Electr ph Clin Neurophysiol 18:1-24,

nisms of ki 1 anesthesia. Int ]
Neuropharmacol 7:557-573, 1968

Domino EF, Chodoff P, Corssen G: Pharma-
cologic effects of CI-581, a new dissociative
anesthetic, in man. Clin Pharmacol Ther
6:279-291, 1965

. Corssen G, Domino EF: Dissociative anes-

thesia: Further pharmacologic studies and
first clinical experience with the phencycli-
dine derivative, CI-581. Anesth Analg
(Cleve) 435:29-40, 1966

Noda H, Manohar S, Adey WR: Spontancous
activity of cat hippocampal ncurons in sleep
and wakefulness. Exp Neurol 24:217-231,
1969

. MacLean PD, Declgado JMR: Electrical and

chemical stimulation of fronto-temporal por-
tion of limbic system in the waking animal.
Electroenceph Clin Neurophysiol 35:91-100,
1953

. Kaada BR: Cingulate, posterior orbital, an-

terior insular and temporal pole cortex.
Handbook of Physiology. Section 1, volume
2. Washington, D.C., 1960, pp 1345-1372

. Jouvet M, Jouvet D: A study of the neuro-

physiological mechanims of dreaming, The
Physiological Basis of Mental Activity. Ed-
jted by RH Pe6n. Electroenceph Clin Neu-
rophysiol, suppl 24, 1963

. Dement W, Cleitman N: Cyclic variations in

EEG during sleep and their relation to eye
movements, body motility and dreaming.
Electroenceph Clin Neurophysiol 9:673-690,
1957

Malis LI, Kruger L: Multiple response and
excitability of the cat’s visual cortex. J
Neurophysiol 19:172-186, 1956

Schoolman A, Evarts EV: Responses to lateral
geniculate radiation stimulation in cats with
implanted electrodes. ] Neurophysiol 22:
112-129, 1959

. Okuma T, Fujimori M: Electrographic and

evoked potential studies during sleep in the
cat. Folia Psychiat Neural Jap 17:25-50,
1963

Palestini M, Pisano M, Rosadini G, et al:
Visual cortical responses evoked by stimu-
lating Iateral geniculate body and optic ra-
diations in awake and sleeping cats. Exp
Neurol 9:17-30, 1964

Walsh JT, Cordeau JP: Responsiveness in the
visual system during various phases of sleep
and waking. Exp Neurol 11:80-103, 1965

. Favale E, Loeb C, Manfredi M, ct al: Somatic

afferent transmission and cortical responsive-
ness during natural sleep and arousal in the
cat. Electroenceph Clin Neurophysiol 18:
354-368, 1965

Demetrescu M, Demetrescu M, Iosif G: The
tonic control of cortical responsiveness by
inhibitory and facilitatory diffuse influences.

17.

18.

19.

19
ul

30.

3L

1965

Chi CC, Flynn JP: The effects of hypothala-
mic and reticular stimulation on evoked re-
sponses in the visual system of the cat.
Electroenceph Clin Neurophysiol 24:343—
356, 1968

Nakai Y, Domino EF: Differential effects of
pentobarbital, ethyl alcchol and chlorpro-
mazine on modifying reticular facilitation of
visually evoked responses in the cat. Int ]
Neuropharmacol 8:61-72, 1969

Murata K, Kameda K: The activity of single
cortical neurones of unrestrained cats during
sleep and wakefulness. Arch Ital Biol 106:
306331, 1962

. Noda H, Adey WR: Changes in neuronal ac-

tivity in association cortex of the eat in re-
lation to sleep and wakefulness. Brain Res
19:263-275, 1970

. Hubel DH: Single unit activity in lateral

geniculate body and optic tract of unre-
strained cats. J Physiol 150:91-104, 1960

23, Sakakura H: Spontaneous and evoked uni-

tary activities of cat lateral geniculate neu-
rones in sleep and wakefulness. Jap J Phys-
ol 18:23-42, 1968

. Kasamatsu T: Maintained and evoked unit

activity in the mesencephalic reticular for-
mation of the freely behaving cat. Exp
Neurol 28:450-470, 1970

. Evarts EV, Bental E, Bihari B, et al: Spon-

taneous discharge of single neurones during
sleep and waking. Science 135:726-728,
1962

. Hobson JA, McCarley RW: Cortical unit ac-

tivity in sleep and waking. Electroenceph
Clin Neurophysiol 30:97-112, 1971

26. Green JD, Arduini AA: Hippocampel electri-

cal activity in arousal. ] Neurophysiol 17:
533-557, 1954

. Weiss T, Fifkova E: The use of spreading

depression to analyze the mutual relation-
ship between the neocortex and the hippo-
campus. Electroenceph Clin Neurophysiol
12:841-850, 1960

. Gogolik G, Petsche H, Stumpf C: Die Ent-

wicklung des Hippocampus-Theta-Rhythmus
beim Kaninchen. PHuegers Arch 277:166-
177, 1963

. Grastyin E, Lissik K, Madardsz I, et al: Hip-

pocampus electrical activity during the de-
velopment of conditioned reflexes. Electro-
enceph Clin Neurophysiol 11:409-430, 1959

Stumpf C: The fast component in the elec-
trical activity of rabbit's hippocampus. Elec-
troenceph Clin Neurophysiol 18:477-486,
19635

Pollen DA, Ried KH, Perot P: Microelectrode
studies of experimental 3/sec wave and spike
in the cat. Electroenceph Clin Neurophysiol
17:57-67, 1964



328

32, Pollen DA: Intracellular studies of cortical
during thalamic induced wave and

spike. Electroenceph Clin Neurophysiol 17:
398104, 1964

33. Matsumoto H, Ajmone Marsan C: Cortical
cellular phenomena in experimental epi-
lepsy: Ictal manifestation. Exp Neurol 9:
305-326, 1964

34. Sawa M, Nakamura K, Naito H: Intracellular
phenomena and spread of epileptic seizure
discharges. Electroenceph Clin Neurophysiol
24:146-154, 1968

35. Creutzfeldt OD, Watanabe S, Lux HD: Rela-
tion between EEG phenomenon and poten-
tials of single cortical cells. II. Spontaneous
and convulsoid activity. Electroenceph Clin
Neurophysiol 20:19-37, 1966

Y. KAYAMA AND K. IWAMA

Anesthesiology
V 36, No 4, Aprl 1972

36. Dichter M, Spencer WA: Penicillin-induced
interictal discharges from the cat hippocam-
pus. 1. Characteristics and topographical
features. ] Neurophysiol 32:649-662, 1969

7. Dichter M, Spencer WA: Penicillin-induced
interictal discharges from the cat hippocam-
pus. IL Mechanisms underlying origin and
restriction. ] Neurophysiol 32:663-687, 1969

38. Winters WD, Mori K, Spooner CE, et al: The

neurophysiology of anesthesia. ANESTHESI-
oLocy 28:63-80, 1867

39. Winters WD, Spooner CE: A neurophysio-
logical comparison of gamma-hydroxybutyr-
ate with pentobarbital in cats. Electro-
enceph Clin Neurophysiol 18:287-296, 1965

0. Penfield W, Jasper H: Epilepsy and Func-
tional Anatomy of the Human Brain. Bos-
ton, Little, Brown and Company, 1954

4

'S

Neonatology

NEONATAL MORTALITY: THE MALE DISADVANTAGE In 2,735 con-
secutive newbomn autopsies, the ratio of males to females was 1.28:1, which differed
significantly from the 1.05:1 ratio for all livebirths in the United States. There was
a near-equal male-to-female ratio for most disorders in the stillborn infants, while
disorders arising after birth had a preponderance among male infants. The still-
born ratios presumably reflect a predominant maternal influence, while birth and re-
moval from the maternal environment uncovers an inherent biologic disadvantage of
being male, a disadvantage not selectively related to specific disease processes. This
nonspecificity is confirmed by the finding of several disorders in which sex ratios for
stillborns are quite different from the ratios recorded for liveborn infants. This sex
ratio for liveborn Caucasians was significantly greater than that for nonwhites, and
the non-poor had a significantly greater ratio than the poor. About half of these
differences appear related to a greater incidence of prenatal bacterial infections in
the poor and nonwhites. This study reaffirms the finding, suggested on clinical
grounds in the past, that male infants have a greater risk of neonatal death than fe-
males. (Nocye, R. L., and others: Neonatal Mortality, the Male Disadvantage, Pedi-
atrics 48: 902-906, 1971.)



