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We describe
a novel slow oscillation
in intracellular
recordings from cortical association
areas 5 and 7, motor areas 4
and 6, and visual areas 17 and 16 of cats under various
anesthetics.
The recorded neurons (n = 254) were antidromically and orthodromically
identified
as corticothalamic
or
callosal
elements
receiving
projections
from appropriate
thalamic nuclei as well as from homotopic
foci in the contralateral
cortex. Two major types of cells were recorded:
regular-spiking
(mainly slow-adapting,
but also fast-adapting) neurons and intrinsically
bursting cells. A group of slowly oscillating
neurons
(n = 21) were intracellularly
stained
and found to be pyramidal-shaped
cells in layers Ill-VI, with
luxuriant basal dendritic
arbors.
The slow rhythm appeared
in 66% of recorded
neurons.
It consisted
of slow depolarizing
envelopes
(lasting for 0.61.5 set) with superimposed
full action potentials
or presumed dendritic
spikes, followed
by long-lasting
hyperpolarizations.
Such sequences
recurred
rhythmically
at less
than 1 Hz, with a prevailing
oscillation
between 0.3 and 0.4
Hz in 67% of urethane-anesthetized
animals.
While in most neurons (~70%)
the repetitive
spikes superimposed
on the slow depolarization
were completely
blocked
by slight DC hyperpolarization,
30% of cells were
found to display relatively small (3-12 mV), rapid, all-or-none
potentials
after obliteration
of full action potentials.
These
fast spikes were suppressed
in an all-or-none
fashion at V,,,
more negative than -90 mV. The depolarizing
envelope of
the slow rhythm was reduced or suppressed
at a V, of -90
to - 100 mV and its duration
was greatly reduced
by administration
of the NMDA blocker ketamine. In keeping with
this action, most (56%) neurons recorded
in animals under
ketamine
and nitrous oxide or ketamine
and xylazine anesthesia displayed the slow oscillation
at higher frequencies
(0.6-l
Hz) than under urethane
anesthesia
(0.3-0.4 Hz).
In 16% of the oscillating
cells, the slow rhythm mainly
consisted
of repetitive
(15-30
Hz), relatively
short-lasting
(15-25 msec) IPSPs that could be revealed by bringing the
V,,, at more positive values than -70 mV. The long-lasting’
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(= 1 set) hyperpolarizing
phase of the slow oscillation
was
best observed at the resting V,,, and was reduced at about
- 100 mV. Simultaneous
recording
of another cell across the
membrane
demonstrated
synchronous
inhibitory periods in
both neurons. Intracellular
diffusion of Cl- or Cs+ reduced
the amplitude
and/or duration of cyclic long-lasting
hyperpolarizations.
Thus, the newly described
oscillation
is present in all investigated
(sensory,
motor, and associational)
cortical areas, is displayed
by morphologically
and physiologically
identified
pyramidal
cells, but does also seemingly
involve
local-circuit
inhibitory cells as inferred from the rhythmic (0.3
Hz) sequences
of repetitive
IPSPs in pyramidal-type
neurons. We then deal with a massive population
event, as also
indicated
by the close correlation
between the slow cellular
and EEG oscillation.
As shown in the following
two companion articles (Steriade
et al., 1993a,b), the slow cortical oscillation
survives total lesions of thalamic
perikarya
projecting to the recorded
cortical neurons and plays a pivotal
role in grouping
within the 0.3 Hz rhythm other sleep oscillations, such as spindle (7-14 Hz) and delta (l-4 Hz) waves.
A new view of sleep oscillations
emerges, with various cerebral rhythms generated
by intrinsic electrophysiological
properties
of thalamic and cortical neurons and by synaptic
interactions
in complex corticothalamocortical
networks.
[Key words: neocortex,
thalamus, sleep, anesthesia,
slow
rhythm, intracellular
recordings,
dendritic
spikes, depolarizations, hyperpolarizations]

The oscillations occurring during the state of quiescent sleep
have been intensively studied sincethe 1930sat the grosslevel
of the EEG. Two major EEG rhythms are usually describedin
animalsand humansduring this behavioral stateassociatedwith
loss of perceptual awareness:spindlesduring the early stages,
and delta waves during later stagesof sleep (Steriade et al.,
1990a).While performing studiesof thalamic and cortical neurons aimed at revealing the cellular basesof oscillations within
the frequency band of 0.1-4 Hz, we recently realized that these
rhythms do not constitute a homogeneousentity. Instead, they
belong to at leasttwo different types of oscillatory activities (l4 Hz, hereafter termed delta rhythm, and < 1 Hz, hereafter
termed slowrhythm), with distinct sitesofgenesisand dissimilar
mechanisms.The first aim of this seriesof articles is to describe
a newly discovered slow oscillation (usually between 0.2 and
0.5 Hz) of intracellularly recorded neocortical neurons under
different anesthetics.As shown in Figure 1, this slow oscillation
is alsopresentin the EEG of naturally sleepingcatsand humans
and it consistsof periodically recurring sequencesof EEG delta
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Figure
1. The slow (0.1 S-O.25 Hz) rhythm of cortical EEG waves during natural sleep in cat and human. At the fop, A shows ECoG waves
recorded from a chronically implanted behaving cat, through a silver ring placed on the surface of suprasylvian area 5 (upper trace), and focal
waves simultaneously recorded by a tungsten microelectrode inserted through the ring to a depth of 1.2 mm (bottom truce). B depicts autocorrelograms
computed with bins of 1 set (left) and 0.1 set (right) from a period of 2 min, of which the shorter period in A is illustrated. The slow rhythm of
delta wave sequences is marked by two horizontal
bars. Detected events were high-amplitude
waves (central peaks in both histograms are cut).
Note the slow rhythm (0.1542
Hz) in left histogram,
and delta waves (1-1.5 Hz) in right histogram representing an expanded part of the portion
marked by a bar in the left histogram.
At the bottom, in the human scalp recordings (A and B are from two adult normal subjects), EEG epochs
from sleep stages 3-4 were filtered to 0.5-4 Hz and the sequential mean amplitude was computed by calculating the root mean square voltage in
PV (ordinate)
for sequential periods of 0.5 sec. The result was then smoothed with a three-bin unweighted moving average. C, P, and 0, central,
parietal, and occipital leads of the same hemisphere. Note in both cases sequences of delta waves recurring periodically with a slow rhythm of
0.1542 Hz, quite similar to the above data from cat. Unpublished data by F. Amzica and M. Steriade (Cat) and by G. Oakson and M. Steriade
(Human).
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waves. With the benefit of hindsight, these aspects may also be
seen in previous EEG recordings of humans and experimental
animals (see Discussion).
During the past decade, progress has been made to understand
the neuronal substrates of spindles (7-l 4 Hz). It was shown that
these oscillations
are generated by intrinsic and synaptic properties of thalamic neurons and that the reticular (RE) thalamic
neurons have a key role in their synchronization
(see Steriade
et al., 1990b). More recently, an oscillation within the frequency
range of EEG delta waves (l-4 Hz), due to the interplay between
two intrinsic currents of thalamocortical
neurons, was described
and Pape, 1990; Leresche et al., 199 1)
both in vitro (McCormick
and in vivo (Steriade et al., 1991; Curr6 Dossi et al., 1992).
However, the clocklike,
stereotyped delta oscillation
of single
thalamic cells is dissimilar
from the irregular, polymorphous
EEG delta waves during natural sleep or anesthesia. Besides,
while rhythmic events within the delta frequency range are intrinsically
generated in thalamic neurons, this activity cannot
reach the cortex to be reflected at the macroscopic
EEG level
unless thalamic neurons are synchronized
(Steriade et al., 199 1).
In this article, we describe the novel, depolarizing-hyperpolarizing oscillation
(x0.3 Hz) of morphologically
and physiologically identified, pyramidal-shaped
neocortical neurons projecting to the thalamus and/or the contralateral
cortex. We began
the experiments
by recording the activity of neurons in association areas 5 and 7, because our previous studies on delta
rhythmicity
(Steriade et al., 1991; Curr6 Dossi et al., 1992) were
mainly conducted in thalamic nuclei projecting to those cortical
areas, that is, lateroposterior
(LP) and rostra1 intralaminar
centrolateral (CL) nuclei. Subsequent recordings in other cortices,
such as the visual and motor areas, provided evidence that the
slow oscillation
is generalized
at the level of the neocortex. In
the following companion
articles (Steriade et al., 1993a,b), we
analyze the relations between the slow cortical oscillation
and
other sleep rhythms (spindles and delta) as well as the close time
relation between the slow cortical oscillation and the gross EEG
activity recorded from the cortex and the thalamus; we report
the presence of a similar slow rhythm in RE thalamic and thalamocortical
cells; and we propose a scenario for the genesis of
major sleep rhythms in interacting corticothalamocortical
networks.

Materials and Methods
Experiments were conducted on 57 adult cats. (1) Of those, 30 were
anesthetized with urethane (1.8 gm/kg, i.p.). Additional doses of the
same anesthetic (0.2-0.5 gm/kg) were administered at the slightest sign
of diminished amplitude and increased frequency of EEG waves. Thus,
a constant pattern of EEG synchronization was maintained throughout
the experiments. Twenty other animals were investigated by using ketamine (40 mg/kg, i.m.) supplemented with nitrous oxide (n = 12), or
ketamine (10-15 mg/kg, i.m.) and xylazine (2-2.5 mg/kg) (n = 8); these
anesthetics were repeated to maintain a permanent picture of EEG
synchronization. Deep anesthesia with sodium pentobarbital (35 mg/
kg, i.p.) was used in three animals. The remaining four animals were
investigated to obtain recordings in the cerveuu isok (isolated forebrain)
preparation, without large doses of anesthetics (see Steriade et al., 1993a).
(2) Occasionally, the short-acting barbiturate sodium thiamylal (2-4
m&kg, i.v.) or small doses of ketamine were injected in urethane-anesthetized animals to study the changes in cellular and EEG aspects of
the slow oscillation. In addition to general anesthetics or to brainstem
transection, the tissues to be incised and pressure points were infiltrated
before surgery with lidocaine.
All animals were paralyzed with gallamine triethiodide and artificially
ventilated with control of the end-tidal CO, concentration at 3.7 *
0.2%. Internal temperature (37-38°C) and heartbeat were continuously
monitored. The stability of recordings was ensured by bilateral pneu-

mothorax, cistemal drainage, hip suspension, and by filling the hole
made in the calvarium with 4% agar dissolved in saline.
Intracellular recordings were performed with micropipettes (tip diameter, 0.5 wrn) filled with 3 M solution of K-acetate or l-3 M KC1 (DC
resistance 25-40 Mfi), with 0.5-l M Cs-acetate (35-50 MO), or with
0.03-0.1 M QX-314 (40-60 Mfl). Unless otherwise specified, the depicted cells were recorded with micropipettes filled with K-acetate. Also,
micropipettes filled with 3% Lucifer yellow (LY) in 1 M LiCl (DC resistance, 30-60 MQ) were used for the morphological identification of
the oscillating neurons. LY was injected by passing hyperpolarizing
current pulses (0.5 set, l-2 nA) at 1 Hz, for ~10-20 min. A highimpedance amplifier with active bridge circuitry was used to record and
inject current inside the cells. The signals were digitally recorded on
tape (bandpass, DC to 9 kHz) and data were fed in a computer with,
sample rate of 20 kHz for off-line analysis. The laminar location of
neurons was estimated from micromanipulator
readings along tracks
perpendicular to the cortical surface. These measurements were compared with the position of LY-stained neurons; differences were less
than 15%.
The gross electrical activity was routinely recorded throughout the
experiments, either as electrocorticogram (ECoG) from stainless steel
screws into the ipsilateral calvarium at =3 mm apart from the site of
intracellular recordings, or as ECoG from the homotopic contralateral
cortical area, or as electrothalamogram (EThG) by using the electrodes
inserted in appropriate thalamic nuclei for stimulation purposes.
Stimulating electrodes (either bipolar, made of used tungsten microelectrodes, or coaxial) were inserted in thalamic nuclei having reciprocal
connections with the investigated cortical area: LP and CL in the case
of recordings from suprasylvian areas 5 and 7, ventroanterior-ventrolateral complex when recordings were made in pericruciate motor areas
4 and 6, and dorsal lateral geniculate nucleus (dLGN) when recordings
were made from visual areas 17 and 18 in the marginal gyrus. In addition, coaxial electrodes were inserted in the depth of the homotopic
cortical areas of the contralateral hemisphere. Stimulation consisted of
current pulses (duration of 0.05-0.3 msec) of various intensities, usually
ranging from 0.05 to 0.4 mA.
At the end of experiments, the animals were deeply anesthetized with
a lethal dose of sodium pentobarbital (50 mg/kg). After experiments
with LY injections and/or thalamic lesions, the animals were perfused
transcardially with saline followed by 10% paraformaldehyde. The location of stimulating thalamic electrodes and the size of brainstem and
thalamic lesions were verified on 40-75 pm frontal or sagittal sections
stained with thionine. Sections with LY-stained cells (75 pm) were observed and photographed with a camera fixed to a fluorescence microscope.

Results
Data base,generalproperties, and physiological identification
We have recorded 254 neurons intracellularly
and 23 neurons
extracellularly.
Of those, 233 cells were recorded in suprasylvian
areas 5 and 7,25 cells in pericruciate areas 4 and 6, and 19 cells
in areas 17 and 18 of the marginal gyrus, as defined in cytoarchitecture studies of cat neocortex (Gurewitsch
and Chatschaturian, 1928; Hassler and Muhs-Clement,
1964).
The neurons recorded intracellularly
had membrane potential
(V,) more negative than - 60 mV and overshooting
action potentials. In a representative
sample of 82 cells, the V, (without
current) was -70.7 f 0.6 mV (mean + SE, range, -60 to -83
mV), the amplitude
of action potentials was 82.1 f 0.9 mV
(range, 65-100 mV), and the input resistance (measured through
hyperpolarizing
current pulses, 40-50 msec, < 1 nA) was 20.6
f 0.7 Ma (range, lo-40 MO). In all figures depicting oscillating
neurons with pronounced
hyperpolarizations,
the indicated V,,,
represents the trough between the depolarizing
episodes.
Two major types of cells were recorded: regular-spiking
and
intrinsically
bursting neurons. The features of these neuronal
classes, described in cortical slices from animals and humans
(Connors et al., 1982; McCormick
et al., 1985; Stafstrom et al.,
1985; Avoli and Olivier,
1989; Foehring et al., 1991), are reported in a parallel in vivo study on cat association neurons
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recorded from areas 5 and 7 (Nufiez et al., 1993). The neurons
displaying the slow oscillation described in this and companion
articles belonged to both regular-spiking (mainly slowly, but also
fast-adapting) and intrinsically bursting cell classes, as indicated
in the captions of different figures. We did not record fast-spiking, probably inhibitory cells (McCormick et al., 1985).
Physiological identification of input-output organization of
recorded cells was achieved by means of thalamic and cortical
stimulation. The same neuron could be synaptically driven from
both LP and CL thalamic nuclei as well as from the contralateral
cortex. Thalamic and cortical converging inputs were seen in
35% of tested neurons. At the resting I’,,,, the cell depicted in
Figure 2A displayed a stereotyped spike-doublet in response to
either LP or cortical stimulus, with an inflection on the rising
phase of the full action potential. DC hyperpolarization revealed
partial spikes with the same latencies. At a I’, more negative
than -90 to - 105 mV, these all-or-none events were blocked
and replaced by a smooth depolarization. They were clearly
distinct from the EPSPs on the basis of their shorter duration
(1.5-3 msec) and much faster rising slopes as well as their blockage by hyperpolarization. While the origin of such cortical fast
prepotentials (FPPs) cannot be resolved in our in vivo preparation, these FPPs might represent dendritic spikes. As shown
below, neurons with presumed dendritic spikes displayed the
slow oscillation (see Fig. 4).
The antidromic responses had a fixed latency, took off from
the baseline, and could follow stimuli at fast frequencies (Fig.
2B,C). Latencies of thalamically evoked antidromic responses
(in layers VI and V) ranged from 1 to 6 msec (mean, 2.9 * 0.3
msec and 2.8 + 0.5 msec for LP and CL stimulation, respectively). Latencies of cortically elicited antidromic spikes (in layers II-IV) ranged between 1 and 4 msec (mean, 1.4 f 0.3 msec).
DC hyperpolarization
blocked antidromic responses and revealed EPSPs (Fig. 2B, C). Similar antidromic spikes and EPSPs
were observed in motor and visual cortices (see Fig. 9) although
the numbers of recorded cells in those areas were smaller.
Thus, ortho- and antidromic identification of neurons revealed their involvement in reciprocal corticothalamic and corticocortical (callosally mediated) pathways.
General description of slow oscillation
In most neurons, the slow oscillation consisted of long-lasting
depolarizations, with superimposed full somatic action potentials or presumed dendritic spikes, separated by long periods of
neuronal silence (Figs. 3,4). Less often, the phasic depolarizing
events were reversed IPSPs (see Fig. 6). Finally, in other slowly
oscillating cells, the major events were pronounced hyperpolarizations that periodically sculptured the neuronal firing (see
Fig. 7). In fact, the slow oscillation probably included EPSPs
and IPSPs as well as intrinsic currents, the predominance of one
or another aspect varying from cell to cell according to their
place in the circuitry and to our ability in revealing these components (see Discussion). For the sake of clarity, experimental
data will be presented by taking into consideration different
neuronal classes.
As shown in Figure 6B and as fully described in the next
article, the slow cellular oscillation was closely related with a
similar rhythm of EEG waves.
The slow oscillation, with some or all the above features, was
observed in 88% of recorded neurons, under all (but deep barbiturate) anesthetic conditions, as well as in high brainstemtransected (cerveuu isol&) undrugged preparations. The basic dif-
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Figure 2. Physiological identification of neurons in cortical association
areas 5 and 7. A-C are from three regular-spiking, slowly adapting cells.
A, Neuron recorded at a depth of 1.1 mm in area 5, synaptically driven
from both LP thalamic nucleus (I; latency, 14 msec) and homotopic
area in the contralateral suprasylvian cortex (2; latency, 5 msec). B, Cell
recorded at 1.3 mm in area 7, antidromically activated from LP nucleus
(latency, 4.3 msec). C, Neuron recorded at 0.5 mm in area 7, backfired
from the contralateral cortex (latency 1.5 msec). In this and following
figures, V, is indicated.

ference between neuronal oscillations recorded under urethane
and those under ketamine (the latter supplementedwith nitrous
oxide or xylazine) wasthe frequency of the rhythm. In a sample
of 133 neurons recorded intracellularly under urethane anesthesia, the frequency mode (in 67% of cells) was between 0.3
and 0.4 Hz. The remaining oscillatory neurons displayed frequenciesat co.1 Hz (15.8%) or 0.1-0.2 Hz (10.5%) with only
6.5% of cells oscillating at frequenciesbetween 0.4 and 1 Hz.
Distinctly, in a sampleof 14 neuronsrecorded under ketamine
anesthesia,21.5% oscillated at ~0.1 Hz, 22.5% oscillated between 0.2 and 0.5 Hz, and 56% had oscillation frequencies
rangingbetween0.6 and 1 Hz, that is, a pronounced shift toward
higher frequencies. As shown in Figure 5, this was due to the
ketamine-induced diminution in the duration of depolarizing
envelopes and interdepolarization lulls. Deep barbiturate anesthesiaproduced an overwhelming pattern of spindling activity
(seenext article).
The depolarizing component, somatic action potentials, and
dendritic spikes
In regular-spikingcellsrecordedunder urethaneanesthesia,which
generally oscillated at 0.3-0.4 Hz, the depolarizing phaselasted
for 0.8-l .5 set and gave rise to repetitive single spikesat frequenciesvarying from 5 to 30 Hz, depending on the V, (Fig.
3A,B). The participation of intrinsically bursting cortical cells
in the 0.3 Hz rhythm is reported in the following article (see
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Figure 3. The slow (~0.3-0.4 Hz) depolarizing oscillation: two regular-spiking, slowly adapting neurons. A, Cell
recorded at 0.8 mm in area 5, synaptically driven at 1.5 msec from the LP
nucleus: I, activity at the resting k’,,,
(-68 mV); 2, under DC hyperpolarization (-1 nA). Depolarizing envelopes marked by asterisks are expanded
at right. B, Cell recorded at 1.3 mm in
area 7 (same neuron as depicted with
antidromic identification in Fia. 2B).
From left to right, Under DC depolarization (-58 mV, +0.4 nA); removal
of current (oblique arrow, bringing the
V, at rest (-63 mV); and two steps of
DC hyperpolarization
(two oblique arrows). Depolarizing envelopes marked
by 1-3 are expanded below (spikes
truncated).
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Figs. 6, 7, 1IA, 14 in Steriade et al., 1993a),mainly in relation
to the persistenceof this slow oscillation in athalamic preparations.
Slight DC hyperpolarization blocked the action potentials,
enhancedthe amplitude of the depolarizing envelope, and produced an increasein synaptic noise (Fig. 3B, l-3). Further hyperpolarization, however, eventually blocked the slow oscillation in a population of 22 neurons (seeFig. 4B).
Whereasin 70% of neurons DC hyperpolarization completely
blocked the spikes superimposedon the slow depolarization,
the remaining oscillating cells exhibited relatively small (3-12
mV), rapid, all-or-none events after obliteration of full action
potentials by slight hyperpolarization. We hypothesizethat these
FPPs are dendritic spikes.Indeed, they had a time to peak and
a rising slope much faster and more abrupt than the EPSPs,
could be elicited by depolarizing pulses,and were blocked in an
all-or-none fashion by DC hyperpolarization beyond -90 or
- 100 mV (Fig. 4C). Alternatively, the fast events may be initial
segmentspikesor may be ascribed to gapjunctions. However,
gap junctions are rare in adult animals (seeDiscussion).In the
corticothalamic neuron depicted in Figure 4A, the repetitive allor-none potentials were the most prominent events of the de-

polarizing envelope. Both fast and slow oscillatory events disappearedor were reduced at - 100 mV, and they reappeared
around the resting I’, (Fig. 4B). Similar fast events were elicited
by synaptic stimulation (Fig. 4C).
Reduction

of slow depolarization

by QX-314

or ketamine

The prolonged duration of the depolarizing envelope and its
almost suppressionat hyperpolarized levels (Fig. 4), despitethe
persistenceand even the increaseof short-lasting excitatory potentials, suggestedthat at least two nonexclusive factors contribute to this slow event: (1) one could be a persistent Na+
current (gNa&, triggered by EPSPs from synaptic activities in
cortical networks; and (2) the other possiblefactor involved in
the long-lasting depolarization may be the voltage-dependent,
prolonged, NMDA-mediated EPSP.
While we observed that the slow depolarizing envelope was
drastically diminished after impalements with micropipettes
filled with QX-3 14 (data not shown), this is a nonspecific antagonist of gNacp)
and we could not precisely determine the participation of this conductancein the slow depolarization.
As indicated above (seeGeneral description of slow oscillation), most neuronsunder urethane anesthesiaoscillatedat 0.3-
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Figure 4. Blockage of presumed dendritic spikes and reduction of
rhythmic (-0.3 Hz) depolarizing envelopes under DC hyperpolarization: regular-spiking, slowly adapting cell recorded at 1.4 mm in area
5 (backfired from LP nucleus and orthodromically activated from CL
nucleus). Resting V, was -76 mV (see right part in B). A, Under DC
depolarization (+0.3 nA). Episode marked by asteriskis expanded below to show the buildup of the depolarizing envelope (dottedline tentatively indicates the baseline). B, Unitary events and depolarizing envelopes were virtually blocked at - 100 mV. At right, recovery of slow
rhythm by removing the DC hyperpolarizing current. C, Presumed
dendritic spikes evoked by CL stimulation at different V,. Note underlying slow EPSP at -90 mV.

0.4 Hz, whereas the majority of neurons recorded under ketamine anesthesia (supplemented
with either nitrous oxide or xylazine) oscillated at higher frequencies, 0.6-l Hz. The frequency
transformation
of the slow oscillation,
from 0.3 to more than
0.5 Hz, was obtained in the same neuron by intravenous
administration
of very small (~3-4 mg/kg) doses of ketamine in
already urethane-anesthetized
animals (n = 2 1). Since the initial
of the NMDA-mediated EPSP(Thomson, 1986) it
description

is known that ketamine and other dissociative anestheticsselectively block the NMDA subtype of excitatory amino acid
receptor (MacDonald et al., 1991).Thirty secondsafter injection
of 2.5 mg/kg ketamine, the prolonged (> 1 set) depolarization
of the neuron illustrated in Figure 5 wasprogressively reduced
to 0.3-0.5 set and, correlatively, the number ofaction potentials
decreasedby more than half. The duration of the interdepolar-

Figure5. Effect of ketamine upon the slow (-0.3 Hz) oscillation of
regular-spiking, slow-adapting area 5 neuron under urethane anesthesia.
Ketamine (2.5 mg/kg) was administered intravenously at urrow. No
changes in k’,,,were observed at 30 set and 2 min, depicted below. Note
progressive reduction in duration of rhythmic depolarizing envelopes
(30”) and, subsequently (21, increased frequency of the slow rhythm.
izing lulls also decreased and the frequency
increased from 0.2-0.3 Hz to 0.5 Hz.

of the oscillation

Slow oscillationsmade by repetitive IPSPs
In someof the neuronspresentedabove, the slow depolarizing
envelopeswere not exclusively associatedwith EPSPs,but also
with hyperpolarizing events having short duration and clearly
visible at relatively depolarized levels. We then hypothesized
that, in addition to the rhythmic excitatory impingement from
ipsi- and contralateral cortical neurons,the recorded cellswere
alsothe target of local-circuit inhibitory cells oscillating at similar frequencies.
In 18% of oscillating neurons (n = 44) we succeededin revealing that the slowrhythm consistsof repetitive IPSPsgrouped
in periodic sequences.This disclosurewas made possibleby
usingsteadydepolarizing currents, bringing the V, at more positive values than -70 mV. Two of thesecells are depicted in
Figure 6. At the resting V,, the neuron in Figure 6A displayed
rhythmic (-0.25 Hz) depolarizing envelopes, with fast (x30
Hz), short-duration (15-25 msec)depolarizing wavelets. These
fast events became hyperpolarizing and preserved their frequenciesunder DC depolarization to -65 mV. The other cell
(Fig. 6B) oscillated at 0.35 Hz. Similarly, sequencesof brief
(= 30 msec)IPSPs appearedwhen the V, waschangedfrom rest
(-80 mV) to -66 mV. Becausethe latter neuron displayed
repetitive IPSPs at around 15 Hz, we wondered whether or not
theseinhibitory events reflect the synaptic engagementof localcircuit inhibitory cortical cells driven by spindle oscillations
arising in the afferent thalamocortical projection. The simul-
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-75mV
(Ocurrent)

B
Figure 6. Slow (-0.25-0.35

Hz)
rhythms made up by sequences of repetitive IPSPs. A, Cell recorded at 0.6
mm in area 5, synaptically driven from
the LP nucleus and contralateral area
7. At rest (-75 mV), the oscillation
consistedofrhythmic(0.2-0.25
Hz) depolarizations. IPSPs were revealed by
DC depolarization (+0.6 nA), bringing
the V,,, to -65 mV. Episodes marked
by asterisks
are expanded at right. B,
Cell recorded at 0.9 mm in area 7, synaptically driven from LP nucleus.
Rhythmic (0.3-0.4 Hz) depolarizations
at rest (- 80 mV) and sequences of IPSPs
revealed by DC depolarization (+ 1.6
nA), bringing the V,,, to -66 mV. Episodes marked by asterisks
are expanded at right. Bottom,Under further DC
depolarization (- 60 mV), slow rhythm
with occasional spike discharges; below, the simultaneous recording of the
ipsilateral ECoG from area 5 and EThG
in LP nucleus.

2s

(Ocurrent)

0.29

z
I ,o
2s

EThG

taneously recorded ECoG and EThG indicated that this wasnot
the case.Indeed, the slow (0.35 Hz) oscillation occurred in close
time relation with complexesof slow and large-amplitude EEG
waves, but spindleswere not apparent (seebottom part of Fig.
6B). The following article (Steriade et al., 1993a) provides additional evidence that the novel slow oscillation doesappearin
experimental conditions, such as deep urethane anesthesia,in
which spindle sequencesare scarceand are not grouped in clearcut sequencesat 0.1-0.2 Hz.

Long-lasting hyperpolarizations sculpturing the slow
oscillation
In 22% of neurons (n = 53) the slow oscillation essentially
consisted of long-lasting (up to 1 set) hyperpolarizations, with
amplitudes of 7-l 0 mV, which recurred periodically and sculptured the neuronal firing. This oscillatory type wasbestobserved
at the resting V, (- 70 mV) when action potentials did not occur.
DC hyperpolarization to - 100 mV reduced the amplitude and
duration of hyperpolarization.
In a few instances(n = 3) we were able to record simultaneously acrossthe membraneanother cell of the sametype. The
inhibitory phasesof the oscillation were clearly synchronized
in both cells. In Figure 7, the intracellularly recorded neuron

displayed prevailing hyperpolarizations (= 1 set in duration),
recurring periodically every 2-2.5 set and associatedwith a
decreasein synaptic noise. The episodesbetween hyperpolarizations beganwith a steepdepolarizing event, occasionallyleading to a singleaction potential. The extracellularly recorded cell
discharged tonically (3-4 Hz) and its rhythmic periods of silenced firing coincided (in both onset and duration) with the
hyperpolarizations of the impaled neuron. Cross-correlograms
of activities in both cellsconfirmed the synchronizing inhibitory
process(Fig. 7).
We recorded 17 neuronswith KCl-filled pipettes to assess
the
contribution of GABA,-mediated Cl--dependent IPSPs to the
slow oscillation. In 14 of those tested cells, the hyperpolarizations were decreasedin their amplitudes and/or duration (Fig.
8). The effect of Cs+ on K+ currents, presumably involved in
the genesisof long-lastinghyperpolarizations, wastested in seven neurons that all displayed a reduced amplitude of hyperpolarizations a few min after impalement (data not shown).
The slow oscillation in motor and visual cortices
A similar pattern of slowly recurring depolarizing envelopes
interrupted by long-lastinghyperpolarizations, leadingto a slow
rhythm as described above in associationalareas,was seenin
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Figure 7. Synchronized

inhibitions
sculpturing the slow (eO.2 Hz) oscillation in two simultaneously recorded
cells at 1.5 mm in area 5. A, Uninterrupted recording, with uppertracesdepicting the intracellularly recorded cell
and lowertraces(increased gain in AC,
intracellular action potential truncated)
depicting the neuron recorded across the
membrane. Note close time relation between hyperpolarizations
and periods
of silenced firing in the neighboring cell.
B, Correlations between the inhibitory
phases in the two cells. Correlations were
computed between reference times established at the first spike in the extracellularly recorded neuron, following 30
silent periods of at least 0.5 set, and all
extracellularly recorded spikes (left) or
intracellular potentials (right).

motor areas 4 and 6 and visual areas 17 and 18. The slow
oscillation was present in 18 out of 25 motor cortical cells and
in 15 out of 19 visual cortex cells. Figure 9 shows a neuron
recorded in the posteromedial part of the marginal gyrus, at a
depth of 0.8 mm in area 17, that responded to flashes of light
with successive depolarizing-hyperpolarizing
events and to
dLGN stimulation with an EPSP-IPSP sequence starting at 2
msec (Fig. 9A,B). This cell oscillated at 0.3 Hz (Fig. 9C,D),
indistinguishably from the majority of neurons recorded in areas
5 and 7.
Intracellular staining of slowly oscillating cells
We have stained 2 1 cells recorded from areas 5 and 7 that were
oscillating at 0.25-0.4 Hz, as the majority of all other recorded
neocortical cells. Without exception, the LY-stained neurons
were pyramidal shaped. Nineteen cells were regular-spiking, slowadapting neurons, recorded from the lower part of layer II to

layer VI; and two neurons were intrinsically bursting cells recorded in layer III and in layer V (seealso Nufiez et al., 1993;
Steriade et al., 1993a). We did not stain regular-spiking fastadapting neurons.
Figure 10 illustrates the morphological features of associational cortical neuronsdisplaying the slow rhythm; A-C depict
three cellslocated in layer V, while D representsthe dye coupling
of two cells in the middle part of layer III after injection of one
neuron. Invariably, the somasurfacein layer V cellswasaround
430 prnZ, with the pyramid baseof = 18 pm and its height of
-24 pm. The apical dendrite in onelayer V cell (Fig. 1OA)could
be followed up to layer II in different planes of sections. The
other two layer V neurons (Fig. lOB,C) displayed very rich
dendritic arborizations, particularly in the basal arbor, which
could be followed for x0.4 mm around the soma.All three layer
V cells were regular-spiking slow-adapting elements. At variance, the injected cell in layer III, where dye coupling was ob-
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Figure
8. Decreased duration and amplitude of prolonged hyperpolarization after intracellular diffusion of Cl-: neuron recorded at 0.8
mm in area 7. LP stimulus evoked an EPSP-IPSP sequence. The first
component of the biphasic IPSP was reversed 8 min after impalement
with a KCl-filled Dinette (data not shown). Note. at 10 min (101. diminished duration and amplitude of hype’molariiations separating cyclic (~0.3 Hz) depolarizations. The slow cellular rhythm and the EEG
were not changed. The decreased steepness and amplitude of the initial
component of the depolarization at 10 min after impalement are ascribed to the reduced hyperpolarization (diminution in the postinhibitory rebound component following the hyperpolarization). Bottom,
Averages (AVG) of 20 exnanded traces showing differences between
depol&izaiions grid hyperpolarizations at 2 minand 10 min after impalement.

tained (Fig. 1OD), exhibited the typical electrophysiological
characteristics of an intrinsically bursting neuron. The soma
surface of the larger dye-coupled cell was ~250 Km* (x 14 x 18
pm) and in the smaller neuron was = 140 Nrn* (= 12 x 12 Nm).
Some of the secondary and tertiary branches of the apical dendrite in the larger layer III pyramid had numerous dendritic
spines (right panel in Fig. 1OD).
Discussion
The disclosure of a novel slow cortical rhythm in a very high
proportion of cortical neurons is somehow surprising in view
of the intensive investigations of neocortical neurons during the
recent and more remote past. Probably, this rhythm was ignored
in in vivo experiments because those studies focused on cellular
responses to different sensory modalities and during motor performances, thus requiring alert preparations without slow oscillation of brain electrical activity. During the last decade, the
results from in vitro cortical slices have achieved major breakthroughs in revealing a host of intrinsic and synaptic properties
of various neuronal types in different cortical areas; inevitably,
however, many dendrites are lopped when the slice is prepared
and the whole cortical network is mutilated. As emphasized in

an in vitro study (Chagnac-Amitai and Connors, 1989), small
regions of the neocortex may sustain synchronous activity, but
such limited circuits may not be adequate to support spontaneous oscillations for prolonged periods of time. The slow rhythm
described in this article is a typical network-generated oscillation
and, as shown in following articles (Steriade et al., 1993a,b), it
results from the synchronous neuronal activities in close and
distant cortical areas.
Note that the slow (< 1 Hz) rhythms of thalamic and cortical
systems have long been disregarded. Thalamic spindle waves
(7-14 Hz) are grouped in sequences recurring with a slow (O.l0.3 Hz) rhythm. The presence of this slow rhythm is clearly
detectable in earlier EEG recordings, but it was only recently
described with intracellular and field potential recordings (see
Steriade et al., 1990b). On the other hand, EEG delta waves (l4 Hz) were found to be grouped within sequences recurring every
8-12 set (Oakson and Steriade, 1982; see also Fig. 1 in the
present article). This slow rhythm was correlated with a similar
rhythmicity of neurons recorded from midbrain reticular formation (Oakson and Steriade, 1982, 1983), but no further study
of cellular substrates underlying the slow oscillation was undertaken. Cyclic groups of EEG delta waves at 3-4 Hz seem to
recur in layers V-VI with a slow periodicity at 0.3-0.4 Hz (see
Fig. 3A in Petsche et al., 1984), but the brevity of such periods
in earlier studies prevented the disclosure and the detailed analysis of this slow rhythmicity. While the slow rhythm was not
explicitly described in previous EEG studies of humans, groups
of delta or other sleep waves recurring with a slow rhythmicity
can be observed in earlier recordings performed during neurosurgery under local anesthesia (Henry and Scoville, 1952) or
during sleep (e.g., Fig. 24 in Kellaway, 1990). Some of these
slowly recurring wave sequences have previously been regarded
as pathological, but a closer look led to the conclusion that they
are “more likely to be a sign of health than of disease” (see
Niedermeyer, 1987, p 193). This statement concerned the individual EEG waves; however, the clear-cut slow rhythm (0.2%
0.3 Hz) of their sequences (see Fig. 14.12 in Niedermeyer, 1987)
was not mentioned. We have recently analyzed this EEG oscillation during natural sleep in chronically implanted cats as
well as during stages 3-4 of sleep in humans (Fig. 1).
The choice of anesthesia
The present recordings have been mostly performed under urethane anesthesia. Although the slow rhythm was shifted toward
higher frequencies (0.6-l Hz) under ketamine, instead of 0.30.4 Hz under urethane, the general characteristics of the oscillation were similar in these two anesthetic conditions. We did
not use barbiturates because they produce an overwhelming
picture of spindling, while obscuring other sleep rhythms. By
contrast to the all-spindling pattern induced by barbiturates,
unit and gross electrical activity under urethane anesthesia are
more similar to those observed during late stages of natural
slow-wave sleep in animals (Armstrong-James
and Fox, 1984;
Albrecht and Davidowa, 1989). Moreover, firing patterns and
various electrophysiological parameters of cortical neurons under urethane anesthesia were found to be rather similar to those
of cortical cells recorded in cortical slices, with the expected
exception of a much higher apparent input resistance found in
vitro (Bindman et al., 1988; Pollard and Angel, 1990).
While most experiments were conducted under urethane anesthesia, the slow rhythm was also observed by using other
anesthetics. Moreover, it was present in undrugged preparations
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Figure 9. Slow oscillation (-0.3 Hz)
in primary visual cortex (area 17): neuron recorded at a depth of 0.8 mm. A,
Two depolarizine resnonses to flashes
of light (1 msec-in duration). B, Responses to dLGN stimulation through
two different .stimulating electrodes: action potential generated in upper trace;
pure EPSP-IPSP sequence in bottom
trace. C, Spontaneous activity under
-0.2 nA
and, at oblique
. .DC current
.
arrow, back to the resting V, (-68 mV).
The first spike train is expanded at left
(see arrow; spikes truncated). D, Relation of slow cellular oscillation with EEG
activity recorded 2 mm rostra1 from the
recorded site.

-68mV

with transections
at high collicular level (see Fig. 9 in Steriade
et al., 1993a) as well as in chronically implanted, naturally sleeping animals (Fig. 1; M. Steriade, A. Nufiez, and F. Amzica,

unpublished observations).
Excitatory

events: partial

spikes and slow depolarizing

waves

The rhythmic spike trains were a conspicuouscomponent of the
slow cortical rhythm. Such a high level of excitatory activity
would not be expected during a deepanestheticstateif the cortex
were driven from the outside world. The main origin of this
rhythmic depolarizations should be searchedwithin the ipsilateral cortex itself, as similar oscillatory aspectswere found
after total destruction of thalamic perikarya projecting to areas
5 and 7, combined with callosotomy (seeFigs. lo-12 in Steriade
et al., 1993a).
The association suprasylvian areas5 and 7 of cat display a
wide convergent responsepattern from various sensory modalities (Olaussonet al., 1990). In addition to major inputs from
LP, CL intralaminar, and posterior thalamic nuclei (Tanji et al.,
1978; Graybiel and Berson, 1980; Steriade and Glenn, 1982;

Avendaiio et al., 1985), the afferents to cortical areas 5 and 7
include projections from somatosensory(Jones and Powell,
1969),visual (Kawamura, 1973) and cingulatelimbic (ReinosoSuarez, 1984) ipsilateral cortical areas.The main target of converging inputs from thalamic and cortical sourcesis the dendritic
arbor of cortical neurons. All pyramidal-shaped as well as intrinsic spiny or nonspiny neurons with dendrites in a layer of
thalamic termination may be contacted by asymmetric synapses
of thalamic origin (Peterset al., 1976; White and Rock, 1981;
White, 1986). Thalamic synapsesare merely a minority of the
asymmetric population of different types of long-axoned cortical
cells, the intrinsic cortical input being prevalent. The dendritic
site of convergence between thalamic and callosal inputs onto
the samecortical ceil is depicted in Figure 2A and is discussed
below. Our data reported a high proportion of FPPs, possibly
dendritic spikes,in slowly oscillating cortical neurons. Similar
fast all-or-none events have been previously described in cortical and thalamic cells (e.g., Spencerand Kandel, 1961; Maekawa and Purpura, 1967; Pare et al., 1990; Pockberger, 1991).
As to the slow depolarizing envelope made up by short PSPs

..

* - ..

. ..-

.
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and full or partial spikes, our data suggest that both gNacp)and
NMDA-mediated
EPSPs contribute to this prolonged depolarization. Probably, both the above mechanisms conjointly underlie the prolonged depolarization as, in most neurons, neither
QX-3 14 nor ketamine alone were able to block this slow component completely.
In the majority of neurons, the amplitude of prolonged depolarizing wave was enhanced with DC hyperpolarizing current
up to -90 mV (Fig. 3B). This is possibly accounted for by
enhanced amplitudes of repetitive non-NMDA-mediated
EPSPs
and reversed IPSPs. We succeeded in suppressing the slow depolarization by DC hyperpolarizing current bringing the I’, to
about - 100 mV or at more negative values (Fig. 4). However,
this was achieved less often, partly because we could not obtain
stable recordings at such V, levels in all cells.
The voltage-dependent, Mg*+-sensitive,
NMDA-mediated
EPSPs were described in slices from various cortical areas and
were evoked by stimulation of underlying white matter, cortical
layers neighboring to the impaled cell, or corpus callosum
(Thomson, 1986; Deisz et al., 1991; MacDonald et al., 1991;
Sutor and Hablitz, 1989a,b). In our in vivo studies of association
areas 5 and 7 cells (Nufiez et al., 1993) we detected the presence
of two different components in thalamically or cortically evoked
EPSPs, the late one building up incremental repetitive responses
of the augmenting or recruiting type. During steady hyperpolarization, the amplitude of the early, short-lasting component
of the EPSP increased, whereas the late depolarizing component
(appearing at a latency of =20 msec) decreased and was eventually suppressed, thus suggesting its NMDA mediation. The
present recordings showed that ketamine, a potent blocker of
NMDA receptors (MacDonald et al., 1991) significantly reduced the duration of the depolarizing envelope. Although ketamine was administered systemically and thus could also act
at thalamocortical synapses, its effect at the level of intrinsic
cortical networks is indicated by the fact that the slow cortical
rhythm survives complete destruction of thalamic perikarya
projecting to suprasylvian areas 5 and 7 (see Figs. 10, 11 in
Steriade et al., 1993a).
Inhibitory components: IPSPs and long-lasting
hyperpolarizations
The high neuronal percentage (close to a fifth of oscillating cells)
displaying grouped, repetitive IPSPs, recurring in cyclic sequences within the slow rhythm, indicates that local-circuit GABAergic neurons are part of the oscillating cortical network. It
is known that neocortical neurons display IPSPs arising from
an increase in Cl- and K+ conductances, mediated by GABA,
and GABA, receptors, respectively (Kelly et al., 1969; Connors
et al., 1982, 1988; Avoli, 1986; McCormick,
1989). The participation of local-circuit inhibitory cells in slow or fast rhythms,
the frequency entrainment of postsynaptic oscillating pyramidal-type neurons, and the effects exerted by these interactions
on large neuronal populations were modeled in both allo- and
neocortex (Traub et al., 1989; Pedley and Traub, 1990; Lytton
and Sejnowski, 1991; Wilson and Bower, 1992).
As to the prolonged hyperpolarizations separating the longlasting depolarizing envelopes, the contribution of activities mediated by GABA, receptors linked with Cl- channels is suggested by the results of Cl- intracellular diffusion. The effect
consisted in a reduction of amplitude and duration of prolonged
periods of hyperpolarizations sculpturing the activity of cortical
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cells into the slow rhythm. The slowly developing Caz+-dependent K+ current (Schwindt et al., 1988, 1992) is probably another major factor in the genesis of this component of the slow
oscillation. Two sets of results support this assumption: (1) the
amplitude of the hyperpolarizing phase decreased in parallel
with the diminished duration of the slow depolarization after
ketamine administration (Fig. 5) and (2) in cases when the slow
oscillation mainly consisted of rhythmic hyperpolarizations
sculpturing the background firing of cortical neurons, stimulation of brainstem cholinergic nuclei selectively suppressed the
hyperpolarizing episodes, an effect sensitive to muscarinic
blockers (Amzica et al., 1992). It is known that ACh blocks the
Ca2+-dependent and other K+ currents in neocortex (see McCormick, 1992).
Morphological features of slowly oscillating cortical cells
All intracellularly stained, oscillating neurons in areas 5 and 7
were pyramidal-shaped cells from layers III-VI. This corroborates our inability to record fast-spiking elements, thought to
be GABAergic stellate interneurons (McCormick et al., 1985).
The electrophysiological analysis of stained cells showed their
regular-spiking or intrinsically bursting characteristics. A study
specifically directed to analyze the morphological differences
between these two cell classes in layer V of rat neocortex (Chagnac-Amitai et al., 1990) reported that bursting cells have large
pyramidal somata and an extensive basal and apical dendritic
tree, whereas regular-spiking neurons have a more rounded soma
and a smaller dendritic arborization. Although we only stained
2 intrinsically bursting cells out of the 21 cell sample, one of
those cells was found in layer V and the other in layer III.
The dye coupling after intracellular LY injection into a single
cell (Fig. 1OD) resulted in a radial arrangement, with the bottom
cell (probably the injected one) lying about 0.5 mm from the
pia, and the upper neuron at ~50 pm apart, within the same
layer III. To our knowledge, neuronal dye coupling was until
now revealed in electrophysiological experiments on only rat
and guinea pig neocortex. Data showing basically identical radial
arrangements and location in layer III, as described here, have
been reported from sensorimotor cortical slices of rodents (Gutnick and Prince, 1981; Connors and Gutnick, 1984). It seems
that the extent of coupling varies between cortical areas, species,
and developmental periods. There is a dramatic reduction in
coupling rates in ontogenesis, from 70% at l-4 d to 3040% by
lo-15 d, down to 20% in the mature rat (Connors et al., 1983).
Recent studies in the developing neocortex of rats showed radially oriented clusters of as many as 15-78 cells stained in the
immediate vicinity of one injected neuron and suggested that,
during early development, gap junctions could enable cortical
cells by a direct, nonsynaptic mechanism (Yuste et al., 1992).
The very rare occurrence of dye coupling in the adult cat, reported in the present article, is in line with the above data. The
unequivocal morphological substrate of intemeuronal coupling,
the gap junction, was observed in the rat neocortex (Peters,
1980) and the sensorimotor cortex of the adult monkey, between
the dendrites and soma of the “large stellate” neurons (Sloper,
1972; Sloper and Powell, 1978). The dye coupling between pyramidal-shaped neurons, as reported in previous experiments
on rodent neocortex and in the present experiments on cat association neocortex, may be a basis for electrical synchronization, the more as previous in vitro studies on guinea pig and rat
have provided evidence for antidromically elicited small sub-
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threshold depolarizations and lack of collision with preceding
orthodromic spikes in dye-coupled cells (Gutnick and Prince,
1981; Connors et al., 1983).
Concluding

remarks

The high proportion of oscillating neurons(88%), their presence
in distant and functionally different cortical areas,the morphological and electrophysiological identification of slowly rhythmic cells aspyramidal elementswith thalamic and callosalprojections, and the evidence of repetitive IPSPs grouped in
sequencesrecurring at the sameslow rhythm indicate that an
overwhelming majority of cortical long-axoned cellsas well as
at least some of local-circuit inhibitory neurons are together
involved in the genesisof this oscillation. All electrophysiological features of the slow rhythm emphasizethat it emergesasa
property of neocortical networks. The combined expressionof
EPSPsand IPSPs aswell asthe intrinsic currents of neocortical
cells may vary according to the power of incoming depolarizing
influences that depend on the degreeof network synchronization, the position of a given cell in the cortical microcircuitry
of pyramidal and local-circuit inhibitory neurons, and the distribution of GABA,., receptors on the somadendritic membrane. These variables are further discussed,together with the
corticothalamic interactions, in the final article of this series
(Steriade et al., 1993b). The following articles will indeed demonstrate that the slow cellular oscillation in the cortex is dramatically synchronous with slow focal waves in various layers,
with surface EEG potentials, as well as with EThG, and that it
has a decisive role in synchronizing within this slow frequency
range (-0.3 Hz) the previously known sleeprhythms, delta and
spindle waves.
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