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Québec PQ G1K 7P4, Canada

Abstract – To investigate the relative impact of intrinsic and synaptic factors in the maintenance of the membrane potential of cat
neocortical neurons in various states of the network, we performed intracellular recordings in vivo. Experiments were done in the
intact cortex and in isolated neocortical slabs of anesthetized animals, and in naturally sleeping and awake cats. There are at least four
different electrophysiological cell classes in the neocortex. The responses of different neuronal classes to direct depolarization result
in significantly different responses in postsynaptic cells. The activity patterns observed in the intact cortex of anesthetized cats
depended mostly on the type of anesthesia. The intracellular activity in small neocortical slabs was composed of silent periods, lasting
for tens of seconds, during which only small depolarizing potentials (SDPs, presumed miniature synaptic potentials) were present, and
relatively short-lasting (a few hundred milliseconds) active periods. Our data suggest that minis might be amplified by intrinsically-
bursting neurons and that the persistent Na+ current brings neurons to firing threshold, thus triggering active periods. The active
periods in neurons were composed of the summation of synaptic events and intrinsic depolarizing currents. In chronically-implanted
cats, slow-wave sleep was characterized by active (depolarizing) and silent (hyperpolarizing) periods. The silent periods were absent
in awake cats. We propose that both intrinsic and synaptic factors are responsible for the transition from silent to active states found
in naturally sleeping cats and that synaptic depression might be responsible for the termination of active states during sleep. In view
of the unexpected high firing rates of neocortical neurons during the depolarizing epochs in slow-wave sleep, we suggest that cortical
neurons are implicated in short-term plasticity processes during this state, in which the brain is disconnected from the outside world,
and that memory traces acquired during wakefulness may be consolidated during sleep. © 2000 Elsevier Science Ltd. Published by
Éditions scientifiques et médicales Elsevier SAS
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1. Introduction

The spontaneous activity in cortical networks
may influence neuronal responsiveness and the
quality of perception [2]. Short-term plasticity pro-
cesses occur after prolonged and rhythmic spike-
trains fired by cortical and thalamic neurons
during spontaneously occurring sleep oscillations
[42], which may serve to consolidate memory
traces acquired during wakefulness. In this paper,
we provide data from acutely prepared and chron-
ically implanted, naturally sleeping and aroused
animals, to shed light on the intrinsic cell proper-
ties and network factors that underlie the sponta-
neous activity of cortical neurons in different types
of preparations.

The membrane potential is influenced by leak,
synaptic and voltage-activated currents. The mean
membrane potential of cortical neurons in vitro is
−75 mV [23], and in neocortical slabs in vivo [46]

or in tetrodotoxin (TTX)-infused cortex in vivo
[27] is similarly around −75 to −70 mV. During
the depolarizing phase of the slow oscillation in
anesthetized animals as well as during natural
states of waking, REM sleep and the depolarizing
phase of the slow oscillation in slow-wave sleep
(SWS), the membrane potential of cortical neurons
is more depolarized, with a mode from −65 to
−60 mV [49]. Thus, in the in vivo condition,
synaptic activity and some intrinsic factors acti-
vated by synaptic events result in the depolariza-
tion of cortical neurons by 10–15 mV, compared
to the synaptically silent network. This simple
observation indicates that there is no resting state
of membrane potential in a living brain. In cortical
neurons of the visual cortex, the net synaptic
depolarizing current increases during the presenta-
tion of visual stimuli and reaches values close to 1
nA [1]. The depolarization elicited by sensory stim-
uli is associated with the shunting of the mem-
brane suggesting the presence of an important
inhibitory component [4, 17]. Modeling studies
indicate that synaptic currents are sufficient to
maintain the membrane potential in a ‘high-input
regime’, somewhat similar to the waking state [32].
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What is the contribution of intrinsic currents in
the maintenance of synaptically elicited depolariza-
tion? Our current data indicate that the neuronal
activity during natural slow-wave sleep is com-
posed of two states, as is also the case during the
slow oscillation recorded from anesthetized ani-
mals. The depolarizing or up state corresponds to
the EEG depth-negativity and the hyperpolarizing
or down state corresponds to the EEG depth-posi-
tivity [41, 47]. Like in anesthetized animals [9], the
input resistance of neocortical neurons during
SWS is at least twice as high during the silent,
hyperpolarizing state, compared to depolarizing
state, indicating that these hyperpolarizations are
not due to activation of inhibitory interneurons
[41, 49]. We found that the hyperpolarizing poten-
tials are due to disfacilitation, since thalamocorti-
cal neurons do not transmit peripheral signals
towards cerebral cortex [45]. Previously, the transi-
tions from sleep to waking state in neocortical
neurons have not been studied intracellularly. The
current knowledge on the behavior of neocortical
neurons during natural states of vigilance arises
from experiments performed with the technique of
extracellular recordings. Data show that cortical
neurons fire in all states of vigilance; however, the
firing rates and patterns are variable in different
states [11, 34]. The role of intrinsic currents in the
generation of membrane potential in different be-
havioral states of vigilance has not been investi-
gated. In the present study we reveal some
mechanisms by which transitions from down to up
states and vice versa may occur, and we suggest
that the depolarizing phases that correspond to
depth-negative phases of EEG during SWS, REM
sleep and wakefulness are affected by summated
excitatory and inhibitory synaptic activities and by
activation of the persistent Na+ current. We also
infer, on the basis of the unexpectedly rich sponta-
neous activity of neocortical neurons during the
depolarizing epochs of the slow oscillation in SWS,
that neocortical neurons are processing internally
generated signals during this behavioral state,
which may play an important role in consolidating
memory traces when the brain is not bombarded
by inputs from the external world.

2. Methods

2.1. General

We performed three groups of experiments. In
the first group of experiments, we used conven-

tional intracellular recordings from neocortical
neurons in cats anesthetized with either ketamine-
xylazine (10–15 mg·kg−1 and 2–3 mg·kg−1; i.m.)
or somnotol (35 mg·kg−1; i.p). The details of these
experiments were described earlier [40, 45, 51]. The
second group of experiments has been done on
isolated neocortical slabs in cats anesthetized with
ketamine-xylazine (10–15 mg·kg−1 and 2–3
mg·kg−1; i.m.). The third group of experiments
was conducted on non-anesthetized, non-paralyzed
cats in different states of vigilance. Since the last
two groups of experiments use some new ap-
proaches, we provide below their brief description.

2.2. The isolated slab preparation

Neuronally isolated slabs (n=32) were prepared
in the suprasylvian gyrus (for morphological and
physiological identification of the slab, see [48]).
After craniotomy, a small perforation was made in
the dura above a region of the pia devoid of large
blood vessels. A specially designed crescent knife
was inserted along its curve into the cortex until
the tip of the knife appeared about 10 mm fron-
tally under the pia. The depth of insertion was 4–5
mm. The dissector was than rotated by 90° in both
right and left directions. The pia usually remained
intact except at the place the knife entered. The
small slabs were about 10 mm long, 6 mm wide
and 4–5 mm deep. A similar method was used in
seven experiments to prepare larger isolated pieces
of neocortex that included the entire suprasylvian
gyrus. The completeness of neuronal transection
and the boundaries of the slab were verified in
every case on 80 mm thionin-stained sections.

2.3. Chronic experiments

Experiments were done on four chronically im-
planted cats. Preparation of chronic experiments
was conducted under somnotol (35 mg·kg−1)
anesthesia. The anesthesia was followed by i.m.
injections of buprenorphine (0.03 mg·kg−1), every
12 for 24 h as analgesic measure. In addition,
500 000 units of penicillin i.m. were administrated
during three consecutive days. Under anesthesia,
cats were implanted with one to three chambers,
especially designed for intracellular recordings in
chronic conditions as well as with multiunit, field
potential and stimulating electrodes. In different
experiments, the chambers and electrodes were
placed over motor, somatosensory, associative, au-
ditory and visual cortices. At least one stimulating
and/or recording electrodes were placed in the
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cortex contralateral to the chamber and one to
three electrodes were inserted around the chambers
to identify the input-output organization of neu-
rons by means of antidromic and/or orthodromic
responses and to record EEG from the vicinity of
impaled neurons. Stimulating and recording elec-
trodes were also placed in appropriate thalamic
nuclei. In addition to the EEG electrodes, pairs of
electrodes were placed in ocular cavities and in
neck muscles, to control the states of vigilance [36].
A few bolts were cemented to the cranium to allow
non-painful fixation of the cat’s head to a
stereotaxic frame. After a recovery period (7–10
d), cats were adapted to be in the frame for 1–2 h.
Usually, after 3–5 d of training, cats started to
sleep in the frame and they displayed clearly iden-
tified waking, SWS and REM sleep. At this time
intracellular recordings started. A chamber was
opened with caution and filled with a few drops of
lidocaine. After few minutes the lidocaine was
removed by suction and a small perforation was
made in the dura to allow the insertion of the
intracellular pipette. Thereafter, the pipette was
placed on the cortical surface and the chamber was
filled with warm sterile 4% solution of agar. Usu-
ally, two to three recording sessions lasting for
1–2 h were performed daily and 7–10 d of record-
ing were performed from a single chamber. At the
end of all experiments the cats were given a lethal
dose of pentobarbitone. The experimental proce-
dure was approved by the ‘Comité de protection
des animaux de l’Université Laval’.

2.4. Recording and stimulation

Field potential recordings and stimulation were
obtained by using bipolar coaxial macroelectrodes
inserted either in the intact cortex and thalamus or
in the isolated neocortical slab. The outer pole of
the electrode was placed at the cortical surface or
0.1 mm deeper and the inner pole was placed at
0.8–1 mm in the cortical depth. First, the depth of
recorded neurons was read from the micromanipu-
lator. During subsequent morphological analysis,
the depth of some recorded and stained neurons
was verified on coronal sections.

Intracellular recordings were obtained with
sharp glass micropipettes filled in the majority of
cases with a solution of 2.5–3 M potassium ace-
tate and neurobiotin. Following long-lasting
recordings the cells were filled with 1–2% neurobi-
otin (+0.5 nA in a 50% duty cycle at 1 Hz, 5–15
min). Intracellular pipettes had a DC resistance of
30–80 MV. A high-impedance amplifier (band-

pass, 10 kHz) with an active bridge circuitry was
used to record and inject current into the cells. The
signals were recorded on a tape with bandpass of
at least 0–9 kHz and digitized at 10–20 kHz for
off-line computer analysis. After experiments the
animals were perfused, the brain was sectioned
and then processed by standard procedures [19].
Reconstruction of stained cells was done with a
computerized system (Neurolucida).

3. Results

The database of experiments described below
consists of 111 cortical neurons recorded in anes-
thetized cats, 168 neurons recorded in small (6×
10 mm) isolated slabs, 87 neurons from an isolated
gyrus (20×20 mm), and more than 700 neurons
recorded in the cortex of non-anesthetized cats.

3.1. Experiments in the intact cortex
of anesthetized cats

Four neuronal classes were identified. Regular-
spiking (RS), fast-spiking (FS), intrinsically-burst-
ing (IB) and fast-rhythmic-bursting (FRB) neurons
have been defined in previous electrophysiological
studies [3, 5, 6, 16, 23, 25, 40]. Their responses to
depolarizing current steps are illustrated in figure
1C and their depth distribution is shown in figure
1A. (i) RS neurons (n=60) were distributed
throughout cortical layers. All RS neurons re-
vealed significant firing frequency adaptation. (ii)
Nine of fifteen IB neurons were located in layers
V–VI, while the remaining six were found in layers
III–IV. The IB neurons generated bursts of spikes
that were either repeated at frequencies 7–10 Hz
or were followed by single action potentials [25].
(iii) The FS neurons displayed linear current fre-
quency relations. Only two FS neurons were
recorded. Therefore, they could not be investigated
as a population to determine the patterns of their
depth distribution. (iv) FRB neurons fired high-
frequency (400–600 Hz) spike-bursts recurring at
rates of 20–40 Hz. Seven FRB neurons were lo-
cated superficially, as also reported in recordings
from layers II–III in the visual cortex [16], but the
majority (70%) were located in layers V-VI of
sensory, motor and association cortical areas [40].
Despite the fact that many FRB cells were iden-
tified as corticothalamic (figure 1B) and, thus, are
glutamatergic excitatory neurons, their action po-
tentials were very thin (0.3–0.4 ms at half-ampli-
tude), like those of FS neurons which are
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Figure 1. Electrophysiological features and depth distribution of four types of neocortical neurons: regular-spiking (RS), fast-rhyth-
mic-bursting (FRB), fast-spiking (FS) and intrinsically bursting (IB). Cats under barbiturate anesthesia. A, Depth-distribution of
different types of neocortical neurons, as indicated by symbols. Ordinate, depth in mm; abscissa, number of cells. B, Identification of
an FRB cortico-thalamic neuron from area 7. At membrane potential of −55 mV, stimulation of central lateral thalamic nucleus
elicited antidromic response followed by orthodromic action potentials; at −65 and −75 mV antidromic spikes failed but EPSPs
increased and orthodromic spikes were present. C, Responses of four neuronal types (RS, FRB, FS and IB) from areas 5 and 7 to
intracellularly applied current pulses of different intensities and polarities. Insets depict single action potentials. Note thinner spikes
in FRB and FS neurons.
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conventionally regarded as inhibitory interneurons
(figure 1C).

Thus, only FS (presumed inhibitory) neurons
were able to transmit signals to postsynaptic cells
with linear dependency, whereas the other neu-
ronal classes most likely would significantly mod-
ify the input activities. The IB and presumably the
FRB neurons via their propensity to burst re-
sponses could amplify the input signals [46] or at
least could make more reliable the synaptic trans-
mission [20]. Due to their intrinsic properties these
cellular types might also induce the network oscil-
lations at their intrinsic frequencies (7–10 and
20–50 Hz, respectively). By contrast, RS neurons
should diminish the input signal, due to their
property of spike frequency adaptation.

The slow spontaneous fluctuations of the mem-
brane potential were strongly dependent on the
anesthetic used and were quite similar in all neu-
ronal classes recorded under the same anesthesia.
Barbiturate anesthesia induced spindle activities.
The mean membrane potential of recorded cortical
neurons under barbiturate anesthesia was −68
mV. In intracellular recordings, the spindles con-
sisted of waxing and waning depolarizing events
lasting for 2–3 s and repeated every 5–15 s in all
cellular classes. During the second part of spindles,
most of the neocortical neurons were steadily de-
polarized, with only some modulation within the
frequency range of spindles. Under ketamine-xy-
lazine anesthesia, the cats displayed the slow oscil-
lation [7, 38]. Intracellular recordings revealed that
all types of neocortical neurons were depolarized
and fired during the depth-negative EEG wave and
were hyperpolarized during the depth-positive
EEG wave. The excitatory component of the slow
cortical oscillation triggered partial spindles, con-
sisting of only the waning component [8, 52].

3.2. Experiments in isolated cortical slabs

Following isolation (see Methods), the slabs
were completely silent for 1 to 2 h. Thereafter,
sporadic active periods appeared. Usually, the ac-
tivity was stable 3–4 h after isolation. The active
periods recurred with a mean frequency 3.290.5/
min, although true rhythmicity was never ob-
served. An example of field potentials and
intracellular activities obtained in the slab is shown
in figure 2A. The field potentials recorded outside
the slab showed patterns that were typical for
ketamine-xylazine anesthetized cats, consisting of
slow waves repeated at frequencies between 0.5
and 1 Hz. The slow oscillation was not reflected in

the slab. Field potential and intracellular activities
showed predominantly a silent state. Active peri-
ods with durations of 0.2 to 2.0 s occurred in the
slab once every 10 to 100 s. Based on these obser-
vations, we asked: What are the mechanisms that
trigger active periods? And what are the mecha-
nisms that underlie the termination of active
periods?

Although the membrane potential did not fluc-
tuate significantly between the active periods, we
found the presence of small depolarizing potentials
(SDPs) during the silent state of the slab. Since no
neuron displayed action potentials between the
active periods, we assumed that SDPs were spike-
independent miniature synaptic potentials (minis).
Their amplitude was in the range of 0.1 to 1.0 mV,
with a mode around 0.5 mV. We used the fastest
slope (dV/dt) as zero time to calculate the aver-
aged SDP (figure 2A). The rising time (from 10 to
90% of amplitude) of SDPs was 1.490.2 ms and
the half-width duration was 13.793.5 ms.

Active periods were composed of series of depo-
larizing and hyperpolarizing events, seemingly EP-
SPs and IPSPs. We used the faster rising
(declining) slope to select and to average these
events (see averages in figure 2A). In different
neurons (n=5), the amplitude of averaged sponta-
neous EPSPs during active periods was in the
range of 1.2 to 4.3 mV (mean 2.2 mV) and the
amplitudes of IPSPs were 0.3 to 3.5 mV (mean 1.1
mV). Thus, the amplitude of synaptic events
recorded during active periods was significantly
higher than that of spontaneous SDPs. The half-
width duration of synaptic events recorded during
active periods was 3.190.2 for EPSPs and 3.49
0.3 for IPSP, i.e. significantly shorter than the
duration of SDP. The short duration of synaptic
potentials during active periods may be explained
by the shunting effect of an active network.

Given the fact that SDPs were the only depolar-
izing events observed during silent periods in slabs,
we assumed that these are the only events that
might trigger active periods. As such small ampli-
tude events cannot themselves depolarize the neu-
rons to firing threshold, they have to be either
summated and/or amplified. Recently we reported
that the slabs contain 2–3 times more IB neurons
than the intact cortex, and that the spike-bursts of
these neurons induce a larger postsynaptic effect
than single spikes [46]. Then, the bursts of IB
neurons, triggered by SDPs in the silent network,
will have a significantly greater postsynaptic effect
to elicit spikes in target neurons, compared to the
single spikes of RS neurons.
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Another origin for the amplification of SDPs
would be the presence of intrinsic currents that
might amplify signals reaching the neurons during
the silent states. Our previous studies suggest that

small depolarizing inputs that arrive during the
silent state of the network could be amplified by
the persistent Na+ current [46]. Indeed, applica-
tion of short-lasting subthreshold depolarizing cur-
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rent pulses to cortical neurons elicited responses
that outlasted the duration of the current pulse
and eventually led to spike generation. Besides,
long-lasting changes in the membrane potential
significantly affect the intrinsic responsiveness of
neocortical neurons. The neuron illustrated in
figure 2B showed subthreshold responses to depo-
larizing current pulses of 0.25 nA and 20 ms in
duration. Occasionally, the neuron displayed re-
sponses that outlasted the current pulse and led to
spike generation. Slight DC depolarization (0.05
nA) of the neuron with intracellularly applied cur-
rent induced single-spike generation to every cur-
rent pulse of the same intensity. However, an
increase in the intracellular current pulse ampli-
tude to 0.3 nA (without DC current injection)
induced stable responses leading to two action
potentials. In figure 2B (middle and right panels)
the total amount of current injected to the neuron
was the same, but the response was greater in the
latter case. These data point to the presence of
intracellular amplifiers in the hyperpolarized neu-
rons of the silent network, which react to brief
input signals. Overall, our data suggest that the
active periods can be triggered by SDPs, which are
amplified by the increased amount of IB neurons
and intrinsic depolarizing currents.

Further, we explored the possibility that a de-
pression in synaptic transmission could be one of
the factors underlying the termination of active
periods. Since the active periods lasted several
hundreds milliseconds and were composed of rela-
tively fast sequences of synaptic events, we applied
electrical pulse-trains of 10–15 stimuli at a fre-
quency 40 Hz. Typical results are show in figure 3.
The second shock of a high intensity pulse-train
(800 mA) usually produced an EPSP of decreased
amplitude. However, the response to the second
stimulus often resulted in generation of a spike,
due to temporal summation. The decreased ampli-
tude of the second EPSP does not exclusively point
to the synaptic depression. The second stimulus

occurred at depolarized levels of membrane poten-
tial. It is very likely that, at these voltages, the
outward rectifying current was activated and that
the afterspike hyperpolarizing potential truncated
the growing depolarization. These possibilities are
substantiated by the fact that, at moderate and
low intensities of pulse-trains (250 and 100 mA for
the case shown in figure 3), the responses to the
first shock were of relatively low amplitude and
the responses to the second stimulus were facili-
tated. However, long-lasting trains of stimuli in-
variably resulted in a depression of responses.
These data suggest that in anesthetized as well as,
most likely, in naturally sleeping animals, active
periods lasting for 200–300 ms will induce synap-
tic depression that will lead to the termination of
active periods.

3.3. Experiments in non-anesthetized cats

In the last series of experiments we studied the
intracellular activities in naturally sleeping and
waking cats. Simultaneous recordings of EEG,
EMG and EOG routinely characterized the states
of vigilance [36]. We identified SWS by high-ampli-
tude and low-frequency cortical field potentials
and the presence of muscle tone (figure 4). Simi-
larly to previous data from anesthetized animals
[8, 38], the depth-positive component of cortical
EEG waves was associated with cell hyperpolariza-
tion and arrest of firing, whereas the depth-nega-
tive EEG waves were accompanied by cell
depolarization and spiking (figure 4, middle left).
The waking state was generally characterized by
an activated EEG, muscle tone, occasional eye
movements, and stable membrane potential. Dur-
ing both depolarizing phases of the slow oscilla-
tion in SWS and the tonic depolarization in
waking, the intracellular traces revealed the pres-
ence of numerous synaptic events, which however
were greatly suppressed during the long-lasting
hyperpolarizing potentials in SWS. These data in-

Figure 2. Spontaneous activity and responses to depolarizing current pulses in neocortical slab. Cats under ketamine-xylazine
anesthesia. A, Most of the time the neuron was silent and remained at relatively hyperpolarized levels of membrane potential that were
interrupted by brief depolarizing active periods. Fragment indicated by a star is expanded below, as indicated by arrow. Note the
presence of small depolarizing potentials (SDPs) during silent periods. At right, an average (n\100) of SDPs during silent periods,
and spontaneous EPSPs and IPSPs during active periods. The zero time for averages is the maximal slope during the rising phase of
SDPs and EPSPs, and the maximal declining slope for IPSPs. The amplitude of EPSPs and IPSPs is greater than the amplitude of
SDPs, however, shunting effects of synaptic activity significantly reduce the duration of EPSPs and IPSPs. B, Responses to short
lasting current pulses applied to the neuron. At threshold intensities of current pulse (0.25 nA) the neuron generated responses that
were amplified by intrinsic currents and outlasted the duration of current pulse (left). DC depolarization by 0.05 nA resulted in
eliciting single spikes with constant latency (middle) during the current pulse. Application of intracellular pulses of 0.3 nA is (the sum
of 0.05 and 0.25 nA) induced two spikes responses. Thus, the excitability of neuron was depending not only on the total amount of
current applied to the neuron, but also on the membrane potential.
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Figure 3. Synaptic depression elicited by long-lasting pulse-trains. Cats under ketamine-xylazine anesthesia. Upper panel shows the
intracellular responses to pulse-trains of different intensities (fifteen stimuli, 40 Hz) applied to the slab. Plots indicate the maximal
amplitude of EPSPs elicited by each stimulus in a pulse-train. At bottom, the superimposition of onsets and terminations of averaged
responses. Note that although some synaptic facilitation may occur at early phases of stimulating pulse-trains, the end of fifteen
stimuli trains was invariantly associated with synaptic depression.
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dicate that (i) synaptic activity is an important
factor in the maintenance of the membrane poten-
tial in natural states of vigilance, and (ii) the
absence of firing and fast synaptic activities is
similar during the silent periods in neocortical
slabs of anesthetized cats and during the hyperpo-
larizing phases of SWS in naturally sleeping cats.

4. Discussion

4.1. Mechanisms underlying the generation
of depolarizing and hyperpolarizing states
in neocortex

Spontaneous miniature synaptic activities
(minis) are caused by spike-independent release of
transmitter vesicles and are regulated at the level
of single synapses [26, 28]. Such spike-independent
synaptic release occurs during the silent state of
the cortical network, for example in slices, in the
aforementioned neocortical slabs, or during the
hyperpolarizing components of SWS oscillation.
Occasionally, the summation of spike-independent
minis depolarizes the neurons to the level of acti-
vation of the persistent Na+ current [10, 33] and/
or these minis activate IB neurons whose spikes
trigger synaptic potentials that result in the depo-
larization and spiking of a population of postsy-
naptic neurons and trigger an active state of
cortical network. Shunting inhibition [4, 17] might
significantly reduce the effectiveness of single axon
EPSPs, thus preventing the network from overex-
citation. Since the number of neurons in slices is
small, their interconnections are reduced and are
also strongly affected by the thickness of the slice
[43]. It is unlikely that minis’ spontaneous activity
would lead to active periods. However, a slight
increase in [K+]o may depolarize some neurons to
the firing threshold (see figures 2 and 3 in [29]). In
these conditions the relatively large amplitude EP-
SPs, but not minis, might recruit postsynaptic
neurons into active states. Only five to twenty
synchronized presynaptic action potentials are
needed to fire a postsynaptic neuron in vitro,
assuming linear summation [21, 44]. Thus, sponta-
neous active periods might be obtained in slices
that are exposed to a slightly increased [K+]o or
any other factor leading to the depolarization of
relatively large population of neurons in vitro. In
our isolated small (10×6 mm) cortical slabs, rela-
tively rare (3.290.3 periods per minute), non-peri-
odic spontaneous active periods were present,
because a relatively small amount of cells was

interconnected. Increasing the size of the isolated
cortical tissue to a gyrus resulted in an increase in
the number of sites where activity could arise [46].
This led to an increased probability of occurrence
of the active periods, thus reaching frequencies
similar to those of the cortical slow oscillation.
The synaptic depression of active synaptic connec-
tions [14, 53], the slow inactivation of the persis-
tent Na+ current [12, 13], the activation of
Ca2+-dependent K+ current [30], and the activa-
tion of Na+-dependent K+ current [31], would
displace the membrane potential of neurons from
firing level and the entire network would go to the
hyperpolarized or silent state.

The transition from SWS to activated states
depends on the increase in the activity of neuro-
modulatory systems [36]. The level of acetylcholine
is increased in both REM sleep and waking,
whereas the level of noradrenaline and serotonin is
increased only during waking [35]. The increase in
the level of activity of neuromodulatory systems
resulted in our experiments in a significant increase
in the input resistance of neurons [41]. In vitro
data showed that the increase in the input resis-
tance of cortical neurons following application of
some activating neuromodulators is due to the
blockage of K+ currents [22]. In anesthetized cats,
the effects of intracellular Cs+ were negligible
during EEG-activated states elicited by basal fore-
brain stimulation [24]. Our experiments in waking
cats support this data. Long-lasting intracellular
recordings with Cs+-filled pipettes in awake ani-
mal did not affect the membrane potential [47]
indicating that K+ currents are less active during
waking than during SWS. This observation indi-
cates that K+ currents of cortical neurons are
largely depressed in waking cats and, conse-
quently, they do not tend to hyperpolarize cortical
neurons. Thus, K+ currents do not play significant
role in the maintenance of the membrane potential
of cortical neurons in waking state. A second
factor responsible for the maintenance of a sta-
ble depolarization of cortical neurons during
waking and REM sleep is the eventual decrease
in synaptic depression within the thalamocortical
system. Although there are no reliable in vivo
data supporting this idea, experiments conducted
in vitro showed that the synaptic depression was
significantly reduced following application of
neuromodulators [15]. Thus, a sufficient level of
synaptic activities would keep the membrane po-
tential at a certain level of depolarization. Since
all neuronal types fire during the depolarizing
states in SWS, REM sleep and waking, IPSPs
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should participate in the maintenance of mem-
brane potential by counterbalancing the excita-
tory drive. The presence of IPSPs in depolarizing
phases of slow oscillation in anesthetized animals
was already shown [38]. During natural waking,
spontaneous IPSPs of cortical neurons are of
small amplitude and short lasting, thus, they do
not significantly hyperpolarize neurons (I. Timo-
feev, F. Grenier and M. Steriade, in prep.), but
rather shunt the membrane preventing the neu-
rons from overexcitation [4, 17]. The third im-
portant factor is the activities arising from the
thalamus. At least during REM sleep, thalamo-
cortical neurons are significantly depolarized [18],
and during both REM sleep and wake extracel-
lular recordings from thalamocortical neurons re-
veal the tonic firing mode [35] that imposes tonic
excitatory influences onto neocortical neurons.

Our intracellular data strongly suggest that the
persistent Na+ current participates in the mainte-
nance of the depolarizing state of the membrane
potential [47]. This suggestion is based on two
facts. (i) Voltage-current relations demonstrate
the linear relations over a wide voltage range.
However, the slope of this linearity is changed
and becomes steeper at voltages below −65 mV.
(ii) At voltages −65 mV and more positive val-
ues, the spontaneous fluctuations of the mem-
brane potential are flattened. Direct
hyperpolarization of neurons below −65 mV re-
sults in significantly increased fluctuations of the
membrane potential, revealing sharply rising
synaptic potentials and indicating that some cur-
rents that maintain the membrane potential at a
certain level of depolarization are now absent.
The persistent Na+ current in cortical neurons is
activated at approximately −65 mV. At these
voltages no other intrinsic currents are activated
[10]. Thus, it seems that the persistent Na+ cur-
rent supports the maintenance of the membrane
potential that was primarily set up by synapti-
cally generated potentials. The role of this cur-
rent becomes extremely important in all
depolarizing states of cortical neurons. Overall,
our data indicate that hyperpolarizing states
present during SWS result from disfacilitation
and leak currents predominately influence the

membrane potential of neurons. The depolarizing
states, which are present during the slow oscilla-
tion in SWS as well as throughout REM sleep
and waking, are composed of postsynaptic po-
tentials that are amplified by the persistent Na+

current.

4.2. Functional results of slow-wa6e sleep

Why are cortical neurons so busy during the
depolarizing states of the slow oscillation in
SWS, a state when the brain is disconnected
from the outside world because of synaptic inhi-
bition in the thalamus? During sleep-related os-
cillatory states the Ca2+, a secondary messenger,
enters the cortical and thalamic neurons and
may trigger cascade reactions modifying gene ex-
pression. We suggested that the rhythmic spike-
bursts or spike-trains fired by thalamic and
cortical neurons during sleep spindles and slow
oscillation may maintain forebrain neurons in a
certain state of excitability for a quick return to
an aroused state, reorganize cortical networks,
and determine which synaptic modifications
formed during the waking state are to be consol-
idated [37]. Indeed, augmenting responses to 10-
Hz stimuli (similar frequency as that of sleep
spindles) are associated with short-term plasticity
processes, that is, persistent and progressive in-
creases in depolarizing synaptic responses and
decreases in inhibitory responses [39, 42, 50].
Such changes can lead to self-sustained oscilla-
tions due to resonant activities in closed loops,
as in memory processes. The repeated circulation
of impulses in reverberating circuits could lead to
synaptic modifications in target structures, which
favor alterations required for memory processes.
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Figure 4. Fast activities of cortical neurons are present in both naturally sleeping and waking state. Chronically implanted cat.
Fragment of intracellular activity of cortical neuron during transition from slow-wave sleep to waking state. Fragments indicated by
horizontal bars are expanded below, as indicated by arrows. Neuron reveals high-amplitude hyperpolarizing potentials corresponding
to EEG depth-positivity. Bottom left panel shows that hyperpolarizing states were characterized by dramatic reduction of fast synaptic
activities. Other periods of neuronal activity were characterized by relatively depolarized level of the membrane potential with
superimposed numerous synaptic potentials, occasionally leading to action potentials.
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