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The neocortex generates periods of recurrent activity, such as the slow (0.1-0.5 Hz) oscillation
during slow-wave sleep. Here we demonstrate that slices of ferret neocortex maintained in vitro gen-
erate this slow (< 1 Hz) rhythm when placed in a bathing medium that mimics the extracellular ionic
composition in situ. This slow oscillation seems to be initiated in layer 5 as an excitatory interaction
between pyramidal neurons and propagates through the neocortex. Our results demonstrate that
the cerebral cortex generates an ‘up’ or depolarized state through recurrent excitation that is
regulated by inhibitory networks, thereby allowing local cortical circuits to enter into temporarily
activated and self-maintained excitatory states. The spontaneous generation and failure of this self-
excited state may account for the generation of a subset of cortical rhythms during sleep.

The cerebral cortex is constantly active. Even during slow-wave
sleep, cortical and subcortical networks interact to generate rhyth-
mic patterns of activity at a variety of frequenciest-, including a
‘slow rhythm’ characterized by the recurrence of tonic activity in
cortical neurons approximately once every three to five seconds?=®.
This slow oscillation is generated within the neocortex and may
coordinate other sleep rhythms (such as spindle waves and delta
waves) into a coherent rhythmic sequence of recurring cortical
and thalamocortical activities?->. The slow oscillation is associ-
ated with the arrival of a relatively steady barrage of excitatory
and inhibitory postsynaptic potentials, and the discharge of both
excitatory and inhibitory neurons (the ‘up’ state), interdigitated
with periods of hyperpolarization and quiescence (the ‘down’
state)2-6. The propagation and synchronization of this slow oscil-
lation depends at least in part on corticocortical connections,
and is proposed to be generated by recurrent excitation among
large networks of cortical neurons, interrupted by periods of ‘dis-
facilitation’ in which the recurrent activity fails>®.

Although it was once thought that the generation of rhyth-
mic activities in the electroencephalogram were due to the inter-
action of very large networks of neurons and therefore could only
be studied in vivo, we have shown that at least one network oscil-
lation, spindle waves, can be maintained in small networks of
neurons in vitrol®. Here we demonstrate generation of the slow
rhythm in neocortical slices and show that this activity is gener-
ated through re-entrant excitation interspersed with failure of
network activity.

REsuLTS

Intracellular recordings from primary visual cortical neurons in
halothane-anesthetized cats revealed the rhythmic re-occurrence
of depolarized and hyperpolarized membrane potentials>” at a
periodicity of once every 3.44 + 1.37 seconds (n = 9; Fig. 1la—c).
The depolarized phase appeared as a barrage of postsynaptic
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potentials that could reach action potential threshold and lasted an
average of 1.08 + 0.38 seconds (n = 9; Fig. 1a and b). The mem-
brane potential during the slow oscillation exhibited a bimodal
distribution with peaks at —71 + 3.6 mV and —-59.4 + 4.9 mV, rep-
resenting the up and down statess-2.

Intracellular and extracellular recordings from ferret visual and
prefrontal cortical slices maintained in vitro in ‘traditional’ slice
bathing medium (2 mM Ca?*, 2 mM Mg?* and 2.5 mM K*) did
not reveal spontaneous rhythmic activities. However, changing the
bath solution to more closely mimic the ionic composition of brain
interstitial fluid in situt?13 (1.0 or 1.2 mM Ca?*, 1 mM Mg?* and
3.5 mM K*) caused the appearance of spontaneous rhythmic oscil-
lations that were nearly identical to those occurring in vivo
(Fig. 1d—f; n = 87 visual cortical slices ; n = 5 prefrontal cortical
slices). Once the slow oscillation developed, it was stable for the
life of the slice (up to 12 h). It appeared as a depolarized state asso-
ciated with action potential activity at 2-10 Hz (in regular spik-
ing neurons), followed by a hyperpolarized state, recurring with
a periodicity of once every 3.44 + 1.76 seconds (n = 24; Fig. 1d-f).
The membrane potentials again exhibited a bimodal distribution,
with peaks at —-68.7 = 3.8 mV and —61.2 + 4.8mV (n = 11). The
depolarized state lasted for an average of 0.72 + 0.43 seconds
(n =25 cells) and occurred in regular spiking (n = 13), intrinsi-
cally bursting (n = 11) and chattering (n = 20) pyramidal neurons,
as well as fast-spiking local interneurons (n = 6) in phase with
extracellularly recorded multi-unit activity (Figs. 1d and 6c; as also
revealed with cross-correlograms; Methods).

Propagation of the slow oscillation

Extracellular multiple-unit recording with arrays of 8 microelec-
trodes (with inter-electrode spacing of approximately 0.25 or
0.5 mm; Fig. 2a) revealed that the slow oscillation was most robust
and occurred first in or near layer 5, followed after a short delay
by activity in deeper layers (layer 6), and finally after an addition-
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Fig. 1. Generation of the slow oscillation in vivo and in vitro. (a) Intracellular recording in
the primary visual cortex of a halothane-anesthetized cat reveals a rhythmic sequence of
depolarized and hyperpolarized membrane potentials. (b) Expansion of three of the depo-
larizing sequences for clarity. (c) Autocorrelogram of the intracellular recording reveals a

5 was always larger than in any other layer, and
activity in this layer persisted for a longer period
than in other layers (Fig. 2d).

Spontaneous action potential activity between
bursts of the slow oscillation was prominent in
infragranular layers, particulary in or near layer 5
(Fig. 2b and d). This spontaneous activity typi-
cally decreased immediately following the up
phase of the slow oscillation (Fig. 2d) and recov-
ered over the next second or more. Spontaneous
activity during the down state was relatively absent
in layers 2/3 (Fig. 2b and d).

Placement of a horizontal array of electrodes
along layers 5 and 6 demonstrated that the slow
oscillation propagated along these layers (Fig. 3).
Calculating the rate of propagation of the slow
oscillation according to the shift in the cross-cor-
relogram yielded a value of 10.9 £ 3.0 mm/s

(n = 11 slices; Fig. 3d). Similarly, calculating the
PSPs - . .
ekt average multi-unit activity generated at each

45 recording site relative to the peak of activity (dur-

ing the up state) in the first electrode of the array
also revealed a progressive shift in the peak activ-
ity to longer and longer delays with increasing dis-
tances between recording electrodes (Fig. 3¢). The
cumulative histograms plotted in this manner,
however, revealed considerable spread in time,
presumably owing to variations at the timing of
action potential activity at the various electrodes
relative to the peak of activity in the reference elec-
trode (Fig. 3e).

The horizontal propagation of the slow oscil-
lation could occur in either direction, although a
dominant direction of propagation was often
observed in each slice (Fig. 4a). The slow oscilla-
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marked periodicity of about one cycle per three seconds. (d) Simultaneous intracellular and  tion could also start near one of the middle elec-
extracellular recordings of the slow oscillation in ferret visual cortical slices maintained in  trodes of the array (either spontaneously or in
vitro. Note the marked synchrony between the two recordings. The intracellular recording response to a local application of glutamate) and
is from a layer 5 intrinsically bursting neuron. The trigger level for the window discrimina- propagate in both directions away from this initi-
tor of the extracellular multi-unit recording is indicated. (e) The depolarized state at three  ation point (Fig. 4). In one slice, the propagation
different membrane potentials. (f) Autocorrelogram of the intracellular recording in (d)  of the slow oscillation was typically in the direc-

shows a marked periodicity of approximately once per 4 seconds.

tion of electrodes 1 to 8, which were placed hori-

al delay by activity in layers 2/3 (Fig. 2c and d). The timing and
intensity of discharges in the different layers were compared using
two methods. First, cross-correlations were calculated between the
multiple-unit activity recorded from each of the electrodes. Cross-
correlations are most sensitive to the relative timing of the peak of
action potential activity between the two recording sites, and less
sensitive to the onset of activity. Cross-correlations between multi-
unit recordings in layer 5 and those in layer 6 revealed an average
difference of 10.5 £ 10.2 ms (n = 6 slices; p < 0.05), whereas cross-
correlations between layer 5 and activity in layers 2/3 revealed an
average delay of 28.0 + 16.3 ms (n = 6 slices; p < 0.01; data not
shown). To better examine and illustrate the timing of activity in
the different layers, we calculated the average activity in each
recording site (peri-event histogram) relative to the peak of activ-
ity that occurred in the layer 5 recording site during each up state
of the slow oscillation. Neurons in layer 5 initiated an increase in
neuronal discharge 32 £+ 24 ms (n = 8; p < 0.01) before activity in
layer 6 and 127 + 60 ms (n = 8; p < 0.01) before increases in activ-
ity in layers 2/3 (Fig. 2d). In addition, the peak of activity in layer
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zontally in layers 5/6 (Fig. 4a and b). Occasional
‘backward’ propagation from electrodes 8 to 1
occurred spontaneously (Fig. 4a). The activation of the slow oscil-
lation at electrode 8 with local picodrop application of glutamate
(1 mM in the micropipette) once every six seconds resulted in
the immediate transition to backward propagation of the slow
oscillation (Fig. 4a and b), although forward propagation still
occurred spontaneously on occasion (Fig. 4a). Application of
glutamate to the slice near the middle electrode (electrode 4)
resulted in the initiation of the slow oscillation at this site and
propagation in both directions (Fig. 4b).

To quantify these effects, we calculated cross-correlograms
between electrodes at both ends of the array (that is, electrodes
1 and 8) for spontaneous and glutamate-induced local activation
of the slow oscillation. The cross-correlograms for spontaneously
occurring slow oscillations revealed two peaks corresponding to
forward and backward propagation, as well as side peaks illus-
trating the periodicity of the slow oscillation (Fig. 4c; the peak
to the left of zero seconds represents propagation from electrodes
1 to 8, whereas the small peak to the right of zero represents the
occasional propagation in the reverse direction). In contrast to
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GABA, receptors, periods of epileptiform
activity appeared suddenly; they were char-
acterized by intense bursts of tonic activity

of 0.3-5 seconds in duration, which had
the highest frequency of discharge within

the first 100 ms (n = 14 of 36 recording
sites in 5 slices) and propagated at

FHHHE

c d
L
300
HH-
0
8 2004
- X
=%
w
P T p— 100
i 0

- -,

. 89.8 + 33.1 mm/s. This tonic activity was
followed, in other recording sites (n = 22
of 36), by rhythmic, intense bursts of
action potentials at an average interburst
frequency of 1.5 £ 0.3 Hz (n = 13) that
1s lasted for approximately 1.5 to 20 seconds

(data not shown).
Changing bath Mg?* concentration to
0 mM (n = 3slices) also resulted in epilep-
tiform activity distinct from the slow oscil-
lation. Washing Mg?* out of the bathing
5 medium resulted in a gradual increase in
frequency of the slow oscillation (up to
1.2-1.7 Hz), followed by a sudden transi-
tion to the generation of prolonged epilep-
6 tiform bursts of activity>16, These bursts
A of activity were associated in the multiple-
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unit recordings with a rapid increase in
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Fig. 2. The slow oscillation is generated first around layer 5 and propagates vertically. (a) The extracel-

firing that peaked within 100 ms and
propagated at 17.6 + 2.9 mm/s (n =8
events), followed by a steady decline over

lular recording microelectrode array (0.25 mm interelectrode spacing) placed vertically in the cortical the next 8-10 seconds. This tonic activity
slice. (b) Simultaneous extracellular multiple-unit recording from layers 2/3 to 6 reveal the slow oscilla-  transformed into rhythmic bursts of syn-
tion to initiate around layer 5, followed, on average, by activity in layers 6 and 2/3. The burst of activity chronized discharge at 1.25 to 2.5 Hz for
indicated is expanded in (c). The third electrode was at the border between layers 3 and 4, whereas the an additional 7-16 seconds. These events
fourth electrode was at the top of layer 5. Electrodes 6-8 did not yield useful multi-unit recordings. Each - recurred approximately once every 59-79
tic mark represents a detected action potential in the multi-unit recording. (d) Unit histograms aligned  gaconds. The epileptiform events generat-

to the peak of activity in layer 5 for each of the up states of the slow oscillation reveals that layers 5
and 6 generate spontaneous activity before the onset of the up state, but that this activity decreases fol-
lowing the up state. The up state begins slightly earlier in layer 5 than layer 6 and is more intense.

ed in picrotoxin, bicuculline or low Mg?*
are markedly distinct from those generat-
ed by the slow oscillation: they show a

these results, calculation of the cross-correlograms between elec-
trodes 1 and 8 during the initiation of the slow oscillation with
the local application of glutamate once every six seconds at elec-
trode 8 revealed not only that the dominant direction of propa-
gation of the slow oscillation was reversed, but also that the
oscillation was more regular owing to its initiation by the gluta-
mate applications (Fig. 4c). These results indicate that the initi-
ation of the slow oscillation may take place anywhere within the
cortical slice, and presumably occurs spontaneously at the site
with the shortest refractory period. The slow oscillation seems
to propagate horizontally as a column of activity that appears
earliest in or near layer 5 but then occurs shortly thereafter in the
deeper and more superficial layers.

The slow oscillation is distinct from epileptiform activity
Epileptiform network activity in neocortical slices is generated
and propagated in response to block of GABA, receptors or
removal of Mg?* from the bath!4-17. Similarly, blocking GABA,
receptors with picrotoxin (25 pM, bath) or bicuculline (20 uM,
bath) slowly transformed the slow oscillation into epileptiform
activity, such that the up period was initially changed from a con-
tinuous barrage of activity to a reverberation of 2—4 brief
(0.1-0.2 s) bursts of activity at 2-5 Hz, and the down period was
relatively unaltered. However, following increasing block of
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stronger discharge of prolonged, tonic
neuronal activity and rhythmic discharges
of a higher frequency, and they propagate at a significantly high-
er rate and recur only about once per minute or longer.

Slow oscillation propagates through all layers

To identify the path of propagation of the spontaneous slow
oscillation, we made various knife cuts during preparation of
the cortical slices. When we recorded simultaneously on either
side of vertical knife cuts (perpendicular to the pia) through lay-
ers 2/3, horizontal propagation was not prevented (as revealed by
cross-correlograms; Methods; n = 10 slices). Similarly, knife cuts
extending through the white matter and layers 5/6, but leaving
intact layers 1-3 and sometimes portions of layer 4, also did not
prevent the propagation of the slow oscillation, as revealed by
simultaneous recordings in layers 5/6 on both sides of the cut
and the calculation of cross-correlograms (n = 6 slices; Fig. 5).
However, the block of non-NMDA glutamatergic ionotropic
receptors with the local application of CNQX (0.2-0.5 mM in
micropipette) in layer 2/3 (in slices in which the deep layers were
cut) abolished the horizontal propagation of the slow oscilla-
tion (n = 4; Fig. 5). Similarly, local application of CNQX to intact
(uncut) slices also blocked the horizontal propagation of the
slow oscillation (without blocking the slow oscillation on either
side of the local application), but only if it was applied through-
out layers 2—-6 and covered a horizontal extent of the slice of
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Fig. 3. The slow oscillation propagates horizontally.
(@) The multi-electrode array (0.5 mm interelectrode
spacing) placed on a cortical slice. (b) Extracellular multi-
ple-unit recording electrodes placed in the deep cortical
layers show that the slow oscillation propagates horizon-
tally at about 6 mm/s (expanded in c). (d) Auto- and
cross-correlograms illustrating the synchronized nature
of the slow oscillation and the progressive propagation of
this activity. () Unit histograms aligned to the peak of §|

activity in electrode 1 show that the peak of activity in
each electrode occurs progressively later in time with
increasing distance from the reference electrode. d =

Correlations

1-1

approximately 1-2 mm (n = 3; data not shown).

Bath application of the NMDA receptor antago-
nist APV (50-100 puM) blocked the slow oscillation
(n =4 of 7 slices) or greatly reduced the intensity of
discharge (n = 3 of 7) as recorded in layers 5/6. In
contrast, bath application of the non-NMDA gluta-
mate receptor antagonist CNQX (10 pM; n =2
slices) resulted in a rapid block of the slow oscilla-
tion throughout all layers, but did not block all spontaneous
action potential activity in the infragranular layers. Washout of
CNQX or APV reversed all these effects.

To examine if the superficial or deep cortical layers may inde-
pendently generate the slow oscillation, we prepared slices that
were cut horizontally (parallel to the pia) through the middle of
the cortex, thereby completely separating the supragranular and
infragranular layers. Slices containing layers 5/6 reliably gener-
ated the slow oscillation (n = 11 of 12 slices), whereas slices con-
taining the superficial, but not the deep, layers either generated
a weak slow oscillation (n =5 of 12 slices) or none at all (n =7 of
12; as shown by multiple-unit recordings). Slices that contained
layers 1-6 and were less than 0.5-1.0 mm wide (0.4 mm thick)
also generated the slow oscillation, suggesting that this rhythm
may occur within a single cortical column (n = 4).

Synaptic activity underlying slow oscillations
Intracellular recordings from all four electrophysiological cell types
revealed the slow oscillation to be associated with a depolarized up
state consisting of barrages of both excitatory and inhibitory post-
synaptic potentials (Fig. 6a; QX 314 in the electrode; n = 9). Block-
ing the IPSPs with bicuculline (local; 200-300 uM in micropipette;
n = 3) strongly increased the amplitude of the depolarized state
(Fig. 6b). Similarly, physiologically identified GABAergic fast-spik-
ing neuronst® (n = 6) discharged only during the up state of the
slow oscillation, in synchrony with multi-unit activity in neigh-
boring neurons (Fig. 6¢ and d).

Persistent firing may result from either synaptic barrages or
intrinsic membrane properties'®-2L, Hyperpolarization or depo-
larization of cortical neurons by 10 to 20 mV with the intracel-
lular injection of direct current did not change either the duration
of the depolarized state (0.60 + 0.12 s depolarized; 0.68 + 0.23 s
hyperpolarized) or the slow oscillation frequency in the record-
ed neuron (0.5 £ 0.15 Hz depolarized; 0.54 £ 0.13 Hz hyperpo-
larized; n =5 cells). These results indicate that the slow oscillation
is generated as a network event and not intrinsically in the neu-
ron recorded.

Refractory period of slow oscillations
The cellular basis of the down state of the slow oscillation was
investigated with both extracellular and intracellular recordings.
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Local activation of small regions of cerebral cortex with glutamate
(0.5 mM) application resulted in the initiation and propagation
of the slow oscillation (Fig. 4). That the glutamate was activating
the slow oscillation and not merely activating a barrage of action
potentials in the extracellular multiple-unit recordings is shown by
the similarity of the action potential barrage in response to glu-
tamate to that occurring spontaneously during the slow oscilla-
tion (for example, Figs. 4b and 7a), as well as the propagation of
the slow oscillation away from the recording site (Fig. 4).
Repeated application of glutamate at various intervals revealed
a relative refractory period, requiring 3—6 seconds before the appli-
cation of glutamate resulted in a full discharge of extracellularly
recorded multiple-unit activity (Fig. 7a and b; n = 5 slices). Spon-
taneously occurring slow oscillations could occur and interact
with those triggered by local application of glutamate, if the peri-
odicity of glutamate application was substantially different from
the endogenous periodicity of the slow oscillation. If glutamate
activated a local burst of action potentials just before (1-2 s) the
occurrence of a spontaneous slow oscillation, then the site acti-
vated by glutamate discharged only weakly in response to the slow
oscillation. Similarly, if the up state of the slow oscillation occurred
spontaneously just before the application of glutamate, then the
evoked response to this agonist was markedly diminished (data
not shown). These results indicate that the discharge of action
potentials associated with the up state of the slow oscillation is
followed by a relative refractory period of several seconds.
Intracellular recordings from putative pyramidal or spiny stel-
late cells during the slow oscillation showed that the depolariz-
ing phase of the oscillation was followed by a slow
afterhyperpolarization (AHP; n = 24), the duration of which
matched the duration of the down state or refractory period
(Fig. 7c and d). This AHP was associated with an increase in
apparent input conductance of 12.2 + 4.6 nS (n = 10) at the peak,
as determined by the response to intracellular injection of hyper-
polarizing and depolarizing current pulses of 0.1 nA and follow-
ing compensation for changes in the membrane potential. The
slow AHP exhibited a reversal potential of —-87.3 £ 11.0 mV
(n=29), as determined by the calculation of current—voltage plots
from current pulses injected at the peak of the AHP in compar-
ison to those occurring just before onset of the up state. This
reversal potential suggests that the AHP is mediated by an

nature neuroscience * volume 3 no 10 * october 2000
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Fig. 4. Local application of glutamate can initi-
ate the slow oscillation. (a) Schematic of the electrode
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increase in K* conductance. Mimicking the discharge of cortical
neurons during the up state of the slow oscillation through the
intracellular injection of depolarizing current pulses (5-6 pulses
of 50 ms each; n = 5) resulted in a slow AHP similar to that occur-
ring during the spontaneous slow oscillation. This result indi-
cates that the slow AHP is generated through intrinsic
mechanisms.

The slow AHP during the refractory period of the sponta-
neous slow oscillation was associated with a marked decrease in
response of cortical pyramidal cells to the intracellular injection
of depolarizing current pulses (Fig. 7d; n = 10). The slow AHP
following bursts of action potential activity was not prevented
by blocking GABA, receptors with bicuculline methiodide
(200 uM; n = 3; Fig. 6b) or picrotoxin (25 pM; n = 4) or block-
ing GABAg receptors with CGP35348 (200 uM in bath; n = 4),
indicating that these AHPs are not generated through the acti-
vation of GABA receptors.

DiscussioN

The cerebral cortex can spontaneously generate a slow rhythm
(0.1-0.5 Hz) during anesthesia and slow-wave sleep character-
ized by recurring periods of activity that last for approximate-
ly 0.5-1.5 seconds®2. Here we have demonstrated that this slow
oscillation can also occur in cortical slices maintained in vitro,
as long as the ionic concentrations of the bathing medium are
close to those found in situ'213, Together, these in vivo®7 and in
vitro intracellular recordings reveal that the active period of the
slow oscillation (the ‘up’ state) is associated with a depolariza-
tion of all cell types, mediated by a mixture of excitatory and
inhibitory postsynaptic potentials. The period between active
periods (the ‘down’ state) is associated with the withdrawal of
synaptic barrages as well as the generation of an afterhyperpo-

nature neuroscience ¢ volume 3 no 10 « october 2000

larization in pyramidal or spiny stellate neurons®>®. These results
suggest that the slow oscillation of the neocortex is generated
through a recurrent network of excitatory connections that,
through re-entrant loops of activity, generate a self-sustained
period of depolarization that can be initiated by layer 5 pyra-
midal neurons, but propagates to deeper and more superficial
layers. The occurrence of spontaneous activity in infragranu-
lar neurons between up states suggests that these cells are on
average more depolarized, either through intrinsic or synaptic
mechanisms, than supragranular cells. This relative depolar-
ization of infragranular neurons may allow them to be more
sensitive to the spread of neuronal activity in the cortical net-
work, thereby discharging first, on average, in response to the
arrival of the up state of the slow oscillation. The amplitude of
the depolarization, the so-called ‘up’ state, is controlled by the
activation of GABAergic inhibitory neurons and perhaps by
intrinsic K* conductances. This period of activity can persist
for up to a couple of seconds, even though the discharge rate
of individual neurons is typically low (< 10 Hz). In the in vitro
slice preparation, the slow oscillation then propagates hori-
zontally at a rate (11 mm/s) that is considerably slower than
axon conduction velocities?2. We hypothesize that the rate of
propagation of this activity is determined in large part by the
time required to bring each successive neuron to spike thresh-
old. Recordings of the slow oscillation in vivo reveal that it
occurs throughout the cerebral cortex and may propagate at a
considerably higher rate (approximately 100 mm/s)23, presum-
ably owing to extensive corticocortical connections.

What generates the slow periodicity of the slow oscillation?
We propose that the failure of the network to maintain the self-
activated state occurs when the buildup of outward conductances,
such as Ca?* and Nat-activated K* currents?>?6, overcomes the
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Fig. 5. The slow oscillation can propa- a
gate through supragranular layers and
depends on excitatory transmission.
(a) Simultaneous intracellular and extra-
cellular recording of the slow oscillation
on either side of a knife cut that extends
through the white matter and layers 4-6.
Note the synchrony in activity between
the two recordings (MU, multi-unit
recording). (b) Application of the non-
NMDA glutamate receptor antagonist
CNQX to layer 2-3 above the knife cut
results in a loss of synchrony between
the slow oscillations recorded on the | i
two sides of the knife cut, whereas inde-
pendent oscillations are generated on b Post - CNQX
both sides. (c) Slice containing the intra-
cellularly biocytin-labeled inverted pyra-
midal cell in layer 5 (left), showing the
position of the extracellular recording
electrode on the right. (d) Cross-correl-
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ograms show synchrony before applica-
tion of CNQX, and its loss afterward.

LI

positive feedback inherent in local
cortical circuits?’.8, The network B LI
then rapidly fails, and the persis-

tence of the outward currents gen-

erates a prolonged hyperpolarization (the down state)>¢. Because
the activity associated with the up state ceases or decreases dra-
matically during the down state, the slow afterhyperpolarization
slowly decreases in amplitude, allowing the network to again gen-
erate another up state. According to this hypothesis, the periodicity
of the slow oscillation is determined largely by the balance between
the recurrent excitation and inhibition inherent in cortical net-
works, and the time course of the outward currents generating
the slow afterhyperpolarization. An alternative hypothesis is that
the duration of the up state is limited by the readily releasable pool
of excitatory neurotransmitter at intracortical synapses?®. How-
ever, this hypothesis is not consistent with the finding that 3-
adrenergic agents, which block slow AHPs in cortical neurons®,
cause replacement of the slow oscillation with a continuous 2-3
Hz rhythm (J.B. Brumberg, M.V.S.-V. and D.A.M., Soc. Neurosci.
Abstr. 26, 2000), or with the finding that bath application of picro-
toxin or nominal Mg?* results in intense discharges that far outlast
the duration of the up state of the slow oscillation.

Functional consequences of persistent activity

In vivo, the up and down states of spontaneous cortical network
activity are associated with marked increases and decreases, respec-
tively, in the responses to sensory stimuli®®%. These spontaneous
patterns of activity are highly state dependent. Repetitive stimu-
lation of the ascending activating systems in the brainstem abol-
ish the slow oscillation in the EEG, cause cortical neurons to
maintain a persistently depolarized state3?, and dramatically
increase the amplitude of sensory evoked cortical responsess2.
These results suggest that local or global regions of the cerebral
cortex are capable of rapidly swinging between excitable and less
excitable states either in response to activity intrinsic to the cere-
bral cortex or in response to exogenous influences (for example, a
volley of activity in excitatory afferent pathways or the release of a
neuromodulatory agent). Rapid changes in the excitability of cor-
tical neurons have not only been associated with the generation
of EEG sleep rhythms, but have also been found in awake behav-
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ing animals during selective attention%37 and short-term mem-
ory tasks®. Indeed, reverberating loops of neuronal activity with-
in cortical circuits are often proposed as a possible mechanism
for short-term storage of information2%3%40, More specifically,
computational models suggest that reverberating cortical net-
works may generate the persistent activity in prefrontal cortical
neurons associated with performance of delayed-response mem-
ory tasks in primates2l. Our results provide direct evidence for
the ability of local cortical circuits in the prefrontal cortex to gen-
erate periods of sustained activity, even without subcortical and
long-range inputs. Questions remain as to the mechanisms by
which local neuronal networks stay relatively independent of one
another during the up state, how the networks may avoid dis-
ruptions by the occurrence of ‘distractors’, and whether or not
single neurons can participate in multiple ‘cliques’ of neurons
either sequentially or simultaneously.

Is there a role for sustained or recurrent activity in primary
and secondary visual cortical areas? The generation of rhythmic
periods of persistent activity is a property of many, if not all, areas
of the cerebral cortex?-6. Although primary visual areas generate
slow oscillations during sleep, the activity of these neurons is
thought to be highly dependent on visual stimuli in awake, behav-
ing animals. However, significant spontaneous activity does occur
in the primary visual cortices of awake, attentive animals with-
out visual stimulation (even in the dark), although this activity is
restricted to the cortical layers that receive direct thalamic input,
which is also spontaneously active*. At least in anesthetized ani-
mals, spontaneous activity in single visual cortical neurons is
associated with a pattern of cortical activation similar to that
occurring when the cell is stimulated by a preferred visual stim-
ulus?*. This result implies that spontaneous activity in cortical
networks is far from random, and may represent a bias state of
the local network. Finally, the operation of recurrent networks
in primary visual cortex may be important in the generation of
receptive field properties in at least some neuronal subtypes?’-28
(but see refs. 42, 43).
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Fig. 6. The postsynaptic potentials underlying the depolarized state con-
sist of both excitatory and inhibitory events. (a) Intracellular recording
with an electrode containing the Na* channel blocker QX-314 (50 mM)
to block the generation of action potentials in this cell. Moving the cell to
different membrane potentials with the intracellular injection of current
reveals the postsynaptic potential barrage to consist of both depolarizing
(excitatory) and hyperpolarizing (inhibitory) postsynaptic potentials.
(b) The local application of the GABA, receptor antagonist bicuculline
(0.5 mM in micropipette) to another cell results in a block of the IPSPs
and the transformation of the depolarizing event into an epileptiform
paroxysmal depolarization shift (PDS)1°. (c, d) Simultaneous intracellular
recording from a fast-spiking GABAergic inhibitory cell and multiple-unit
activity show that the GABAergic neuron discharges during the up state
of the slow oscillation and not during the down state (c). Cross-correla-
tion of firing in the fast-spiking neuron and the extracellular multi-unit
activity shows a positive correlation with a peak at 0.25 seconds and a
marked periodicity of once every 1.8 seconds (d).

We suggest that a basic operation of cortical networks is the
generation of self-maintained depolarized states that are tightly
regulated through the interaction with local GABAergic neurons
and intrinsic membrane conductances. Sleep represents a state
when the network spontaneously ‘sputters’, or starts and stops,
owing to reduced excitability of the cortical neurons and net-
work?7. In contrast, epileptiform activity arises when cortical
networks become over-excitable and control of the re-entrant
excitation is lost%14, Finally, the ability of cortical networks to
generate persistent and recurring activities even without ongo-
ing subcortical inputs suggests that this process may underlie
perceptual influences on sensory information processing, briefly
encode short-term memories, and generate dreams during slow-
wave and rapid eye movement sleep and hallucinations when left
unconstrained in the awake brain.

METHODS

Intracellular recordings in vivo were obtained in the primary visual cor-
tex of halothane-anesthetized cats as described**. In vitro experiments
were done on 0.4 mm thick slices mainly from the lateral portions of the
ferret occipital cortex, including primary and secondary (areas 17, 18
and 19) visual cortical areas or prefrontal cortex. The slices were main-
tained in an interface-style recording chamber at 35° C as described?®.
Slices were formed on a DSK microslicer (Ted Pella, Redding, Califor-
nia) in a slice solution in which the NaCl was substituted with sucrose.
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Following transfer to the recording chamber, the slices were incubated
in ‘traditional’ slice solution containing 124 mM NaCl, 2.5 mM KCl,
2 mM MgSO,, 1.25 mM NaHPO,, 2 mM CaCl,, 26 mM NaHCO; and
10 mM dextrose, aerated with 95% O,, 5% CO, to a final pH of 7.4. After
approximately 1 hour, the slice solution was modified to contain
1 mM MgCl,, 1 or 1.2 mM CaCl, and 3.5 mM KCI. In some experiments,
the slices were carefully cut (before placement in the interface recording
chamber) as described in the results section. Following each experiment,
the slices were fixed in paraformaldehyde, sectioned at 60-75 pum, stained
with cresyl violet, and examined under the microscope to confirm the
extent of the knife cuts and the laminar location of each recording site.
Extracellular multiple unit recordings were obtained with either single
electrodes or electrode arrays (Frederick Haer, Bowdoinham, Maine).
Activity in vertical arrays of electrodes from layers 2 through 6 was
recorded in area 18 of the ferret visual cortex, which has a much smaller
layer 4 than area 17. Horizontal propagation of activity was measured
with electrode arrays placed in infragranular layers in both areas 17 and
18. Intracellular recordings were done with beveled sharp microelec-
trodes containing 2 M potassium acetate and, in some cells, 2% biocytin
for identification of neuronal morphology. Drugs were either applied in
the bath or through the delivery of a brief pulse of nitrogen to a drug-
containing micropipette (volumes of 10-20 pl), as indicated in the text.
Signals were digitized, acquired and analyzed with a 1401 interface and
Spike2 software (CED, Cambridge, UK).

Fig. 7. The slow oscillation has a refractory period associated with
hyperpolarization and decreased excitability. (a, b) Local application of
brief pulses of glutamate (0.5 mM in micropipette) was used to initiate
the slow oscillation. Glutamate-induced slow oscillations were indistin-
guishable from spontaneously occurring ones (for example, see lower set
of traces in a). Decreasing the interval between the generation of either
spontaneous or glutamate-activated burst of action potentials and
another one initiated by glutamate application (a) resulted in a marked
decrease in the relative duration of the second, activated response
(b). This refractory period had a duration of approximately 3-5 seconds.
(c, d) The slow oscillation is associated with a slow afterhyperpolariza-
tion (c; AHP) that results in a marked decrease in the response of this
layer 2/3 cell to intracellular injection of a depolarizing current pulse (d).
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The propagation, synchrony, duration and frequency of the oscillations
were analyzed with auto- or cross-correlograms. The rate of propagation
was calculated with the offset of the central peak in cross-correlograms
between electrodes at a known distance apart. For multiple-site record-
ings (for example, Fig. 3), the propagation velocity was averaged over all
electrodes. The temporal relationship between the neuronal activities at
varying recording sites was examined with cross-correlograms. All such
cross-correlograms (except following the application of CNQX; Results)
showed prominent peaks, depending on the distance between the record-
ing sites and the rate of propagation of the activity under study (Figs. 3, 5
and 6). The duration of the up state of the slow oscillation was measured
as half the width of the central peak in autocorrelograms, whereas the fre-
quency was measured as the average interpeak interval (for example,
Fig. 1c and f). Duration and frequency of the oscillations at different mem-
brane potentials (both supra- and subthreshold) were calculated from
autocorrelograms of the membrane potential values. The bimodal distri-
bution of the membrane potential was calculated from histograms of
membrane potential values (100-200 s at 5 KHz). The peak value was
obtained by Gaussian fitting. Propagation of the slow oscillation across
vertical knife cuts was also measured with cross-correlograms between
recording sites on either side of the cuts (for example, Fig. 5d). Com-
parator thresholds in each recording were all set to the same value (20-30
microvolts; approximately 2 x background noise levels; Fig. 1d) to pre-
vent bias in the site of initiation of the slow oscillation. The onset of the
slow oscillation in peri-event histograms was measured as the point in
which the base of the peak response deviated from the average firing rate.
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