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Disconnection of Intracortical Synaptic Linkages Disrupts
Synchronization of a Slow Oscillation

F. Amzica and M. Steriade

Laboratoire de Neurophysiologie, Faculté de Médecine, Université Laval, Quebec, Canada G1K 7P4

The intracortical synaptic linkages underlying the synchro-
nization of a recently described slow (<1 Hz) oscillation
(Steriade et al., 1993b,c) were investigated in anesthetized
cats by means of multisite extra- and intracellular record-
ings, including dual impalements, from rostral and caudal
sites in the association cortical suprasylvian and marginal
gyri, before and after reversible lidocaine inactivation or
transections in the middle suprasylvian gyrus. Stimulus-
evoked responses revealed that the rostral and caudal su-
prasylvian foci are reciprocally connected, with a prefer-
ence for posterior-to-anterior responses. Lidocaine infus-
ion between the stimulating and recording sites disrupted
the intracortical synaptic linkage, while leaving unaffected
the responses at the sites close to the stimulating elec-
trodes. The high coherence between slowly oscillating field
potentials and intracellular activities recorded from anteri-
or and posterior suprasylvian foci was lost after reversible
inactivation or transections in the middle suprasylvian gy-
rus, whereas the synchrony between adjacent foci within
the anterior or posterior areas was preserved. Two to four
hours after inactivation or transection the synchrony be-
tween all channels was totally or partially recovered. We
introduced the synchrony coefficient (SyCo) and calculated
the SyCo for closely located and distant sites. Lidocaine
infusion or transection did not affect the SyCo between
leads placed on the same site, but significantly (60%) de-
creased the SyCo between channels separated by the func-
tionally inactivated or transected sector.

Our results demonstrate that pathways within or beneath
the suprasylvian gyrus sustain the synchronization of the
slow oscillation between cortical sites. As the loss of long-
range coherence was not permanent, intergyral paths and/
or corticothalamocortical loops may exert compensatory
functions after the disconnection of intrasuprasylvian syn-
aptic linkages.

[Key words: association cortex, intracortical synaptic
linkages, slow oscillation, synchronization, intracellular re-
cordings, field potentials, cross-correlations, EEG]

A slow oscillation, with sequences consisting of depolarizing—
hyperpolarizing components and recurring periodically at a fre-
quency of 0.1-1 Hz, was described in intracellular recordings
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from neocortical areas in anesthetized or undrugged brainstem-
transected cats and, at the EEG level, in naturally sleeping cats
and humans (Steriade et al., 1993b,c). The two other EEG
rhythms during the state of resting sleep are spindles (7-14 Hz),
occurring in early sleep stages, and delta waves (1-4 Hz) that
progressively replace spindles with the deepening of sleep (Ster-
iade, 1993). The newly discovered slow cortical oscillation at
0.1-1 Hz is reflected in thalamic reticular and thalamocortical
neurons and has the virtue of grouping within periodically re-
curring wave sequences the thalamic-generated spindles and
clock-like delta oscillation as well as the cortical-generated delta
waves (Steriade et al., 1993c.d).

The neuronal synchronization underlying the slow oscillation
was investigated by means of multisite, extra- and intracellular
recordings from visual, association, and motor cortical areas of
anesthetized cats (Amzica and Steriade, 1995). The results,
based on analyses of membrane potential fluctuations, unit dis-
charges, and field potentials, demonstrated coherent activities
with mean time lags of about 10 msec between closely located
(1-2 mm) neurons within the same area, 2040 msec between
adjacent areas, but as long as 120 msec in distant recordings
from motor and visual cortices. While relatively short time lags
may be ascribed to direct or oligosynaptic connections between
cortical areas, the long time lags probably implicate inhibition-
rebound sequences within the cortex or corticothalamocortical
loops. Indeed, dual intracellular recordings from cortical and re-
lated thalamocortical neurons showed that the low-threshold
spike-bursts of thalamic cells, which follow the corticothalamic
volley and are projected back to cortex, may be delayed by 100
msec or more (Contreras and Steriade, 1995).

The above set of results raised the question whether or not
intracortical pathways are necessary and sufficient for the syn-
chronization of the slow oscillation. Although previous experi-
ments demonstrated the presence of singly oscillating neurons
after thalamectomy (Steriade et al., 1993c¢), the intracortical syn-
chronization processes remained to be studied by attempting to
disconnect various cortical foci, to investigate the slow rhythm
after the disruption of synaptic linkages between various cortical
sites, and to determine the time course of the effects. The present
experiments used multisite recordings including dual impale-
ments of distantly located cortical neurons, reversible and irre-
versible procedures to inactivate intracortical pathways, and
demonstrate that the intracortical disconnection is followed by a
long-lasting, but not permanent, loss of the long-range synchro-
nization of the slow oscillation.

Materials and Methods

The experiments were performed on adult cats anesthetized with ketam-
ine and xylazine (10-15 mg/kg and 2-3 mg/kg, i.m.). The tissues to be



incised and pressure points were infiltrated with lidocaine. The animals
were paralyzed with gallamine triethiodide and artificially ventilated.
The end-tidal CO, concentration (3.5-3.8%), rectal temperature (37—
38°C), and heartbeat were continuously monitored. The EEG was con-
tinuously monitored throughout the experiments in order to maintain a
constant sleep-like state and additional doses of anesthetics were ad-
ministered at the earliest tendency toward an activated pattern. The
stability of the recordings was improved by bilateral pneumothorax,
cisternal drainage, hip suspension, and by filling the hole made in the
calvarium with 4% agar dissolved in saline.

At the end of the experiments, the animals were deeply anesthetized
(sodium pentobarbital, 50 mg/kg) and perfused transcardially with phys-
iological saline followed by 10% paraformaldehyde. The brain was re-
moved and stored in formalin with 30% sucrose, sectioned at 80 pm,
and stained with thionine for histological control of stimulating and
recording electrodes as well as of the extension of intracortical transec-
tions.

Recordings and stimulation. The recording setup consisted of two
groups of electrodes placed in the anterior and posterior parts of the
suprasylvian and/or marginal gyrus. Each group contained microelec-
trodes and several (two to eight) EEG electrodes. Intracellular record-
ings were obtained by means of glass micropipettes filled with a 3 M
solution of K acetate (impedance, 25-35 M{2). A high-impedance dual
amplifier (for double intracellular recordings) with active bridge cir-
cuitry was used to record and inject current into neurons. EEG activity
was recorded bipolarly with coaxial electrodes. The ring was placed at
the cortical surface and the tip at a depth of 0.6-0.8 mm.

Stimulation consisted of short (0.1-0.3 msec) pulses (0.05-0.8 mA)
delivered through coaxial electrodes. All signals were digitally recorded
on tape (bandpass, DC to 9 kHz) and fed into a computer for off-line
analysis.

The disconnection between the two recording foci was obtained either
through reversible inactivation or through transection. The functional
inactivation was achieved with microinjections of lidocaine (10-20%,
1-10 wl) through a Hamilton syringe inserted into the middle supra-
sylvian gyrus, between the rostral and caudal recording sites, at a depth
of 1 mm. The liquid was injected at a rate of 4 wl/min. The inactivation
and the extent of its spread was assessed by recording the EEG with
an array of two to eight coaxial electrodes (1 mm interelectrode dis-
tance), placed close to the cannula. In other experiments, thin cortical
transections were performed with an ophthalmologic blade after burning
the pial surface with silver nitrate.

Data analysis. The fluctuations in the membrane potential of intra-
cellularly recorded neurons and local field potentials (FPs) are regarded
as time series. FPs were derived from either extracellular recordings
(low-filtered between D.C. and 100 Hz, to avoid spikes) or from EEG
recordings (same bandpass). Synchronization was measured by means
of correlation techniques. As defined by Bendat and Piersol (1980), a
cross-correlation function between two waves may contain a central
peak whose amplitude, between —1.and 1, provides information about
the degree of resemblance and the phase sign of the two waves, while
the abscissa of the peak yields to the time lag separating the two waves.
The cross-correlation function also contains information about the com-
mon spectral features of the underlying waves.

Our correlation analyses also highlighted the dynamic evolution of
the synchronization between multisite recordings. Figure 1 explains the
protocol we developed for a sequential correlation analysis. Consider
the dynamic synchronization between waves X and Y. These activities
may derive from intracellularly recorded postsynaptic potentials (PSPs),
FPs (as in Fig. 1), or any other time series. As shown elsewhere (Ster-
iade et al., 1993b; Amzica and Steriade, 1995), the cortical activity
during sleep or anesthesia is dominated by a slow oscillation (<1 Hz).
This event is reflected in FPs by a wave complex centered on a sharp
deflection which is negative in the cortical depth, preceded by a positive
dome, and followed by a rising slope indented by spindles (7-14 Hz)
or faster oscillations (Contreras and Steriade, 1995). For this reason we
decided to divide long blocks of data (minimum 2 min, containing at
least 60 cycles of the slow oscillation) into sequential windows (o, o,
etc.) of 2 sec each. The procedure consisted in the automatic detection
of the depth-negative peaks in one channel and the extraction of waves
of 2 sec length (£ 1 sec around the peak time) from all simultaneously
recorded channels.

Each couple of waves in each window yields to a cross-correlation
function (middle row in Fig. 1: py,y;» Pxovar €tC.). Further, the set of
cross-correlations generates a three-dimensional surface (3-D). The ab-
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scissa corresponds to the time lags, the ordinate indicates the ordinals
of cross-correlations and is therefore an equivalent of time, and the
z-axis displays the correlation coefficients. The gray scaling, in this and
all similar figures of this article, assigns white to peaks close to 1 and
darkens the shades as values approach —1 (see aiso scaling bar in Fig.
). A continuously synchronized couple of waves will produce a scen-
ery with well aligned, high (white) peaks.

A top view of the 3-D sequence of correlations produces the contour
map. It is generated by uniting with a line all points with the same
height and by shading correspondingly (same calibration bar as for 3-D)
the inner part of the closed curve. Contour maps show mainly the align-
ment of peaks (or valleys) and their latencies, The evolution of maxima
from each cross-correlation may also be displayed as a sequence of dots
relative to a zero-time lag (7 in Fig. 1).

In order to provide a more quantitative measure for the degree of
synchrony between two sites we introduced the measure of the Syn-
chrony Coefficient (SyCo). It is derived from a sequence of cross-cor-
relations by calculating the average time lag (7,,,) of the sequence of
cross-correlations and the height of each cross-correlation at 7,,,. SyCo
is the average of the previously calculated heights. It is known that the
amplitude of a cross-correlation ranges between —1 and 1. Therefore,
SyCo will also range between —1 and 1. A SyCo of | means a perfect
synchrony, with all peaks of maximal amplitude and strictly aligned, a
SyCo of —1 stands for a perfect synchrony in phase opposition, while
a SyCo equal to zero denotes a lack of dynamic synchrony. In our
experiments, the SyCo was useful to outline the loss of synchrony be-
tween two cortical sites after their functional disconnection.

The rhythmicity and the spectral content of the recordings were ob-
tained by applying fast Fourier transforms (FFT) to the auto and/or
cross-correlation functions. It is known (Wiener-Kinchin theorem) that
the spectral density functions derived from rough data are identical to
the corresponding functions defined in terms of Fourier transforms of
correlation functions (Bendat and Piersol, 1980). In order to differen-
tiate between the frequencies that are common for two channels and
those expressed independently, we calculated the difference between the
cross-spectrum (FFT of the cross-correlation) and the autospectrum
(FFT of the autocorrelation) of one channel. The negative components
(see dotted parts, marked by arrow, in Fig. 9) indicate frequencies that
are specific to the respective channel and are not expressed in the com-
panion channel.

Results

Data base

Multisite field activity was recorded in 34 sessions. Additionally,
in some experiments we made double intracellular impalements
(17 couples) or recorded the intracellular activity of one neuron
simultaneously with one or several extracellular unit discharges
(10 couples). The membrane potential of somatically impaled
cells was more negative than —60 mV (without current) and the
amplitude of their action potentials was higher than 60 mV (but
see Fig. 3B). Lidocaine infusions were performed in nine ani-
mals. In four cats we made coronal cuts in the middle of the
suprasylvian gyrus or performed larger intracortical transections
extending from the marginal to the ectosylvian gyri. Each re-
cording session underwent a complete analysis in order to dis-
close the synaptic linkages and the pattern of synchrony between
each lead.

Electrophysiological identification of intracortical suprasylvian
pathways

The existence of functional pathways that would be able to syn-
chronize pools of neurons in the suprasylvian gyrus was inves-
tigated by using the experimental design shown in the scheme
of Figure 2. The rostral part of the cat’s suprasylvian gyrus (1)
comprises areas 5a and 5b (Hassler and Muhs-Clement, 1964).
The area 7 lies in the middle part of the gyrus (2). The posterior
part (3) includes the caudal sector of area 7 as well as visual
areas 21 and 19 (Sherk, 1986). For further details on the com-
plex organization of the posterolateral suprasylvian region, also
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Figure 1. Algorithm of analysis for
sequential field correlation. Two chan-
nels of data, X and ¥, are sliced in suc-

cessive windows o, o, . . ., o,,. Each

window extracts 2 sec of each wave
and is centered on a negative peak de-
tected in the reference channel (Y in
this case). The resulting couples from
each window yield to the cross-corre-
lation functions Py v, Pxavas - - - Pxioyio-
Unfolding the cross-correlations pro-
vides a three-dimensional (3-D) sur-
face. The abscissa represents the time
lags between waves X and ¥, the or-
dinate is the equivalent of time (one
point corresponding to a window), and
the z-axis provides the strength of the
correlation. The calibration convention

og 99 %10

Px

10Y10

-1

(bar depicted at right) attributes white
to high, in phase correlation; black to
high, but opposite phase correlation;
and intermediate gray scales for values
between —1 and 1. Zero values are for
lack of correlation. The 3-D surface
may be presented as a conrour map as
well. This is a projection of the 3-D
surface on the abscissa—ordinate plane
in which points of the same height are
united with lines and the space en-
closed in this contour is shadowed with
the corresponding gray scale. Roughly,
a contour map is a top view of the 3-D
surface. The right bottom panel T dis-
plays the sequence of time lags be-
tween the two waves in a window.
Each point represents the abscissa of
the highest peak of the respective
cross-correlation. This graph summa-
rizes the dispersion of the correlation
peaks around zero time lag (dorred
line).

termed the Clare-Bishop (1954) area, see Heath and Jones
(1971) and Montero (1981). Two coaxial electrodes (one for
stimulation and one for FP recording) and a glass pipette for
intracellular recording were inserted in the rostral and the caudal
suprasylvian gyrus. The distance between neighboring electrodes
in each of these areas was about 1 mm. The distance between
the rostral and caudal sites is about 15 mm.

Stimulus-evoked responses show that the two (rostral and cau-
dal) suprasylvian sites are reciprocally connected. (1) Stimula-
tion through the anterior coaxial electrode (Fig. 2A) elicited an
antidromic spike in the closely located cell (A7). An EPSP was
also revealed by hyperpolarizing the membrane at —70 mV. The
cell excitation was reflected as a biphasic depth negativity in the
FP, with a similar time course. Generally, the anterior stimulation
was less effective in evoking responses in the middle and caudal
recording sites (compared to posterior-to-anterior responses), as
shown by the progressively reduced amplitude of FPs and barely
visible intracellular response (A2 and A3). (2) Stimuli through
the posterior electrode (Fig. 2B) induced EPSPs in both caudal
and rostral cells. The posterior one responded at a shorter latency
(3 msec, B3) than the anterior one (7 msec, BI). The FP re-

2s -2

Contour map

cordings reflected the same increase in latency with the distance,
while the amplitude was comparable. The mean latencies + SE
of synaptic responses derived from our intracellular recordings
in 17 couples are 3.4 *+ 0.75 msec for local stimulation, and
10.2 = 3.45 msec for distant stimulation.

Repetitive cortical stimulation (three to five volleys at 10 Hz)
elicited incremental responses in distantly located foci. These
were characterized by an increase in the amplitude and duration
of late EPSPs (Fig. 341). In the average of 15 individual re-
sponses (Fig. 3A2), the decaying slope of the response induced
by the first stimulus of the pulse-train (open arrow) was super-
imposed on the augmenting response to the second and third
stimuli (solid arrow). Thus, the surface in black represents the
contribution of the augmenting response. The incremental re-
sponses may arise from corticothalamic interactions, but they
can also be generated intracortically (see Discussion).

The incrementing response depicted in Figure 3B belongs to
a presumed intradendritic recording because (1) the membrane
potential, without current, was —78 mV, as measured relative to
the potential recorded when leaving the cell, while the heights
of action potentials were relatively low (25-30 mV), and three
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Figure 2.  Electrophysiological identification of intracortical suprasylvian pathways. Two simultaneous intracellular recordings at sites 7 and 3, in
the rostral and caudal suprasylvian gyrus (see bortom scheme), Close (=1 mm) to each intracellular pipette there were two coaxial electrodes, one
for bipolar recording of field potentials (FPs), the other for stimulation. An additional FP was recorded in the middle suprasylvian gyrus (2).
Stimulation through the anterior electrode (A) elicited in the closely recorded cell (A7) an antidromic action potential, with a latency of 3 msec, at
the resting membrane potential (—60 mV). An EPSP, was revealed by hyperpolarizing the membrane at —70 mV. The same stimulation evoked a
biphasic depth-negative FP. The inset in Al shows three responses of this neuron, at different membrane potentials, to a three-shock train at 100
Hz. The anterior stimulation was less effective towards the caudal recording sites as shown by the progressively reduced amplitude of FPs and
absence of overt EPSPs in the posterior intracellular recording (A2 and A3). By contrast, stimuli delivered at the posterior site (B), induced EPSPs
in both cells, with shorter latencies in the posterior neurons. The inser in B3 displays the temporal summation of EPSPs to 100 Hz stimulation.

to four amplitudes were observed as if they were triggered at
different hot spots; and (2) it was a stable recording, lasting for
1 hr, and during all this period the cell oscillated and constantly
responded to cortical stimulation. The incremental response elic-
ited by three shocks is superimposed on a sweep triggered by a

single volley. Both traces represent, respectively, the 20th in a
sequence of stimuli in which single shocks or pulse-trains were
delivered at a rate of 0.5 Hz. It is shown that the response to a
first shock in a pulse-train already contains an incremental com-
ponent, as compared (o the response to a single shock.



4662 Amzica and Steriade « Intracortical Synchronization of a Slow Oscillation

—_

-65mV

Figure 3. Augmenting responses elic-
ited in intracellular recordings from the
anterior suprasylvian gyrus by stimu-
lating the posterior suprasylvian gyrus.
Same arrangement of electrodes as in
Figure 2. Al, Responses to three stim-
uli at 10 Hz. After the initial EPSP, a
late excitatory component increases
when evoked by the 2nd and 3rd stim-
uli. A2, Average (AVG) of 15 individ-
ual responses. The decaying slope of g
the response induced by the first stim-
ulus of the train (from the top of the
EPSP to the next shock; open arrow)
is superimposed on the subsequent re-
sponses (dark arrow). The surface in
black represents the contribution of the
augmenting response. B, a different
cell, depicts a presumed intradendritic
recording (see text). Two sweeps are
superimposed: the response to a three
shock train at 100 Hz showing the aug-
menting responses to the pulse-train,
and the response to a single shock.
Both sweeps were chosen after 20
pulse-trains or single shocks, delivered
at a rate of 0.5 Hz, and show that the
response to a first shock in the train
already contains an incremental com-
ponent as compared to the response
evoked by a single shock.

AVG

-78 mV

Lidocaine infusion in the middle suprasylvian gyrus, between
the posterior stimulating and the anterior recording sites (see site
2 in the scheme of Fig. 2), disrupted the intrasuprasylvian syn-
aptic linkage (Fig. 4). During the control period of a double
intracellular recording, both posterior and anterior neurons were
driven orthodromically, and the adjacent FPs reflected the ex-
citation with depth negativities (Fig. 4, left). After injection of
lidocaine (2 pl, 20%), the responses in the closely located, mid-
dle suprasylvian lead (Mid.), and beyond it, in the anterior (Ant.)
suprasylvian gyrus, were blocked (right). The intracellular and
FP responses close to the posterior stimulating electrode (Post.)
were not affected. .

The functional inactivation produced by lidocaine infusion in-
terrupted reciprocal, anterior-to-posterior and vice versa, supra-
sylvian responses (Fig. 5). Each sweep in this figure, with the
exception of the two insets at the left, derives from an average
of 40 intracellular and FP responses. The responses at the sites
close to the stimulating electrode (Ant. in Fig. 5A and Post. in

20mV

5mV

50 ms

50ms

Fig. 5B; see again the arrangement of stimulating and recording
electrodes in Fig. 2) were unaffected by the injection of lido-
caine in the middle suprasylvian gyrus. The amplitude of the FP
response close to the injection site (Mid.) was strongly reduced,
while the intracellular and FP responses at the sites opposite to
those of stimulation were completely blocked.

The augmenting component was affected by intracortical in-
activation. Before the lidocaine injection between the posterior
stimulating and anterior recording electrodes (Fig. 6, Control),
five shocks at 10 Hz elicited an incremental response (black
surface) that is shown by superimposing the response to the first
shock (open arrow) over each response to successive stimuli
(solid arrow). The early, fast excitatory component did not
change or even decreased at stimuli subsequent to the first one
(compare the response to a single shock with the response to the
first shock in a pulse-train). A similar decrease in the early re-
sponse, simultaneously with a selective increase in the late ex-
citatory responses during augmenting responses, have previously



Control

Intra-cell
-65mV

Mid.

Field

Intra-cell
-80mV

The Journal of Neuroscience, June 1995, 15(6) 4663

After lidocaine

10 ms

Figure 4. Effect of lidocaine inactivation on intracortical responsiveness. Superimposed sweeps from a double intracellular recording in anterior
and posterior sites of suprasylvian gyrus. Stimulation was applied close to the posteriorly located neuron (similar arrangement of electrodes as in
the scheme shown in Fig. 2). During the control period (left), both cells were orthodromically driven and the respective FP recording displayed
depth-negative components. After lidocaine infusion in the middle suprasylvian gyrus (Mid.), at half distance between the anterior (Anz.) and
posterior (Post.) recordings, the response in the anterior cell and FP, as well as in the FP close to the injection site, were abolished, while the

responses in the posterior site preserved the same pattern (right).

been shown in extracellular recordings from primary somato-
sensory and parietal association cortices (see Fig. 5 in Steriade,
1978). Calculating the black surface after each stimulus, and
dividing it by the corresponding surface of the control response
to the first shock, it results that the increment from the first to
the second shock is 100%, from the second to the third 125%,
from the third to the fourth 155%, and from the fourth to the
last 184%. This indicates a continuous progression of 25-30%.
Four minutes after lidocaine infusion (Fig. 6, bottom), the am-
plitude of the synaptic response to the first stimulus was dimin-
ished by about 30% and the latency of the EPSP increased from
3 to 8 msec. The same procedure of -superimposing the response
to the first stimulus (open arrow) over the following responses
(solid arrow) was applied again. It results that the early excit-
atory response was diminished by the amount indicated by the
dotted surface, while later components still exhibited an incre-
mental response.

Effects of functional intracortical disconnection on the
synchronization of the slow oscillation

The effect of lidocaine infusion was first investigated on the
slow oscillation of FPs. Five bipolar FPs recordings within the
suprasylvian gyrus, between the anterior stereotaxic plane 15
(electrode 1) and plane O (electrode 5), are depicted in the top
figurine of Figure 7. The injection site, marked by arrow, is at
plane 7, between the rostral and caudal recording sites. During
the control period all leads displayed a synchronous slow oscil-
lation at about 0.7 Hz (the underlined sequences in left panels
are expanded at right). The inactivation of lead 2 (1 mm caudally
from the tip of the cannula) began towards the end of the intra-
cortical infusion of lidocaine (5 ul, 40%) (see open bar at left
in the second panel). The right detail from the underlined period
marks the desynchrony between anterior and posterior sites, al-
though each of them continued to display the slow oscillation
and despite the fact that the synchrony among the three posterior
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Figure 5. Functional disconnection of anterior (Ant.) and posterior (Post.) suprasylvian foci by lidocaine inactivation within the middle (Mid.)
suprasylvian territory. Averaged evoked potentials (n = 40) in a double intracellular recording from anterior and posterior suprasylvian sites. A,
Anterior stimulation. The control period shows antidromic activation of the anterior neuron (see inse?), orthodromic response of the posterior one,



Control
AVG

The Journal of Neuroscience, June 1995, 15(6) 4665

Figure 6. Effect of intracortical lido-
caine inactivation on the augmenting
response. Anterior suprasylvian intra-
cellular recording and posterior supra-
sylvian stimulation with five shocks at
10 Hz (upper traces) and with single
shock (lower traces). Averages (AVG,

Af te r I idOC a In e n = 15) of incremental responses

AVG

0.1s

leads (3 to 5) was preserved. Four minutes after the end of the
injection, the inactivation spread to channel 3, as indicated by
its reduced amplitude. At this time, the rostral and caudal re-
cordings oscillated independently and few signs of synchrony
survived between them (see detail expanded at right). The pos-
terior leads (4 and 5), not affected by lidocaine, remained syn-
chronized. Four hours after lidocaine injection, both leads 2 and
3 recovered their normal activity (as shown by the amplitude
and general aspect of FPs) and the synchrony between all chan-
nels was recovered.

«—

(black surface) shown by superimpos-
ing the response to the first stimulus
(open arrow) over each subsequent re-
sponse (solid arrow). During the Con-
trol period incrementing responses are
observed after the second stimulus; see
upper sweep in which the response to
the first shock in the train of five stim-
uli is superimposed (open arrow) on
the subsequent responses (solid arrow),
leaving in black the augmenting sur-
face. Four minutes after injecting lido-
caine in a cortical area between the re-
cording and stimulating sites, the am-
plitude of the evoked response dimin-
ished as compared to the control
situation (see single-shock stimulation).
With the five shock train, superposition
of the first response over the other ones
(open arrow) disclosed two features:
diminution of the first component (dotr-
ted surface) and preservation of a re-
duced incrementing component (in
black).

4 mV

The sequential field correlation analysis of data depicted in
Figure 7 is shown in Figure 8. The state of synchrony between
channels 1, 4, and 5 (see cortex figurine in the middle of figure)
was assessed by performing sequential correlations of the type
described in Materials and Methods. Channels 2 and 3 were not
analyzed because of their transient inactivation (see panels dur-
ing Hdocaine injection and 4 min after in Fig. 7). Each panel
depicts 3-D surfaces and contour maps for both cross-correla-
tions between anterior-posterior sites (CROSS 1-4) and between
posterior leads (CROSS 4-5). The control synchrony was char-

and gradual fading of the FP evoked response with the distance from the stimulation site. Inactivation of middle territory with 40 pl, 20% lidocaine
diminished the FP evoked response at the injection site and abolished the posterior response. B, Posterior stimulation elicited synaptic responses in
both neurons. Posterior-to-anterior pathways were also inactivated by lidocaine infusion. Note that, in spite of a change in the shape of the posterior-

cell EPSP, the pattern of the posterior FP remained unchanged.
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Figure 7. Effect of lidocaine injection on FPs synchrony within the slow oscillation. Five bipolar electrodes field recordings in the suprasylvian
gyrus (see figurine) between anterior 15 (electrode 1) and anterior O (electrode 5). Injection site marked by arrow is at anterior 8. During the control
period all leads display a synchronous slow oscillation of ~0.7 Hz (see underlined sequence expanded at right). Immediately after intracortical
injection of lidocaine (5 pl, 40%, during open bar at left of the second panel), inactivation of electrical activity was seen on lead 2 (1 mm caudally
from the tip of the cannula). The derail from the underlined period shows an epoch of desynchrony between anterior and posterior sites, while all
of them continued to express the slow oscillation. Synchrony between posterior leads was preserved. Four minutes after the end of the injection,
the inactivation spread to the neighboring channel 3 (as indicated by reduced amplitude of electrical activity), while rostral and caudal recordings
oscillated independently (see also detail at right). Four hours after the injection synchrony between all channels was restored. In this and similar
figures, polarity in FPs recordings is similar as in intracellular recordings (positivity up).
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Figure 8. Sequential field correlation analysis of data presented in Figure 7. Periods of 2 min, including the ones presented in Figure 7, were

analyzed. See text for details and full explanation.

acterized by well aligned, high central peaks, and was more
powerful between close foci (4-5) than between more distant
ones (1-4). The synchrony coefficients (SyCo) were 0.88 and
0.55, respectively. As soon as lidocaine inactivation became ef-
fective in channel 2 (see second panel in Fig. 7), the previous
pattern of anterior—posterior (CROSS 1-4) synchrony was re-
placed by a blurred sequence of lower peaks or lower valleys
deviating from the central plane that was a landmark of syn-
chrony. During that period, SyCo dropped to 0.34. The appear-
ance of correlation peaks at random latencies was due to the
survival of the slow oscillation, with the same features of waves,
on both sides of the inactivated middle area of the suprasylvian
gyrus. The dispersion of the peaks and their random occurrence
was the consequence of a loss of links between the two oscil-
latory pools. As the inactivation spread (4 min after lidocaine
injection), the randomness of correlation peaks progressed and
time-lags of = 1 sec appeared. However, the SyCo stabilized at
0.34. During the last two periods (lidocaine and 4 min after),

the synchrony between posterior foci and the respective SyCo
remained unaffected. Four hours after the lidocaine injection,
when the recovery of electrical activity was observed in the
previously inactivated areas, sequential correlations recovered
their initial aspect and SyCo became 0.5.

The effects of reversible inactivation on SyCo was calculated
in a series of recordings and the quantitative results on the drop
in synchrony, which were found to be similar to those obtained
after transections, are reported at the end of the following section
(Effects of intracortical transections . . . ).

It should be stressed that the disruption of the intracortical
synchrony did not abolish the oscillation in distantly located
cortical areas, but it produced a change in the frequencies of the
slow rhythm. This is shown in Figure 9, with FPs recordings
from the anterior and posterior suprasylvian gyrus (area 5 and
area 21, respectively), before and after lidocaine inactivation as
well as during the recovery of synchrony between the two sites.
The bottom panels in Figure 9 illustrate the commonalities
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Figure 9. Disruption of intracortical synchrony does not abolish the oscillatory propensity of disconnected foci, but reveals changes in the
frequencies of their rhythms. Slow oscillation of FPs recorded from anterior (Ant.) and posterior (Post.) parts of the suprasylvian gyrus, before,
after lidocaine inactivation in the middle suprasylvian gyrus, and during recovery (3 hr after lidocaine infusion). Note disruption of synchrony
between Ant. and Post. sites after lidocaine, and lower frequency of the slow oscillation at the Post. site. The-bottom panels illustrate the FFT
analysis of the FPs during the three periods (see Data analysis in Materials and Methods). The shadowed areas in the differential FFTs (arrow in
the LIDOCAINE panel) indicate the independent activities in the two oscillatory pools and their significant increase after lidocaine-induced decou-

pling. For further explanation, see text.

(COMMON in middle rows) and differences (shadowed parts in
the upper and lower rows) between the frequencies observed in
the two channels during control and recovery periods, as op-
posed to the effects during lidocaine inactivation (see Data anal-
ysis in Materials and Methods for details on auto- and cross-
spectra). In the experiment illustrated in Figure 9, the coherent
slow oscillation had a frequency of 0.7-0.8 Hz (see main peak
of the cross-spectrum, COMMON) while the excess surface left

out of the 0-3 Hz frequency band represented less than 10% of
the total spectrum. Two independent oscillators constituted the
common peak. Besides the common oscillatory frequency ex-
pressed by the cross-spectrum, the differential FFTs (shadowed
parts in the upper and lower rows) revealed the tendency of the
anterior area to oscillate at 0.8 Hz, whereas the posterior part of
the gyrus oscillated at a lower frequency, 0.7 Hz. After lidocaine
inactivation, the frequency differences between the two oscillat-
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and posterior parts of the suprasylvian gyrus (see scheme in Fig. 2). The rostral recording was at anterior plane 14 and the caudal one at posterior
I. Synchrony was present between all three recording sites. Intracortical injection of lidocaine (40 p.I, 20%; botfom) inactivated the electrical activity

close to the cannula in the middle part of the gyrus, disrupted the synchrony between pools of neurons and between individual neurons. See further
description in text.
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ing suprasylvian foci became much more obvious due to their
uncoupling, and a slower oscillation was revealed at about 0.4
Hz in the posterior recording (arrow in middle panel), as also
evident from the rough data illustrated above. During the recov-
ery period, 3 hr after lidocaine infusion, the contribution of the
two channels was similar to the control period.

We calculated the surface of the negative part of the differ-
ential spectrum from all 34 recording sessions (such as the shad-
owed parts in the bottom panels of Fig. 9). These data indicate
that the increased surface from the control periods to the re-
versible inactivation periods was of 292 + 25%, while the re-
covery was within 8% of the control periods. The threefold in-
crease in the surface of independent oscillations matches the

—
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Figure 12.  Histological aspects of in-
tracortical transections in the middle of
the suprasylvian gyrus. A and B, Two
experiments. Thionine-stained parasa-
gittal sections. Arrowheads to the cor-
tical surface point to the burned pia by
silver nitrate. Horizontal bar in B (mm)
is also valid for A. CA, Caudate nucle-
us; DG, dentate gyrus; ENT, entorhinal
cortex; FI, fimbria; LV, lateral ventri-
cle; OR, optic radiation; PO, PUL, RE,
and VL, posterior group, pulvinar, retic-
ular, and ventrolateral thalamic nuclei.

decrease by the same amount of the SyCo under the same ex-
perimental conditions (see below).

The effect of lidocaine inactivation on intracortical synchrony
was also studied with double intracellular recordings together
with their FPs within the anterior and posterior parts of the su-
prasylvian gyrus (Fig. 10) (see arrangement of electrodes in the
scheme at the bottom of Fig. 11). The control period displays
the rhythmic activity (at about 0.7 Hz) of the two intracellularly
recorded neurons and of the closely recorded FPs, and is also
seen in the FPs recorded from the middle part of the gyrus. The
onset of an intracellular depolarization corresponded to a depth
negativity in the adjacent FP, while hyperpolarizations were re-
flected by depth positivities. Synchrony was present between all

Figure 11.

Sequential correlation analyses of intracellular and FP data depicted in Figure 10. Two minute periods (including the ones presented

in Fig. 10) were analyzed with the sequential correlation method. See description in text.
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three recording sites. Intracortical infusion of lidocaine in the
middle suprasylvian gyrus inactivated the EEG close to the can-
nula and disrupted the synchrony between single neurons as well
as FPs recorded from the anterior and posterior suprasylvian
sites (see epochs underlined by dotted lines in which depolari-
zations and hyperpolarizations in the posterior suprasylvian neu-
ron corresponded to opposite events in the anterior neuron).
However, the local synchronization processes between the im-
paled neurons and the close FPs were preserved both anteriorly
and posteriorly.

The sequential correlation analyses of data depicted in Figure
10 are shown in Figure 11. The synchrony between intracellular
potentials and the neighboring FPs is demonstrated by deep, well
aligned, central negative peaks. The black surface in the left
contour map, close to zero time-lag (only the anterior impale-
ment and the adjacent FP are shown here), is expected because
intracellular potentials and depth-cortical FPs are opposite in
phase. They were not affected by the infusion of lidocaine. By
contrast, the cross-correlations between the two intracellular ac-
tivities (middle column) as well as between the respective FPs
(right column) evolved from a coherent pattern in the control
period to a disorganized sequence of peaks and valleys, char-
acteristic for desynchronized activities. According to the SyCo,
the synchrony between intracellular potentials dropped from
0.59 to 0.15, and between FPs from 0.74 to 0.25. This stood in
contrast with the fact that SyCo on each side of the lidocaine
injection remained around 0.8.

Effects of intracortical transections upon the synchrony of
slow oscillation

Coronal cuts were performed at various anterior planes, from 4
to 7, in the left hemisphere. The transections involved the su-
prasylvian gyrus or, in other animals, they extended from the
marginal to the ectosylvian gyrus (Fig. 12 and cortex figurine in
Fig. 13). Similar results were obtained in both types of experi-
ments. Most cuts were about 2 mm, up to and including deep
cortical layers. Even when the cuts reached 5 mm (Fig. 12B),
protruding deeply into the white matter, they never reached sub-
cortical structures.

Figure 13 depicts the effects of large, marginal-to-ectosylvian,
transections upon the intracortical synchronization of the slow
oscillation, Two couples of electrodes recorded the FPs in the
suprasylvian gyrus, rostrally (1-2) and caudally (3-4) from the
transection plane. The sequential cross-correlations between ad-
jacent electrodes during a control period, before performing the
transection, showed synchronous activities with high coefficient
values (SyCo 0.91 in CROSS 1-2, and 0.9 in CROSS 3-4). These
features remained unaffected by the transection, up to 6 hr later.
On the other hand, the synchrony between the anterior and pos-
terior sites (CROSS 2-4) changed from the control period (SyCo
= (.73) to the posttransection period (SyCo = 0.36). Similar
values were obtained for CROSS 1-3 (data not shown). Each
sequential cross-correlation in Figure 13 is accompanied (at its
right) by the 7-diagram of the sequential time-lags seen from the
same view angle as the correlations (see again the method at
bottom right in Fig. 1). The dotted line in the 7-diagram marks
zero time-lag. It results that the dispersion of correlation peaks
was increased after transecting the cortex between rostral and
caudal recording sites (CROSS 2-4), while it did not signifi-
cantly change in recordings on the same side of the cut (CROSS
1-2 and CROSS 3-4). The effects of the transection were there-
fore similar to the effects of cortical inactivation by lidocaine.

Six hours after the transection was performed, the synchrony
between the same distant foci (2-4) recovered partially (see bot-
tom right). Time-lags tended to align again and their dispersion
diminished. The SyCo reached to 0.5 (lower than in the control
period, but higher than 2 min after the transection).

We calculated the SyCo from all 34 recording sessions, before
and after lidocaine inactivation or transection. During control
periods, SyCo between closely located recording sites (about 1
mm) was 0.91 £ 0.05, while it was lower (0.67 = 0.09) be-
tween distantly located foci (about 15 mm). Intracortical infu-
sion of lidocaine or transections did not affect significantly the
SyCo between leads placed on the same side of the reversible
inactivation or transection (0.9 = 0.06), but significantly de-
creased the SyCo between channels separated by the inactivated
or transected sector (0.26 = 0.08). This represents a drop in
synchrony of 61%.

Intergyral paths may provide compensation for synchrony
among disconnected foci

The above data show that, in spite of the diminished synchrony
after reversible inactivation or transection, synchrony was not
completely abolished and recovery of control patterns was ob-
served at long time intervals after disconnection. To elucidate
possible sources for the compensatory mechanisms underlying
these phenomena, we placed arrays of bipolar electrodes cross-
ing over adjacent gyri. Figure 14 depicts data from an experi-
ment in which recordings of multisite FPs were performed in
the suprasylvian and marginal gyri (see cortex figurine). Lido-
caine was injected in the suprasylvian gyrus, at the site indicated
by arrow in the bottom scheme, and the inactivation extended
up to electrode 2, 1 mm apart. Only the synchrony between
anterior and posterior leads in the suprasylvian gyrus (1 and 3,
respectively) was affected, and it was accompanied by a SyCo
drop from 0.74 to 0.21, whereas the other cross-correlations,
including that between the rostral suprasylvian lead 1 and the
posterior lead 5 from the marginal gyrus, were not much affected
(see Discussion).

Discussion

We have shown that (1) the rostral and caudal parts of the as-
sociation suprasylvian gyrus are reciprocally linked through
short-latency excitatory projections; (2) reversible inactivation
or transection at the middle suprasylvian level disrupts the co-
herence of the slow oscillation between distant, anterior and pos-
terior, sites of the gyrus, while leaving intact local (anterior as
well as posterior) synchronizing processes; and (3) the loss of
long-range coherence is not permanent, as synchrony recovers
a few hours after disconnection. These data demonstrate that
fibers traveling within the suprasylvian gyrus and/or the under-
neath white matter are necessary and sufficient to sustain the
synchronization of the slow rhythm between distant cortical
sites. We suggest that intergyral paths and/or corticothalamic
loops exert vicarious functions after disconnection of synaptic
linkages within the suprasylvian gyrus.

Some methodological issues

It was previously reported that the frequency of the slow cortical
oscillation is 0.2-0.5 Hz under urethane anesthesia and that it
increases to 0.5-0.9 Hz by ketamine administration (Steriade et
al., 1993b), due to the blockage of NMDA receptors, thus sig-
nificantly reducing the duration of the depolarizing phase of the
oscillation. The frequency range of 0.5-0.9 Hz was also ob-
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related to tocal positivities (Contreras and Steriade, 1995; see
also Fig. 10 in the present article). The use of ketamine and
xylazine anesthesia may increase the degree of synchronization,
as compared to that occurring during natural sleep, probably

Figure 13. Effect of a coronal transection, from marginal to ectosylvian gyri, upon intracortical synchrony. Two couples of electrodes recorded
because xylazine, an a2 receptor agonist, increases a K+ con-

the FPs in the suprasylvian gyrus, rostrally (/-2) and caudally (3-4) from the transection plane. See text for description of results from sequential

cross-correlations and T diagrams.

served in the present study conducted under ketamine and xy-

lazine anesthesia. The general pattern of the slow rhythm re-
mained the same, with periodic sequences of prolonged depo-
larizations and long-lasting hyperpolarizations. The former are
associated with negativities of depth-cortical FPs, the latter are
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Figure 14. Possible intergyral projections functioning for compensation of synchrony between functionally disconnected foci. Recordings of FPs
from the six indicated foci in the suprasylvian and posterior marginal gyri. Lidocaine injection (1 pl, 4%) marked by arrow. See text for description.

ductance in a variety of central structures (Nicoll et al., 1990)
and the rhythmic long-lasting hyperpolarizations mediated by
K* currents are priming events toward the corticothalamic syn-
chronization underlying the slow oscillation (Steriade et al.,
1993a, 1994b; Contreras and Steriade, 1995). Ketamine is placed
among the most effective pharmacological tools in inducing
slow-wave sleep patterns over the background of a wake state
(Feinberg and Campbell, 1993).

We emphasize that slow oscillatory patterns, similar to those
obtained under different anesthetic conditions, have been ob-
served intracellularly in undrugged animals with isolated fore-
brain by mesencephalic transections (Steriade et al., 1993c) and,
at the EEG level, in naturally sleeping cats and humans (Steriade
et al., 1993b). Recent extracellular studies in chronically im-
planted, behaving animals support the presence of the slow
rhythm during natural EEG-synchronized sleep, with similar pat-
terns as those observed under anesthesia (unpublished data).

The intracortical spread of lidocaine and the time-course of
its action have been assessed autoradiographically (Martin,
1991). In that paper, the maximal radius of lidocaine spread was
about 1.7 mm, the action was achieved within the first 20 min
postinjection, and the width decreased after 30-60 min, As we
aimed at obtaining clear-cut effects appearing immediately or a
few minutes after lidocaine infusion (see Figs. 7, 8), in order to
avoid changes in the global state of brain electrical activity,
higher concentrations and volumes were used in our experi-
ments. This is probably the reason why the recovery after li-

docaine inactivation occurred after a few hours, compared with
15-45 min in some behavioral studies of motor systems (Demer
and Robinson, 1982; Martin and Ghez, 1988).

Substrates of intracortical synchronization of the slow
oscillation

Although the slow oscillation is not evenly distributed within
the neocortex and the signs of underlying synchrony are most
obvious within and between suprasylvian association areas 5 and
7 or visual association areas 18/19 and 21, a long-range syn-
chronization between cortical fields as distant as the motor and
visual cortices was also described (Amzica and Steriade, 1995).
Most adjacent and many distant neocortical territories are linked
by means of reciprocal projections. The horizontal projections
of pyramidal cells’ axons, spanning from 2 up to 8 mm, have
been emphasized in the visual cortex where they allow com-
munication between neurons having widely separated receptive
fields (Gilbert and Wiesel, 1983; Mason et al., 1991; Gilbert,
1992; Albowitz and Kuhnt, 1993). A basically similar type of
connectivity also seems to characterize the somatosensory
(Jones et al., 1978; Cauller and Connors, 1994), auditory (Imig
and Reale, 1981), and motor (Keller, 1993) cortical areas, as
well as the projections between sensory and motor fields (Av-
endano et al., 1992).

The cat suprasylvian gyrus, within which most of the present
experiments were conducted, has reciprocal projections with ad-
jacent cortical areas and massive intragyral connections. It is




now established that association areas integrate polymodal sig-
nals from heterogeneous sources. In the case of the parietal as-
sociation areas, the main extrinsic cortical projections arise in
the somatosensory areas (Jones and Powell, 1969; Jones et al.,
1978; Burton and Kopf, 1984), primary and association visual
fields (Pandya et al., 1981; Squatrito et al., 1981a,b), as well as
motor, insular, and prefrontal areas (Jones et al., 1978; Mesulam
and Mufson, 1982; Godschalk et al., 1984). The cortical supra-
sylvian areas 5 and 7 also receive afferents from the thalamus,
mainly arising in the rostral intralaminar and lateroposterior-pul-
vinar nuclei (Graybiel, 1972; Hendry et al., 1979; Avendafio et
al., 1985). Their neurons send monosynaptic, high-security pro-
jections to cortex and receive in turn inputs from the same areas
(Stertade et al., 1977, 1993c). Areas 5 and 7 are interconnected
through abundant intragyral suprasylvian fiber bundles (Griiner
et al., 1974; Avendaiio et al., 1988) and project to motor cortical
areas, thus probably transmitting convergent sensory informa-
tion used for voluntary movements (Babb et al., 1984).

Horizontal axons provide strong input to dendrites of pyra-
midal cells in layers I[I-IV within a distant column (Aroniadou
and Keller, 1993; Coogan and Burkhalter, 1993). As to the hor-
izontal layer I input, it may trigger active currents along the
apical dendrites of pyramidal neurons that would amplify the
EPSPs in their way to the soma (Cauller and Connors, 1994).
While most horizontal intracortical connections are provided by
excitatory axons arising in pyramidal-shaped neurons, a similar
excitatory outcome may result from lateral disinhibitory actions
arising from contacts between GABAergic basket cells and other
inhibitory local-circuit neurons (Kisvérday et al., 1993). Earlier
data on the basic patterns of intra- and intercolumnar interactions
resulting from common excitation and serial inhibition in sen-
sory and motor cortical areas have been reviewed by Fetz et al.
(1991).

The intracortical excitatory projections are mediated by both
NMDA and non-NMDA receptors (Thomson, 1986; Sutor and
Hablitz, 1989a,b; Hwa and Avoli, 1992) that are found on both
long-axoned and local-circuit neurons (Kawaguchi, 1993). The
NMDA components, which are blocked at a hyperpolarized
membrane potential (Sutor and Hablitz, 1989b; Takahashi and
Ogawa, 1991), are likely to be involved in the augmenting cor-
tical responses to low-frequency repetitive stimulation as our
previous study (Nufiez et al., 1993) showed that the longer-la-
tency EPSPs, which underlie the incremental component of aug-
menting-type responses, are decreased upon hyperpolarization.
Although the involvement of thalamic neurons in incremental
responses cannot be ruled out in a brain-intact preparation, the
augmenting responses evoked in the present study by stimulating
distant sites within the suprasylvian gyrus (see Figs. 3, 6) are
probably generated intracortically since similar incremental re-
sponses were elicited after extensive destruction of the thalamus
(see Fig. 7 in Nuiiez et al., 1993). Previous work in somatosen-
sory and visual systems also indicated that the intracortical cir-
cuitry can underlie incremental responses, as shown by aug-
mentation to repetitive stimuli applied to the white matter in
thalamic-lesioned animals (see Fig. 8 in Morin and Steriade,
1981; also Ferster and Lindstrom, 1983). This is further
supported by changes in augmenting responses after the intra-
cortical inactivation procedure used in the present experiments
(see Fig. 6).

All these intragyral and extrinsic cortical connections explain
the strong oscillatory propensity of areas 5 and 7 (present ex-
periments), the presence of coherent slow oscillations in area 5,
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primary and association visual areas (see Fig. 14), and the sur-
vival of the intracellularly recorded slow oscillation after total
lesions of intralaminar and lateroposterior-pulvinar thalamic nu-
clei (Steriade et al., 1993c). The massive projection from area 7
to area 5 (Kawamura, 1973; Avendafio et al., 1988) is the ana-
tomical substrate of the short-latency, posterior-to-anterior su-
prasylvian EPSPs revealed in the present experiments (see Figs.
2-6). In a previous study (Amzica and Steriade, 1995) we sim-
ilarly pointed to a preferential traveling of oscillatory waves in
a posterior-to-anterior direction, with the firing of more caudal
neurons preceding that of rostral ones in 70% of cases.

Synchronization mechanisms of the slow oscillation and the
recovery of coherence between distant sites after disconnection
of intracortical synaptic linkages

Our results support the hypothesis that the slow oscillation is an
emergent property of intracortical networks. We based this as-
sumption on the presence of the slow rhythm in intraceltularly
recorded areas 5 and 7 neurons after total electrolytic or exci-
totoxic lesions of related thalamic nuclei (Steriade et al., 1993c¢).
In the same study, however, thalamic stimulation was effective
in altering the cortical slow rhythm and in transforming its fre-
quency into faster oscillations. The cortical slow oscillation is
reflected in thalamic reticular and thalamocortical cells (Steriade
et al., 1993d). The fact that prolonged and cyclic hyperpolari-
zations, within the frequency range of the slow rhythm, are ob-
served in cortical, thalamic reticular, and thalamocortical neu-
rons, and that synchronous hyperpolarizations in simultaneously
recorded cortical and thalamic neurons are coincident with the
appearance of overt signs of EEG synchronization led to the
hypothesis that this generalized inhibitory process is a priming
factor in the synchronization of slow oscillations during EEG-
synchronized sleep (Steriade et al., 1994b; Contreras and Ster-
iade, 1995). In fact, the suppression of synchronization in brain
electrical activity may be achieved by a blockage of long-lasting
hyperpolarizations (Steriade et al., 1993a, 1994b). In the case of
an oscillation with such long periods (>1 sec), the term syn-
chronization implicates that long time-lags, below one order of
magnitude of the oscillation period, may be seen between o0s-
cillating cortical cells recorded from distant areas (Amzica and
Steriade, 1995). Such time-lags in cross-correlograms are as-
cribed either to inhibitory-rebound processes within the cortex
and/or the fact that dorsal thalamic cells may discharge low-
threshold spike-bursts, transferred back to cortex, with long de-
lays (100 msec or more) after their prolonged IPSPs (see Fig.
8C in Contreras and Steriade, 1995; also Fig. 6 in Amzica and
Steriade, 1995).

Could it be envisaged that the synchronization of the slow
oscillation is entirely supported by the intracortical circuitry? We
attempted to inactivate various thalamic regions by means of
lidocaine and were still able to record synchronous activities
from multiple sites in related neocortical areas (unpublished
data). However, this inactivation procedure affected rather lim-
ited (1-2 mm) thalamic territories. The presence of thalamic
inputs arising from different nuclei and converging upon the
same cortical area(s) makes difficult a definite conclusion. Al-
though the slow cortical oscillation survived extensive thalamic
lesions (Steriade et al., 1993c¢), its synchronization may involve
thalamic inputs. In particular, rostral intralaminar thalamic nuclei
that reflect the slow oscillation, project widely over the neocor-
tex, and efficiently transfer thalamic rhythms at the cortical level
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(Steriade et al., 1990) may be involved in the coherency of slow
oscillation within corticothalamocortical loops.

The present status of our hypotheses concerning the synchro-
nization of the slow oscillation and the compensation process
after the loss of coherence by disrupting intracortical synaptic
linkages is that (1) disconnected cortical neuronal pools can in-
dependently generate the slow oscillation at different frequen-
cies, but (2) intact connections between neuronal assemblies reg-
ularize the oscillation within the same frequency range, is shown
in the FP (Fig. 7) and intracellular (Fig. 10) recordings, as well
as in FFT analyses (Fig. 9). As illustrated in these figures, both
anterior and posterior suprasylvian neurons continued to oscil-
late after their disconnection. However, not only the coherence
of their slow oscillation was disrupted by inactivating the intra-
suprasylvian connections within the middle part of the gyrus,
but the oscillatory patterns recorded from each (anterior or pos-
terior) side were altered as compared to the control period (see
intracellular and FP recordings from the anterior site in Fig. 10)
and their rhythms dramatically changed (see the decreased fre-
quency within the posterior site in Fig. 9).

We have previously assumed that the prolonged hyperpolari-
zations that prime the synchronization of the slow oscillation are
due to Ca**-dependent K* currents and/or disfacilitation pro-
cesses (Steriade et al., 1993a, 1994b; Contreras and Steriade,
1995). The involvement of Ca**-dependent K+ currents was pos-
tulated in view of the fact that setting into action ascending
activating cholinergic systems erases these hyperpolarizations
(Steriade et al., 1993a) and ACh suppresses gy, (McCormick
and Williamson, 1989; Schwindt et al., 1989). The alternative,
nonexclusive mechanism of an avalanche disfacilitation in cor-
ticothalamic circuits during the prolonged hyperpolarizations
may operate not only during the normal slow sleep oscillation,
but also during an extreme degree of disconnection termed EEG
burst-suppression, as a few volleys may succeed in restoring the
patterns of brain electrical activity (see Fig. 7 in Steriade et al,,
1994a). Thus, subtle changes in the network lead to start again
the oscillatory cycles and to synchronize local as well as distant
neuronal pools. During the slow oscillation, such changes may
be represented by EPSPs occurring toward the end of the pro-
longed hyperpolarizations, leading to rebound activities that
could eventually synchronize the whole network. That, indeed,
the depolarizing phase of the oscillation is initiated by postin-
hibitory rebound excitations in cortical neurons was repeatedly
depicted in our intracellular studies (see, e.g., Fig. 7A in Steriade
et al., 1993b; also Fig. 24 in Steriade et al., 1994a).

The thalamus may be implicated in the vicariant functions that
would account for the recovery of synchronization following
cortical disconnection. This should be further investigated by
using functional or morphological removal of larger thalamic
territories than those we succeeded to inactivate until now (see
above). However, accumulating experimental evidence seems to
indicate that intrahemispheric and/or callosal projections are
more efficient than thalamocortical ones to account for cortical
remodelling during functional recovery (Miller et al., 1991; Dar-
ian-Smith and Gilbert, 1994).

The intracortical synchronization processes demonstrated in
the present study are certainly implicated during resting sleep,
as our experiments in progress show their presence during nat-
ural states of vigilance in behaving animals, but similar pro-
cesses probably underlie the dynamic coupling between neocor-
tical cells during transition from normally synchronized sleep
states to paroxysmal activities of epileptic type. Mulltisite, extra-

and intracellular recordings from cortical suprasylvian and mar-
ginal areas 5, 7, 18, and 21 demonstrated that the buildup of
seizures obeys the rule of synaptic circuits, sequentially distrib-
uted through short- and long-range synaptic linkages, with a
progressive increase in the degree of neuronal synchrony from
the preseizure sleep patterns to the early and late stages of sei-
zures (Steriade and Amzica, 1994). The participation of thalamic
neurons in the development of paroxysmal activities (Steriade
and Contreras, 1995) further enhances the synchronization pro-
cesses and contributes to their spread and generalization.
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