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Bazhenov, M., |. Timofeev, M. Steriade, and T. SejnowskiSpik- y-aminobutyric acid-A (GABA,) synapses, which have aCl
ing-bursting activity in the thalamic reticular nucleus initiates se-eversal potential at around71 mV (Ulrich and Huguenard
quences of spindle oscillations in thalamic netwotk&europhysiol 1997); the resting membrane potential of RE neurons may be

84: 1076-1087, 2000. Recent intracellular and local field potenti@{,en more hyperpolarized (Ulrich and Huguenard 1996). Re-
recordings from thalamic reticular (RE) neurons in vivo as well as '

computational modeling of the isolated RE nucleus suggest that, %Tt mtrace”IIuIar and Ioc?l flelddp?tepgaé recordlngﬁ fromhRE
relatively hyperpolarized levels of membrane potentials, the inhibito S as well as a computer model o neurons have snown
postsynaptic potentials (IPSPs) between RE cells can be reversed & under these conditions, activation of the lateral GABAer-
y-aminobutyric acid-A (GABA,) -mediated depolarization can gen-9IC synapses+betvyeen RE cells leads to depolarlzatlon_ and may
erate persistent spatio-temporal patterns in the RE nucleus. Herettigger a C&" spike followed by the burst of Naspikes
investigate how this activity affects the spatio-temporal properties Bazhenov et al. 1999). In the computer model of the isolated
spindle oscillations with computer models of interacting RE anRE nucleus of thalamus, GABAmediated depolarization was
thalamocortical (TC) cells. In a one-dimensional network of RE ar](ésponsiue for patterns of spike-burst activity propagating
TC cells, sequences of spindle oscillations alternated with localizggough the network of RE cells or persisting in the form of the
patterns of spike-burst activity propagating inside the RE networg mplex spatio-temporal patterns (Bazhenov et al. 1999).
New sequences of spindle oscillations were initiated after removal O?We have used in vivo recordings and a computer model of

l,-mediated depolarization of the TC cells. The length of the intef; . - S .
spindle lulls depended on the intrinsic and synaptic properties of Fgﬁe RE-TC network to investigate the role of spiking-bursting

and TC cells and was in the range of 3-20 s. In a two-dimensior@iVity in the RE nucleus for initiating sequences of spindle
model, GABA,-mediated 2-3 Hz oscillations persisted in the RESCcillations. We found that when RE cells were sufficiently
nucleus during interspindle lulls and initiated spindle sequenceshtperpolarized, each sequence of spindle oscillations was fol-
many foci within the RE-TC network simultaneously. This modelowed by waves of activity that persisted in the RE network

predicts that the intrinsic properties of the reticular thalamus majuring interspindle lulls and initiated new spindle sequences.
contribute to the synchrony of spindle oscillations observed in vivo.

METHODS

INTRODUCTION In vivo recordings

G_ABAerglc _thalamlc Fe.“.CU'ar (RE) cells contrlbute to a In vivo experiments were conducted on 47 unilaterally decorticated
variety of oscillatory activities in the thalamus during sleep.ats and 52 cats with intact thalamocortical connections. All animals
One of the most important is the spindle oscillation, which igere maintained under either ketamine and xylazine [10—15 and 2-3
generated as a result of interaction between thalamocortigaj/kg, intramuscularly (im)] or pentobarbital sodium (30—35 mg/kg)
(TC) and RE cells (Krosigk et al. 1993; Steriade and Ldinaanesthesia. In addition, tissues to be incised and pressure points were
1988; Steriade et al. 1985, 1990, 1993). Spindle oscillations antitrated with lidocaine. The electroencephalogram (EEG) from the
sequences of 7-14 Hz bursting activity lasting 1-3 s. Th@yact he_misphere Was_cgntinuously recor_ded and additional doses of
recur every 5-15 s and are terminated by Gaduced cAMP @nesthetics were administered at the slightest tendency toward an
up-regulation ofl,, current in TC cells (Bal and McCormick increase in frequency and decrease in amplitude of EEG field poten-

1996: Budde et al. 1997:"tthi and McCormick 1999: Lthi et tials. Cats were paralyzed with gallamine triethiodide and artificially

. ntilated to the end-tidal CQof 3.5-3.8%. The heartbeat was
al. 1998). Extracellular recordings from a deafferented I%\‘:_leonitored and kept constant (acceptable range, 90-110 beats/min).

nucleus in vivo have demonstrated that the RE network nggy temperature was maintained at 37-39°C. Glucose saline [5%
only contributes to the spindle activity in the intact thalamugiucose, 10 ml intraperitoneally (ip)] was given every 3—4 h during
but can itself generate oscillations in the spindle frequenee experiments, which lasted for 8—14 h. The stability of intracellular
range (Steriade et al. 1987). recordings was ensured by cisternal drainage, bilateral pneumothorax,
Lateral connections between RE cells are mediated by thig suspension, and by filling the hole made in the skull with a
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solution of agar-agar (4%). All experimental procedures were pevtodel: Synaptic currents

formed according to Canadian guidelines. For microelectrode record- ) )

ings from TC and RE neurons, the surface of the cortex that corre Al Synaptic currents were calculated according to
sponds to the anterior half of the marginal and suprasylvian gyri was I = 0o JOI(V — Eo.) ®)
cauterized with silver nitrate. The cortex and white matter were syn = Qeyn Y

removed by suction until the head of the caudate nucleus was exposgfiereg,,,, is the maximal conductivity,@](t) is the fraction of open
Micropipettes were then lowered stereotaxically through the head @fannels, ancE,,, is the reversal potentiaEgfi.n = 0 mV for

the caudate nucleus at anterior plane A 13 to reach the rostrolatefamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) re-
sector of the RE nucleus or at A 10-11 to record from ventrolatergéptors E¥N, ., = —70 mV for GABA, receptors in RE cells and
(VL) neurons. Intracellular recordings were made with conventiongl®¥n. . . = —80 mV for GABA, receptors in TC cells (Ulrich and
sharp electrodes filled with a 2.5 M solution of potassium acetate (uguenard 1997), anB s = —95 mV for GABA, receptors.
resistance of 30-70 M). Stable intracellular recordings had resting GABA , and AMPA synaptic currents were modeled by first-order
membrane potential more negative thas5 mV and overshooting activation schemes (Destexhe et al. 1994c). GABAceptors were
action potentials. Stimuli to the VL nucleus and to motor cort&r@a  modeled by a higher order reaction scheme that took into account
4 were delivered with variable durations (0.05-0.2 ms) and intensitiggtivation of K™ channels by G-protein (Destexhe et al. 1994c, 1996;
(0.05-0.3 mA). Single- and multi-unit activity were recorded byutar and Nicoll 1988). The equations for all synaptic currents are
means of tungsten microelectrodes (resistance 7-09. Mt the end given in Bazhenov et al. 1998.

of the experiments, the animals were given a lethal dose of pentobar-

bital. Network geometry

Model: Intrinsic currents We simulated three r_letvvor_k modeb_:a one-dimensional chain of
100 RE cells?) a one-dimensional chain of:2 100 RE and TC cells;

We examined single-compartment models of TC and RE cef§d3) a two-dimensional network of X 25 X 25 RE and TC cells.
which included voltage- and calcium-dependent currents described!Byhe first model, each RE cell (i € [1, M], M = 100) was connected

Hodgkin-Huxley kinetics with its eight nearest neighborg,(j € [i —4,i —1JU[i + 1,i +
4]) with GABA, synapses. In the second model, we additionally
c dv GV — E) — [ — 1o ) considered RE~> TC (GABA, + GABAg) and TC— RE (AMPA)
m . — 9V —E)~ -

connections. The diameters of the connection fan out were nine cells

for all types of synapses. In a two-dimensional RE-TC model, each

whereC,, = 1 u/cn? is the membrane capacitangg,is the leakage RE (TC) cellx;; (i, j € [1, M]) was connected with all RE-TC (RE)

conductanceg, = 0.01 m%cn? for TC cell andg, = 0.05 m3cn¥  cells inside a radius of four celli[;, (i — i)+ ( — ")) = 4]

for RE cell), E,_is the reversal potentiaE( = —70 mV for TC cell Both flow (network is reflected symmetrically relative to the left or

andE_ = —77 mV for RE cell),1"™ is a sum of active intrinsic right boundary pointsy; = V;,, forj’ = —j + 1ifj € [-3, 0], and

currents [["™), andl *"is a sum of synaptic current§¥"). The area j' = 2M — j + 1ifj € [M + 1, M + 4]) and periodic (network is

of an RE cell wasS; = 1.43 X 10 * cn? and the area of a TC cell closed into a loopV, =V, forj" =M + jif j € [-3, 0], and]’ =

wasS;c = 2.9 X 10 4 cni. j — Mifj€[M+ 1, M + 4]) boundary conditions were used in the
For both RE and TC cells, we considered a fast sodium cutignt, one-dimensional models. Only flow boundary conditiods, & V. .

a fast potassium currerlt, (Traub and Miles 1991), a low-thresholdwith the same rules for calculatid andl’ as for the 1D model) were

Ce&*-dependent current, ( Huguenard and McCormick 1992; Hu used in a two-dimensional RE-TC model. Some of the intrinsic

guenard and Prince 1992), and a potassium leak curtgnt,= parameters of the neurons in the netwagk (, g, for TC cells andy,,

Ok (V — Ex.). A model of hyperpolarization-activated cation currenfor RE cells) were initialized with some random variability (variance

I, (McCormick and Pape 1990), taking into account both voltage and~ 10%) to insure the robustness of the results (Bazhenov et al.

Ca" dependencies (Destexhe et al. 1996), was also included in 1898).

cells. The voltage-dependence is described by the first-order kinetics

of transitions between closed and openO states of the channels

without inactivation

dt

Computational methods

N All simulations described in the paper were performed using fourth-

Cw0 @) order Runge-Kutta [RK(4)] method and in some cases embedded
B Runge-Kutta [RK6(5)] method (Enright et al. 1995) with a time step
of 0.04 ms. Source €+ code was compiled on a Alpha Server
wherea(V), B(V) are the voltage-dependent transition rates. 2100A (5/300) using DEC € + compiler. A simulation with 100 RE

The C&"-dependence is based on higher order kinetics involvingcalls took 6 min and a network with:2 100 RE-TC cells took 28 min
regulation factoP. The binding of the C&" molecules with unbound of computer time to simulat1 s ofreal time.
form of the regulation factoP, leads to the bound form &¥,. At the
next stepP; binds to the open state of the chan@ghat produces the

locked formO_ RESULTS
k K Synchronizing patterns of thalamic oscillations in vivo
1 3
.
Pov2cd <|<—2) PO Pl(;: O @) In the first series of experiments, we examined the sponta-

neous activity of RE and TC neurons of decorticated cats.

Both the open and locked states of the channels contribute th, theDecortication removes the cortical depolarizing projections to
current the thalamus and leaves intact intrinsic thalamic activities
(Timofeev and Steriade 1997). Out of 106 RE neurons, 68

' = Gna[O] + KOV~ En @ (64.2%) showed spindle oscillations repeated every 5-30 s. In

The expressions for voltage- andCadependent transition rates for28 RE neurons, we found single or double spike bursts of
all currents are given in Bazhenov et al. 1998. action potentials (interburst intervals around 0.3—0.5 s) during
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A Isolated bursts Spindle Spindle

Isolated IPSPs Spindle Spindle

synchronize spindles within the thalamus and the full thalamo-
‘ ‘ ‘ cortico-thalamic loop.
Field potential, single-, multi-unit, and intracellular record-
| : ings performed in intact cortex animals under barbiturate an-
Multiunit RE ‘ \ . esthesia showed, as previously described (Contreras et al.
‘ times, periods of synchronous spindle-related activities were
intermixed with periods of spindles synchronized only locally.
B Thalamocortical neuron not accompanied by similar field potentials and/or related
cellular activities recorded at remote sites (Fig. 2). Detailed
and cortical field potentials frorarea 4occurs when thalamic
neurons received barrages of excitatory postsynaptic potential
‘ 2s recorded thalamic neuron, but also functionally neighboring
A . cells (Rispal-Padel et al. 1987a,b) and elicited depolarization
Intra VL VMW MWM/“/M,NV“ //l N"J'\WWN
RE-TC network where spindles are initiated by bursting activ-
ity of RE neurons and we study the role of network connec-

Reticular thalamic neuron the RE nucleus has a leading role in the onset of spindle-related
activities and that TC neurons mainly reflect, amplify, and
/ | 1996), spindles that were often synchronized at different re-
cording sites. However, this was not always observed. Some-
' Short-range synchronization of spindles was observed as rela-
tively large-amplitude field potentials recorded at one site and
examination of recordings showed that the loss of spindle
1’ j synchrony between TC neurons from VL nucleus of thalamus
50 mv (EPSPs) presumably of cerebellar origin (Timofeev and Ste-
riade 1997; Fig. 2botton). These EPSPs affected not only the
-61 mv \ “WWWJ sufficient to shift the onset of spindle and thus to disrupt
v \ long-range synchronization. Below, we present a model of
tivity, membrane potentials, and intrinsic and synaptic currents
in the generation, maintenance, and periodicity of spindles.

10 mv

) e

RNV AP

Fic. 1. Cellular patterns of spontaneous activity of thalamic neurons in We first simulated an 'SOlat,ed RE network.hyperpolanzed
decorticated cats. Ketamine-xylazine anesthesiamulti-unit activity re- below the CI' reversal potential. At the resting membrane
corded from thalamic reticular nucleus. Cellular activity was characterized pyotential of about-75 mV, the low-threshold G4 current in
spontaneous spindles and isolated bursts and/or pairs of bursts during inlge RE cells was deinactivated. Bursts of spikes in presynaptic

spindle lulls.B: intracellular activity recorded from thalamo-cortical VL neu- ~
ron. Two types of spontaneous IPSPs were found: spindle oscillations, cthl-E cells led to reversed GABAIPSPs followed by a low

T . ; .
acterized by rhythmic barrages of IPSPs, and singlet or doublets of IPgp$eshold C&" spike and_ a bu_rSt _Of Naspikes in postsynaptic
occurring during interspindle lulls. 1A andB, framed fragments are expandedRE cells. The temporal inactivation of the low-thresholdCa

below, as indicated by arrows. current in an RE cell after a burst discharge prevented oscil-

] ) ] ) . lations from persisting in the cell (see details in Bazhenov et al.
interspindle lulls (Fig. &). A reflection of such burst activity 1999).

of RE neurons was found in TC neurons recorded from VL and |n Fig. 3, the REcell #1 from the network of 100 cells was

LP nucleus of decorticated cats (Fig8)1 Spindles were char- stimulated with an AMPA EPSP at= 0. The wave of activity
acterized by rhythmic IPSPs at 7-10 Hz and single or doubigediated by GABA depolarization propagated with constant
IPSPs were found between spindles. The amplitude and duvalocity about 70 cells/s (Fig.Agl) and about 125 cells/s in
tion of these isolated IPSPs were very similar to the amplituéeother network (Fig. 82). Clusters of a few RE cells were
and duration of unitary IPSPs recorded during spindles. Thesstivated simultaneously, whose size depended on the radius of
data indicate that the large-amplitude IPSPs in TC neurosgnaptic interconnections (see FigB3,andB2). The speed of
recorded during interspindle lulls originated from cells in thactivity propagation increased with the radius of GABéouw

RE nucleus rather than local circuit intrathalamic interneurongling and the strength of GABA synapses; however, it

In approximately 10,000 spontaneous spindles recorded intreached a maximum @i agan = 0.25—0.35uS (Bazhenov et
cellularly from TC neurons in vivo, only a few exhibitedal. 1999).

high-frequency spike bursts within the first three IPSPs within When the RE cells were almost identical, spiking-bursting
spindle sequences. This suggests that TC neurons are a@dtivity propagated through the network and terminated at the
passively involved in at least the initial part of the spindleoundary. When there was strong variability in the resting
sequences. The isolated RE nucleus is able to maintain spindiembrane potential of RE cells of 5-7 mV (FigZ)3 some of
related activities (Steriade et al. 1987) and in the large-scalee neurons showed spontaneous bursts of Npikes that
two-dimensional RE network these activities can be mediatemhdomly initiated clusters of activity traveling through the RE
by depolarizing GABA, IPSPs that directly trigger a low- network. These clusters were terminated either at the bound-
threshold spike (Bazhenov et al. 1999). These data suggest trés or as a result of collision with other clusters.

05 Isolated RE network
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a
EEG area 4 I ' ‘ | ' I
20 mV
Ss
Intracell VL
63 mV b

FIG. 2. Synaptic depolarization of TC neurons dis-
rupts spindle synchrony in thalamocortical pathway.
Barbiturate anesthesia. Field potential from the depth
of area 4 and intracellular activity of thalamocortical
(TC) neuron from VL nucleus. Parts marked by hori-
zontal lines are expanded below. At the resting mem-
brane potential, TC neuron produced spindles, almost
simultaneously with spindles in the corresponding cor-
tical area. Barrages of excitatory postsynaptic poten-
2 tials (EPSPs), presumably of cerebellar origin (see
C — Timofeev and Steriade 1997), depolarized the TC neu-
ron and spindle oscillations were no longer synchro-
nous with cortical EEG spindles.

5mV
0.05s

Spindle oscillations in RE-TC network oscillations depended on the level of membrane potential in TC
cells. At more hyperpolarized levels, a “continuous” pattern of
In a one-dimensional chain of RE-TC cells, external AMPAQ-Hz oscillations of similar duration in different TC cells was
stimulation led to a sequence of spindle (about 10 Hz) oscibserved (Fig. A). Depolarizing the TC cells in the RE-TC
lations involving both RE and TC cells. Once started, spindheetwork by about 2-3 mV changed the spatial structure of the
oscillations lasted about 2—-3 s and were terminated by deppindle sequences. In FigB4the initial stimulation led to a
larization of TC cells following calcium-induced cAMP up-single wave propagating through RE-TC network that initiated
regulation of hyperpolarization-activated cation currgn(Bal local sequences of spindle oscillations at different foci. Almost
and McCormick 1996; Budde et al. 1997 thuet al. 1998). all cells were involved in 10-Hz oscillations by 2 s; different
The hyperpolarization of RE cells below the Cleversal network foci terminated at different times.
potential did not change the properties of spindle sequenceskigure 4 shows the time traces of five different TC cells
however, after each spindle sequence a few localized patteansl Fig.  shows the average membrane potential calculated
propagated through the RE network (Fig. 4). These pattermger 10 TC cells at 10 equally spaced sites. In the relatively
evoked IPSPs in TC cells but were not able to trigger layperpolarized TC network (Fig.A}, the spindle oscillations
low-threshold C&" spike and Na spikes in cells that were at two sites were delayed YT = L/N, whereV is a speed of
depolarized right after last spindle sequence. This refractoniave propagation andis the distance between the sites. After
ness was the result of deinactivation of the low-thresholti"Cadepolarization (Fig. B), the duration of spindle oscillations in
current in TC neurons at relatively depolarized levels of merdifferent foci varied widely and spindles were initiated at
brane potential. random times that depended on the local membrane potentials
The properties of the spatio-temporal patterns of spindié RE and TC cells.
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FiG. 3. Patterns of spiking-bursting activity in the isolated RE network with two different iljlo{ synaptic interconnections:
n = 4 at the left anch = 7 cells at the right. Average resting potential of RE cells w6 mV. A: cell #1from the network of
100 cells was stimulated at the time instant O (left upper corner of the panel). A single localized pattern is propagated with
constant velocityB: 11 neighboring RE cells from the network. Dashed lines indicate a cluster of cells activated simultaneously.
C: network of RE cells with strong variability of the rest membrane potentials. Some RE cells fired spontaneously and initiated
localized waves of spiking-bursting activity.

Initiation of spindle oscillations the isolated RE network could propagate infinitely around the
In a network with 2 X 100 RE-TC neurons and finite network circuit (not shown). However, in the RE-TC model,
boundary conditions, the localized waves propagating throutjte slow repolarization of TC cells eventually deinactivated the
the RE network terminated at the boundaries after about 1—2asy-threshold C&" current. As the TC membrane potential

With periodic boundary conditions, the localized patterns imyperpolarized below about64 mV, the RE-evoked IPSPs
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FIG. 4. Network properties of the
spindle oscillations in a one-dimensional
chain of 2X 100 RE-TC cells. T@ell #1
from the network was stimulated at the
time instantt = 0. A: hyperpolarized TC
network. The single spindle sequence ap-

4

5 6 7 8 peared as a result of external stimulation
TIME (sec) and propagated with constant velocigy.
depolarization of TC cells by about 2-3
Hyperpolarized Depolarized mV on average reduced the synchrony of
C spindle sequences. The patterns of activ-
-65.8mV I | l I somv -64.5mV I ' I ity traveling through the RE network ran-

domly initialized the local spindle se-
Zseo ol ““““ qguences at different network fociC:

TC \ l IH | l \ I, ,IH membrane potentials for four TC and RE
H | || I cells equidistantly located in the net-
. . works shown at paneA (left) and B
75.5mV l I I““ I l . I I | (right). D: average mer_nl_)rane potentials
m l 76.5my calculated for 10 equidistantly located
RE
LLULLALIL

“ ILMLL“MMUL__A__,_ groups of 10 neighboring TC cells.
M B 1T T O

D aasou il oo sy iy wantlib

b, fsec S A 1 S —

—— 111 B 1 O | e S—

S—— "1 S TRV Y Y11 111 O —

A7 bl

||M|Mj}p. Mt AP AMALA s

ST SNYINTTIN 11 1T T TR

—/\M}\W *}wmumuw“——
Mo Sy PR Voo 1NV 1Y A—

were able to trigger a low-threshold spike followed by*Nawith the sequences initiated by external stimulus or a pace-
spikes that led to a new sequence of spindle oscillations (saeker (spontaneously oscillating) TC cell.
Fig. 5).

The new sequence of spindle oscillations might be '”'t'at‘?fjropemes of spindle oscillations
at several foci of the network as determined by the loca
properties of RE and TC cells and spread rapidly to the whoIeSequences of spindle oscillations occur in vivo every 5-15 s.
network in about 0.5-1 s. Increasing the size of the network jpe time interval between two sequences of 10-Hz spindle
to 200 cells did not change this delay time significantly (semscillations in RE-TC network model was in the same range
Fig. 5C, second spindle sequence), although it took twice asd depended on several parameters.
long for the initial stimulation to spread to the whole network. Figure 6 shows the influence of the intrinsic properties of RE
These results indicate that activity persisting in the network ahd TC cells and the strength of synaptic interconnections be-
RE cells may significantly change the way that spindle osciween those cells on the duration of the interspindle lull. This was
lations propagate through the RE-TC network. The sequenaadculated by first finding the average membrane potentials (field
of spindle oscillations initiated by the localized patterns supetentials) over 10 TC cells at 10 equally spaced sites. Then, the
tained in RE network occurred more synchronously compar#uhe interval between the ending and the beginning of continuous
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] - ]
TIME (sec)

B 5sec
o1 |somv o , .
FiIG. 5. Initiation of spindle sequences in an RE-TC
-65mVv » MMM bl J-A-r network with periodic boundary conditions: the se-
guence of spindle oscillations was initiatedtat O by
the local stimulation of TQell #1 (left upper corner of
RE1 . . . .
the panel) and then propagated in both directions with
-74mV constant velocity. After 2—4 s, the spindle sequence was
terminated because of the €aup-regulation ofl,, cur-

TC2 rent and was followed by localized patterns traveling
through the RE nuclei. This activity triggered a new
) N b INTATR spindle sequence at abdut 15 s B: membrane poten-

tials for two RE-TC pairsC: spindle oscillations in the
RE2 network of 2X 200 RE-TC cells.

15
TIME (sec)

field potential oscillations in the same site was averaged over @inductance for GABA RE-TC connections by only about

10 sites. Depolarization of the TC network produced by tHE5% reduced the time intervals between spindle sequences to

decrease of K leak conductance increased the duration of inteebou 5 s (see Fig. 6, left), but without significantly changing

sequence intervals (see Figd)6 A depolarization of 2-3 mV the spatio-temporal patterns of spindle oscillations. In contrast,

increased the time interval between sequences of spindle osciltee depolarization of the TC network reduced the spatial syn-

tions to about 18 s compared with ab@ws for a relatively more chrony of the spindle oscillations (see Figh)6

hyperpolarized TC network (FigA). The effect of depolarization =~ Changing the maximal conductance of the GABRE-RE

is a consequence of the slower deinactivation of the low-threshelghapses produced effects that were opposite to those that

C& " current in TC cells after spindles that reduced their ability toccurred when the RE-TC GABAconnections were changed

generate C4 spikes. (Fig. 6D). Decrease of the maximal conductance for RE-RE
Decrease of the Ga conductance in RE cells (Fig.Bp synapses reinforced burst discharges in RE cells (see details in

weakened burst discharges of RE neurons and reduced BEzhenov et al. 1998) and increased RE-evoked IPSPs in TC

evoked IPSPs in TC cells, which increased the time intervaislls; this decreased the duration of the time intervals between

between sequences of spindle oscillations up to 25 s. In cagquences of spindle oscillations.

trast, increase of the €4 conductance reduced the duration of Increase of the TC-RE AMPA conductance augmented burst

the interspindle lulls to abauy s (see Fig. B, left) and greatly discharges in RE cells and increased GABASPs in TC

increased the speed of localized clusters propagating throwgtis, which reduced interstimulus intervals (Fidz)6 Thus,

the network between spindle sequences. both inhibitory and excitatory connections between RE and TC
Figure & shows the effect of changing the GARAcou- cells affected the length of the interspindle lulls by reinforcing

pling between RE and TC cells. Increase of the maximBE-evoked GABA, IPSPs in TC cells.
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FiIG. 6. Effect of the intrinsic and synaptic properties of RE and TC cells on the interspindle duration shown at the right.
Spatio-temporal patterns of spindle oscillations corresponding to the conductance values marked by the stars are shown at the left.
Parameters are the same as for Fiy.except when variedd: maximal conductance for Kleak current in TC cellsléft, g, =
12.45 nS/crf). B: maximal conductance for €& current in RE cells Iéft, gc, = 2.6 uS/cn?). C: GABA, RE-TC synaptic
conductanceléft, ggagan = 0.0375uS). D: GABA, RE-RE synaptic conductanceeft, ggagan = 0.1 uS). E: AMPA TC-RE
synaptic conductanceeft, gappa = 1.0 uS).

Two-dimensional RE-TC model 0.7 s, all RE and TC cells were involved in the oscillations. The

In an isolated two-dimensional network of RE cells hyper?€cond panel at = 1.5 s (Fig. A) shows typical network
polarized below the Cl reversal potential, self-sustained pat@ctivity during a spindle. The large orange regions of the RE
terns of spiking-bursting activity appeared in the form of spirdl€twork correspond to synchronous bursting of RE cells. Be-
waves (Bazhenov et al. 1999). The dynamics of a tw&ause the TC cells burst every second cycle in the spindle
dimensional 25x 25 RE-TC network is investigated hereoscillations, no more than 50% of the TC cells could fire at any
(MPEG-1movie is available at http://tesla.salk.edbAzhenov/ given time; the red clusters indicate those of TC cells that were
simulations.html). active att = 1.5 s during a spindle (Fig.AJ.

Figure A shows a sequence of activity snapshots in TC The first sequence of spindle oscillations in the two-dimen-
(Fig. 7A1) and RE (Fig. A2) networks. Time traces of two sional RE-TC network in Fig. 7 terminated after about 2.7 s.
arbitrarily selected RE and TC cells are shown in FiB. A The next five panels in Fig. 7 (frotn= 4.48 s untilt = 13.44
single stimulus applied to the REell #(1,1) at time instant =  s) illustrate the network behavior between two spindle se-
0 (first panels in Fig. &) initiated a sequence of spindlequences. During this phase of oscillations, the localized waves
oscillations that propagated through the network. After aboat activity traveled through the RE network and led occasion-
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ally to the spike bursts in the small clusters of TC cellollaterals of RE neurons are, in all likelihood, cut when slices
Analysis of the time traces of individual RE cells (FigB)7 are prepared and modulatory systems arising in the brainstem
showed that 3-Hz oscillations dominated during first 2—3 s aftare absent in thalamic slices. The depolarization of RE neurons
the spindle sequence with the influence of TC cells diminishdaly inputs arising in monoamine-containing systems, such as
After 3—4 s, some TC cells started to respond with" daikes the serotonin released by dorsal raphe afferents and noradren-
to the RE-evoked IPSPs, but this did not lead to the nealine released by locus coeruleus afferents, promotes the sen-
spindle sequences (see Fid8)7 A new sequence of 10-Hz sitivity of RE neurons to the IPSPs generated by intra-RE
oscillations initiated only after the membrane potentials @ABAergic connections, with the consequence of generating
most of TC cells repolarized below abottt4 mV (see last spontaneous oscillations within the frequency range of spindles
panel of Fig. A, t = 15.68 s). As observed in the one{Destexhe et al. 1994a). In 2D network simulations (Destexhe
dimensional network, the duration of spindle oscillations in thet al. 1994b), RE neurons organized with “dense proximal
two-dimensional model was slightly different at different neteonnectivity” were examined in a hyperpolarized staté% to
work foci (see Fig. B). Also, some of the TC cells repolarized—75 mV), similar to the in vitro condition when no monoam-
faster than others, so spatially localized sequences of spiniiergic synapses are activated, and in a more depolarized state
oscillations were initiated randomly, before the whole netwoik-60 to —70 mV) that would correspond to a weak monoam-
became involved in synchronous 10-Hz oscillations. Note thiaergic activity. In the latter condition, RE neurons generated
the amplitude of local depolarizing potentials observed in T€pindle-like oscillations, whereas in the former condition, the
cells during interspindle lull exceeded those typically recordexbcillatory behavior was absent.
in vivo (Fig. 2B). TC cells were slightly more hyperpolarized Recent intracellular recordings from RE neurons in vivo as
in the model compared with in vivo data and RE spikesell as computational modeling of an isolated RE network
triggered partial low-threshold spikes in the postsynaptic Ti@dicate that reversed IPSPs between RE cells can directly
cells. trigger a low-threshold spike (Bazhenov et al. 1999). In a
Depolarizing potentials in RE cells during an interspindlene-dimensional RE network hyperpolarized below @ver
lull occurred at frequencies around 3 Hz. This frequency waal potential, the GABA-mediated depolarization initiated
determined by the spatio-temporal properties of the rotatimgplated patterns of spike-burst activity that traveled through
spiral waves that persisted in the RE network (see e.g., snépe RE network with a velocity that depended on the intrinsic
shot of RE cells at = 4480 ms on Fig. &; also see details in and synaptic properties. The factors that especially affected the
Bazhenov et al. 1999). Periodic excitation led to the burstingpeed of propagation were the radius of synaptic interconnec-
however, sequences usually consisteadfsequential bursts, tions and strength of GABA synapses between RE cells
which reflects partial inactivation of the low-threshold®Ca (Bazhenov et al. 1999). Similar patterns were described in
current in RE cells during intense bursting. In in vivo recordsome other network models (Ermentrout 1998; Golomb and
ings, the frequency of bursting was similar, but, only singl&mitai 1997; Golomb and Ermentrout 1999). In a two-dimen-
bursts or doublets of bursts were recorded (see BYy.Qther sional model of RE network, activity persisted in the form of
mechanisms, such as synaptic depression or/and movemenbtdting spiral waves if the network size was large enough
the spiral core, could further reduce the duration of continuo(®Bazhenov et al. 1999). It produced almost periodic bursting in
bursting in local groups of RE cells in vivo. RE cells at a frequency of about 3 Hz. When the resting
potential of RE neurons was depolarized more closely to the
CI™ reversal potential, the frequency of spontaneous oscilla
tions increased up to about 10 Hz. In the spiral-wave mode, RE
The patterns of spindles and their synchronization are ru#lls placed at different network foci fired with a constant
identical in the intact brain and in thalamic slices. The depphase shift, which depended on their relative location. Thus,
larizing plateau of the spindle envelope recorded from thalantlus network state may be synchronized, but in an essentially
RE neurons in vivo (Deschenes et al. 1984) was not initialljifferent way from simple in-phase or anti-phase oscillations
observed in RE neurons from ferret slices that, instead, dgeviously described in the isolated RE networks (Destexhe et
played a sustained hyperpolarization during spindles (Krosigk 1994b; Wang and Rinzel 1993). It is likely that multi-spiral
et al. 1993). This difference may be due to lack of brainstestates will be observed in the much larger networks of isolated
activating systems and corticothalamic depolarizing inputs RE cells, so the large-scale synchrony of RE oscillations will
thalamic slices. More recently, recordings in thalamic slicése limited to within the domains of individual spirals.
(Kim and McCormick 1998) revealed depolarizing plateaus in In the RE-TC network, each sequence of spindle oscillations
about half of recorded RE neurons during spindles at memas followed by a few localized patterns of activity propagat-
brane potentials closer to those recorded in vivo. Spindles harng inside the population of RE cells. These patterns could not
been reported in the deafferented RE nucleus in vivo (Steriattigger bursts of N&a spikes in the TC cells, which were
et al. 1985) but are absent in vitro (Krosigk et al. 1993). Thaepolarized after the spindle sequence, until the slow repolar-
hypothesis that dendro-dendritic inhibitory synapses betwegation of TC cells deinactivated the low-threshold®Caur-
RE cells is the major mechanism for generating spindles in thent and the local RE-evoked IPSPs could initiate a new
deafferented RE nucleus in vivo was recently tested intracekquence of spindle oscillations (see Fig. 3). The time interval
lularly. It was found that reversed IPSPs between RE neurdpstween the sequences of spindle oscillations ranged from 2 to
can directly trigger low-threshold spikes followed by bursts &0 s depending on the intrinsic properties of RE and TC cells
membrane potentials close to those seen during natural slespwell as on the strengths of synaptic interconnections be-
(Bazhenov et al. 1999). One major difference between in viveeen the cells (Fig. 6).
and in vitro conditions is that the long dendrites and axonal Spatio-temporal patterns of spindle oscillations initiated by

DISCUSSION
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local stimulation of the silent RE-TC network were differenburst firing when a depolarizing sag is imposed at a slightly
from those triggered by the waves of spike-burst activity pelnyperpolarized membrane potential as well as oscillatory ac-
sisting in the RE network. In the former case, the spindi@&vity within the frequency range of 5-15 Hz (Zhu et al.
oscillations started at the focus of stimulation and propagat&8l99a,b). Diminishing the IN-evoked inhibition in TC cells
with constant velocity through the network. The time delagvoked additional depolarization of the TC neurons, which
between the time of initiation or termination of the spindleeduced the length of the interspindle periods. Although strong
sequences in two different network foci was proportional to trgpontaneous activity of INs during resting sleep is unlikely, it
distance between them. In contrast, the waves of activity prap-possible that INs can contribute to spindle control at more
agating in the RE nucleus, might initiate, almost simultadepolarized levels of the network oscillations during transition
neously, local sequences of spindle oscillations at differetat the awake state.
spatially separated network foci. Some of these local sequenceb a previous model of spindle oscillations, new spindle
terminated after 1-2 cycles of oscillations but they could alsequences were triggered by spontaneously oscillating (initia-
initiate new patterns. The rapid spread of activity occurrddr) TC cells (Destexhe et al. 1996). In the RE-TC network
through the more or less synchronous activation of the spindi®del studied here, the cells were almost identical and the
oscillations in distant network foci (see FigCph The depolar- small variability in the intrinsic properties were not strong
ization of TC cells reduced the spatial synchrony of spindenough to make any of them a pacemaker. As a result, a
sequences, but it also increased the number of activity pattesesjuence of spindle oscillations may be triggered either by the
following each spindle sequence (see Fig. 4) and made the nexternal stimulation or by localized waves traveling inside the
spindle sequences more homogeneous over the large popRIBE- network. In a one-dimensional RE-TC model, periodic
tion of RE and TC cells. boundary conditions were used to keep waves traveling long
Hyperpolarization below the Clreversal potential was nec enough to initiate a new spindle sequence. However, in a
essary to maintain the spiking-bursting activity observed in th&rge-scale two-dimensional model of the reticular nucleus,
RE network during interspindle lulls but it did not change thactivity in the RE network was self-sustained 2—10 Hz oscil-
spatio-temporal patterns of spindle oscillations. In fact, duririgtions, which were controlled by the maximum conductance
10-Hz spindle oscillations, activation of the lateral GABA of the low-threshold C& current and the level of membrane
interconnections inhibited target RE cells. At each cycle gtential (Bazhenov et al. 1999). In a two-dimensional model
oscillations, TC-evoked EPSPs mediated more or less synchwbRE-TC network, this activity persisted in the RE network
nous depolarization of RE cells above the @éversal poten during interspindle lulls and triggered new sequences of spin-
tial. This led to burst discharges in some RE neurons thatdife oscillations involving both RE and TC cells. The waves of
turn evoked normal (not reversed) IPSPs in postsynaptic REe spike-burst activity propagating inside the RE network
cells. Thus there is an important difference between the pragere reflected in the bursts of Naspikes that appeared in
erties of the RE network hyperpolarized below Geversal individual RE cells in the frequency range from 2 to 3 Hz (see
potential and networks with purely excitatory (e.g., AMPAFig. 7). The same type of activity has been recorded extracel-
mediated) interconnections. Excitatory synaptic coupling sufpdarly from RE nucleus during interspindle lulls (see Fig. 1).
ports different types of synchronous patterns including travel- Several predictions of the model can be tested experimen-
ing clusters of spiking-bursting activity (Golomb 1998ially. First, the decrease in potassium leak current resulted in
Golomb and Amitai 1997). Also, the oscillations in excitatorglepolarization of TC neurons and in the increase in interspindle
networks may be transformed easily into highly synchronoustervals (Fig. &). This may reflect conditions during the early
epileptic-like activity if the synaptic interconnections arg@eriods of sleep when the level of ACh is still relatively high,
strong enough (Hansel et al 1995). In networks of RE cellse TC neurons are relatively depolarized, and the intra-spindle
hyperpolarized below the CIreversal potential, GABA- periods are relatively long. These spindles might not even be
mediated depolarization produced localized structures tisgten in extracellular recordings from dorsal thalamus or from
were similar to the patterns in the purely excitatory networkesortex, because synchronization between depolarized TC neu-
However, the same synapses mediated lateral inhibition whems is low and they may display only IPSPs of RE origin that
the RE cells started to fire synchronously. This mechanisiho not result in spike bursts. This prediction may be tested by
“protects” the network against highly synchronous activityintracellular recordings from TC neurons during the natural
Thus, the relatively hyperpolarized RE network may combirsteep-wake cycle. Second, an increase in GABRE-TC
important properties of both excitatory and inhibitory neuradonnection reduced the time intervals between spindle se-
networks. guences. This prediction indicates that the use of benzodiaz-
Thalamic interneurons (INs) are an additional source of tlepines or other drugs affecting GARAsynaptic transmission
inhibitory input for TC cells. We tested their effect in themay result in significant shortening in the time between spin-
RE-TC network model and found that if INs were depolarizedles. However, such drugs will also affect the RE-RE and
with DC current enough to initiate spontaneous firing, theintracortical IPSPs, dramatically changing the global synchro-
firing rate decreased during a spindle through inhibitory inputszation in thalamocortical network. The relative impact of
from RE neurons. The decreased activity of INs due to inhiRE-TC GABA, synaptic transmission can be further tested in
itory inputs from RE neurons is consistent with previous ex global thalamocortical model of slow-wave sleep, in in vivo
perimental data showing that after disconnection from R&periments with local intrathalamic infusion of GABAa-
neurons, there is an increased incidence of IPSPs in TC neilitating agents or in transgenic experimental models.
rons due to the disinhibition of INs (Steriade et al. 1985). The In a two-dimensional RE-TC network model, new spindle
projections from RE neurons to INs have been documentselquences were initiated at many network foci almost simul-
anatomically (Liu et al. 1995). Thalamic INs display robudtaneously. Recently, it was shown in vivo and in a computa-
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tional model that the corticothalamic feedback can contribu@Loms D anp ERMENTROUT GB. Continuous and lurching traveling pulses in
to the Synchrony of the spindle oscillations in vivo (Destexhe neuronal_networks with delay and spatially decaying connectiRityc Natl
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