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SUMMARY AND CONCLUSIONS cells, leading to waves of spindle activity as observed in experi- 
merits. 

1. A network model of thalamocortical (TC) and thalamic retic- 8. The spatiotemporal properties of propagating waves in the 
ular (RE) neurons was developed based on electrophysiological model were highly dependent on the intrinsic properties of TC 
measurements in ferret thalamic slices. Single-compartment TC cells. The spatial pattern of spiking activity was markedly different 
and RE cells included voltage- and calcium-sensitive currents de- for spindles compared with bicuculline-induced oscillations and 
scribed by Hodgkin-Huxley type of kinetics. Synaptic currents depended on the rebound burst behavior of TC cells. The upregula- 
were modeled by kinetic models of cr-amino-3-hydroxy-5-methyl- tion of Ih produced a refractory period so that colliding spindle 
4-isoxazolepropionic acid (AMPA), y-aminobutyric acid-A (GA- waves merged into a single oscillation and extinguished. Finally, 
BAA) and GABAB receptors. reducing the Ih conductance led to sustained oscillations. 

2. The model reproduced successfully the characteristics of 
spindle and slow bicuculline-induced oscillations observed in vitro. 
The characteristics of these two types of oscillations depended on 
both the intrinsic properties of TC and RE cells and their pattern 
of interconnectivity. 

3. The oscillations were organized by the reciprocal recruitment 
between TC and RE cells, due to their mutual connectivity and 
bursting properties. TC cells elicited AMPA-mediated excitatory 
postsynaptic potentials (EPSPs) in RE cells, whereas RE cells 
elicited a mixture of GABA* and GABAB inhibitory postsynaptic 
potentials (IPSPs) in TC cells. Because of the presence of a T 
current, sufficiently strong EPSPs could elicit a burst in RE cells, 
and TC cells could generate a rebound burst following GABAergic 
IPSPs. Under these conditions, interaction between the TC and RE 
cells produced sustained oscillations. 

9. Two key properties of cells in the thalamic network may 
account for the initiation, propagation, and termination of spindle 
oscillations, the activity-dependent upregulation of Ih in TC cells, 
and the localized axonal projections between TC and RE cells. In 
addition, the model predicts that a nonlinear stimulus dependency 
of GABAB responses accounts for the genesis of prolonged syn- 
chronized discharges following block of GABA* receptors. 

INTRODUCTION 

4. In the absence of spontaneous oscillation in any cell, the 
TC-RE network remained quiescent. Spindle oscillations with a 
frequency of 9- 11 Hz could be initiated by stimulation of either 
TC or RE neurons. A few spontaneously oscillating TC neurons 
recruited the entire network model into a “waxing-and-waning” 
oscillation. These ‘ ‘initiator’ ’ cells could be an extremely small 
proportion of TC cells. 

5. In intracellular recordings, TC cells display a reduced ability 
for burst firing after a sequence of bursts. The “waning” phase of 
spindles was reproduced in the network model by assuming an 
activity-dependent upregulation of Ih operating via a calcium-bind- 
ing protein in TC cells, as shown previously in a two-cell model. 

6. Following the global suppression of GABA* inhibition, the 
disinhibited RE cells produced prolonged burst discharges that 
elicited strong GABA,-mediated currents in TC cells. The en- 
hancement of slow IPSPs in TC cells was also due to cooperativity 
in the activation of GABA,-mediated current. These slow IPSPs 
recruited TC and RE cells into slower waxing-and-waning oscilla- 
tions (3-4 Hz) that were even more highly synchronized. 

Synchronous oscillations are commonly observed in the 
thalamus during sleep or deep anesthesia. Sleep spindles in 
particular have been investigated thoroughly using extracel- 
lular and intracellular recordings in thalamic cells ( Andersen 
and Andersson 1968; Bal et al. 1995a,b; Steriade and 
Deschenes 1984). The anatomic and morphological features 
of thalamic nuclei have been also very well documented (for 
a review, see Jones 1985). More recent studies (reviewed 
in McCormick 1992) have revealed a variety of receptor 
types and intrinsic currents in thalamic cells, whose activa- 
tion characteristics are now beginning to be understood in 
detail. Taken together, these data make the thalamus a struc- 
ture for which computational models can be extremely useful 
in testing the range of possible interactions (reviewed in 
Destexhe and Sejnowski 1997). 

7. Local axonal arborization of the TC to RE and RE to TC 
projections allowed oscillations to propagate through the network. 
An oscillation starting at a single focus induced a propagating 
wavefront as more cells were recruited progressively. The waning 
of the oscillation also propagated due to upregulation of & in TC 

Spindle oscillations depend on the integrity of intratha- 
lamic connectivity as they do not appear in thalamic nuclei 
deprived (naturally or artificially) from afferents from the 
thalamic reticular (RE) nucleus (Steriade et al. 1985). In- 
vestigations of an in vitro model of spindling activity have - 
clarified the cellular mechanisms underlying spindle rhyth- 
micity in slices (Bal et al. 1995a,b; von Krosigk et al. 1993 ) . 
It currently is believed that spindle oscillations result from 
a reciprocal interaction between thalamocortical (TC) relay 
cells and RE cells. In this interaction, both intrinsic and 
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synaptic properties play critical roles. The bursting proper- 
ties of thalamic cells, mainly due to the low-threshold current 
Jr, their level of membrane potential, and the types of recep- 
tor mediating their synaptic interactions, are all essential 
components of the genesis of rhythmicity (Steriade et al. 
1993b). 

Several fundamental properties of spindles remain poorly 
understood. One of these is how spindles are initiated and 
propagated through the network, as well as how they termi- 
nate, leading to the so-called ‘ ‘waxing-and-waning’ ’ pattern 
so typical of spindle waves. Recent in vivo and in vitro 
studies have explored how these oscillations are distributed 
in different brain structures (Steriade et al. 1996). In particu- 
lar, a recent investigation of propagating properties of spin- 
dles in ferret thalamic slices (Kim et al. 1995 ) showed that 
spindle oscillations consistently propagate in the dorsal-ven- 
tral axis. 

These experiments suggest the following scenario for how 
spindles are organized. Burst discharges in TC cells evoke 
barrages of ar-amino-3-hydroxy-5methyl-4-isoxazolepropi- 
onic acid (AMPA) -receptor-mediated excitatory postsynap- 
tic potentials (EPSPs) in RE cells. These EPSPs activate 1T 
and elicit burst discharges in RE cells, which in turn evoke 
GABAergic inhibitory postsynaptic potentials (IPSPs) in TC 
cells. These IPSPs deinactivate 1T and elicit burst discharges, 
and the same cycle starts again. A spindle could be started 
by the spontaneous discharge of either TC or RE cells and 
propagate through the recruitment of adjacent cells through 
localized axonal projections. The mechanisms of termination 
of spindle waves still remains to be determined. 

In this paper, we investigated model networks of TC and 
RE cells, endowed with intrinsic properties and topographic 
connectivity specific to the thalamus. The model reproduced 
the propagating properties of spindle waves, in agreement 
with another modeling study (Golomb et al. 1996) that used 
simpler models of thalamic neurons (no action potentials 
and graded synaptic transmission). The focus of the Golomb 
et al. model was the parameters that influence propagation 
of activity, but mechanisms for the initiation and termination 
of spindle oscillations were not included. 

We investigated the hypothesis that the termination, or 
waning, of spindles depends on an activity-dependent pro- 
cess in TC cells. Based on recent experiments by Bal and 
McCormick ( 1996)) we assume that the calcium-dependent 
upregulation of a hyperpolarization-activated current, &, is 
the biophysical basis of the waning. We show that this mech- 
anism, together with other known intrinsic and synaptic 
properties of the thalamic circuitry, accounts for the initia- 
tion, propagation, and termination of spindle waves. 

We also show that the same model exhibits the patterns 
of oscillation observed after application of bicuculline, a 
y-aminobutyric acid-A (GABA*) -receptor antagonist. This 
convulsant transforms spindles into slower and more syn- 
chronized oscillations (Bal et al. 1995a,b; Kim et al. 1995; 
von Krosigk et al. 1993)) similar to the pattern seen in 
thalamic neurons during some types of epileptic discharges. 
In agreement with previous models (Destexhe and Sejnow- 
ski 1995; Golomb et al. 1996)) lateral inhibition in the RE 
nucleus was essential in developing such patterns of dis- 
charges. 

Some of the results presented here were reported pre- 
viously in an abstract (Destexhe et al. 1995). 

METHODS 

The network model studied here was based on kinetic models 
of TC and RE neurons that were modified from previous models 
(Destexhe and Sejnowski 1995; Destexhe et al. 1993a,b, 1994a, 
1996; Huguenard and McCormick 1992; McCormick and Huguen- 
ard 1992). Only those currents that were needed to account for 
the genesis of spindle and bicuculline-induced synchronized oscil- 
lations were included. 

Cable geometry and intrinsic currents 

Each cell had a single compartment, with the membrane potential 
governed by the following cable equation 

- INa - IK - kABA,T - ICIABA, (I > 

GZG = -gIA - EL) - ITS - INa - JK - LMPA - kABA,R (2) 

where VT and VR are the membrane potentials of TC and RE cells, 
respectively, and C, = 1 pF/cm* is the specific capacity of the 
membrane, gL is the leakage conductance, EL is the leakage reversal 
potential, IT and ITS are the low-threshold calcium currents, Ih is the 
hyperpolarization-activated cation current, IKL is a leak potassium 
current, INa and Ik are the sodium and potassium currents responsi- 
ble for action potentials, and the synaptic currents are IGABAAT and 
IGAB*, associated, respectively, with GABA* and GABAB receptors 
in the synapses from RE to TC, IAMP* for the AMPA/ kainate 
receptors from TC to RE cells, and JGABAAR for GABA* receptors 
between RE cells. All intrinsic currents in this model are variants 
from the same generic equation 

Zj = gm”hN(V - Ej) (3) 

where the current Ij is expressed as the product of respectively the 
maximal conductance, gj, activation (m) and inactivation variables 
(h), and the difference between the membrane potential V and the 
reversal potential Ej. The gating of the channel is derived from 
the following first order kinetic scheme 

a(V) 
c 0 & (4) 

where 0 and C are the open and closed states of the gate. The 
variables m and h represent the fraction of independent gates in 
the open state, following the convention introduced by Hodgkin 
and Huxley ( 1952). The steady state activation and the time con- 
stant, respectively, are given by m, = a/( cy + p) and 7, = 1 / 
(a + p), and similarly for h. 

The model of the RE cell was a single compartment reduction 
obtained from a detailed compartmental model of RE neurons (De- 
stexhe et al. 1996). The length and diameter of the single compart- 
ment were of 70 and 65 pm, respectively (area of - 14,300 pm’). 
The passive properties were obtained from directly fitting the 
model to capacitive transients recorded in a RE cell to give correct 
input resistance and time constant (Destexhe et al. 1996). Passive 
parameters were g, = 0.05 mS/cm* and EL = -90 mV. 

* 

For active currents, only the low-threshold Ca”’ current of RE 
cells, ITS, was considered; other currents, such as IKICa, and ZcAN * 
were not included for simplicity. Although these currents have 
important consequences in shaping the firing patterns of single RE 
cells (Bal and McCormick 1993)) we found that they had very 
little influence on network behavior (see also Destexhe et al. 
1994a). The kinetics of ITS were derived from voltage-clamp data 
on rat RE cells using a ~~~11 formalism (Huguenard and Prince 
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1992) and were given in detail in a previous paper (Destexhe et 
al. 1996). The amplitude of the current was obtained by fitting the 
model to current-clamp and voltage-clamp recordings of ITS in RE 
cells (Destexhe et al. 1996) and the maximal conductance of the 
current was of & = 3 mS/cm”. 

A 
1 h activation AMPA 

10ms 

Intracellular Ca2+ dynamics was modeled by a simple first-order 
decay with a time constant of 5 ms (as in McCormick and Huguen- 
ard 1992) ; the equilibrium Ca2+ concentrations were 2 mM extra- 
cellularly and 240 nM intracellularly, which corresponds to a rever- 
sal potential of - 120 mV. INa and IK were described by kinetic I I I I I I 
equations identical to hippocampal pyramidal cells from Traub and -100 -80 -60 -40 -20 0 

Miles (1991). Membrane Potential (mV) 

The model of the TC cell was based on previous models (Des- 

100 pA 

texhe et al. 1993a; Huguenard and McCormick 1992; McCormick C GABA A 
and Huguenard 1992) with some important differences. The geom- 
etry and passive properties were taken from McCormick and Hu- 
guenard ( 1992) : the length and diameter of the single compartment 20pA 

were of 96 pm each (surface of -29,000 pm’), and the passive 

GABA B 

20 pA 

currents were of gL = 0.01 mS/cm’, EL = -70 mV and IKL had a 
maximal conductance between 2 and 8 nS. These values give a 10ms 

correct input resistance and time constant of the cell (see McCor- 
mick and Huguenard 1992). 

Active currents in TC cells were the low-threshold Ca” current, 
Jr, and the hyperpolarization-activated current, Ih. 1T was modeled 
by kinetics similar to the model introduced by Huguenard and 
McCormick ( 1992)) using a m2h formalism, with activation (m) 
considered at steady state and inactivation (h) described by a first- 
order equation. The time constant of inactivation (TV) was fit by 
a double exponential expression to the voltage-clamp data of Hu- 
guenard and Prince ( 1992)) so that 

Q(V) = 30.8 + (211.4 + exp[(V + 113.2)/5]}/ 

{ 1 + exp[(V + 84)/3.2]} (5) 

at a temperature of 24OC. The temperature was adjusted to 36OC 
using a Q10 factor of 3 (Coulter et al. 1989). The maximal conduc- 
tance of IT was of & = 2 mS/cm2 and Ca2+ dynamics was identical 
to those in RE cells. 

A potassium A current (IA) is present in TC cells (Huguenard et 
al. 199 1) and delays spike generation (McCormick and Huguenard 
1992) by increasing the threshold for action potentials (Rush and 
Rinzel 1994). This current was not incorporated here, but a positive 
shift of 20 mV in action potential threshold was included in TC 
cells to mimic the effect of the A current during bursting activity. 
In a model of single spike mode in TC cells, an explicit representa- 
tion of this current would be needed (McCormick and Huguenard 
1992). The inclusion of a higher threshold for action potentials 
had very little effect on network behavior but gave more realistic 
simulated bursts. 

I,, was modeled with a single-variable kinetic scheme (m formal- 
ism) based on previous models for the dependence of its activation 
on voltage and intracellular Ca”. The voltage dependence of Ih 
was based on voltage-clamp data of this current in TC cells 
(McCormick and Pape 1990a), and the rate constants used were 
identical to those in the model introduced by Huguenard and 
McCormick ( 1992). The regulation of I,, by intracellular Ca2+ was 
based on voltage-clamp data from the hyperpolarization-activated 
current in sino-atria1 cells. This current, which is similar to Ih in 
thalamic neurons, has a strong Ca2+ dependence (Hagiwara and 
Irisawa 1989) but calcium may not bind directly to the channel 
(Zaza et al. 1991) . The model used here was a modified version 
of a kinetic model introduced previously (Destexhe et al. 1993a). 
The previous model considered the direct binding of Ca2+ ions to 
the open form of the channel. In the present model, we assume 
that the voltage dependence and conductance is influenced by Ca2+ 
indirectly through the binding of Ca2+ to a regulating factor (P), 
which itself binds to the open form of the channel and blocks its 

200 ms 

FIG. 1. Kinetic models for Zh and synaptic currents. A : voltage-depen- 
dent activation of Ih for different intracellular calcium concentrations. Suc- 
cessive traces from bottom to top indicate activation curve ([ 0] + ginc 
[ O,] ) for different intracellular Ca2+ increasing from 100 nM to 6.6 M by 
a factor of 1.2 (multiplicative). Regulation of Zh by Ca2’ operated through 
a regulatory protein that had 4 binding sites for Ca2+ and regulated the 
channel by binding to its open form, resulting in a shift of voltage depen- 
dence of Ih as well as an increase of total conductance. B: kinetic model 
for glutamatergic synaptic currents on a-amino-3-hydroxy-5-methyl-4-isox- 
azolepropionic acid (AMPA) receptors compared with whole cell re- 
cordings of AMPA-receptor-mediated currents obtained in mossy fiber syn- 
apses in CA3 pyramidal cells (Xiang et al. 1992) (recorded at 31°C). 
C: kinetic model for y-aminobutyric acid-A (GABAJ -receptor-mediated 
currents compared with whole cell recordings of GABA, currents obtained 
in dentate granule cells (from Otis and Mody 1992). D : kinetic model for 
GABA,-mediated currents compared with whole cell recordings of GABAB 
currents obtained in dentate granule cells (from Otis et al. 1993 ) ( C and 
D recorded at 33-35°C). In B-D, continuous traces show the best fit 
obtained after running a simplex procedure to optimize the parameters of 
the kinetic model; noisy traces are averages of whole cell recordings of 
postsynaptic currents obtained by extracellular stimulation in vitro. Models 
in B and C used 0.3-ms pulses of transmitter at a concentration of 0.5 mM. 
Because of cooperative properties of GABA* responses, a single short 
pulse was insufficient to evoke detectable currents (Destexhe and Sejnowski 
1995), and a longer pulse of 5 ms was used to fit the data in D. 

transition to the closed form. This leads to an effective shift of 
the voltage dependence to more depolarized values (Fig. 1 A), as 
observed experimentally (Hagiwara and Irisawa 1989). 

The full kinetic scheme was 

Q(V) 
c 0 

& (6) 

PO + 2Ca2+ ; P, (7) ? 

0 + P, ; 0, (8) 

where the first reaction represents the voltage-dependent transitions 
of Ih channels between closed (C) and open (0) forms, with cy 

* and ,B as transition rates. The second reaction represents the binding 
of intracellular Ca2+ ions to a regulating factor “(P, for unbound 
and PI for bound) with four binding sites for calcium and rates of 
k, = 2.5 X lo7 mMe4 ms-’ and k, = 4 X IO-” ms-’ (half- 
activation of 0.002 mM Ca”). The calcium-bound form P1 associ- 
ates with the open form of the channel, leading to a “locked” 
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open form OL, with rates of k, = 0.1 ms -* and i&, = 0.001 ms -‘. 
The current is then proportional to the relative concentration of 
open channels 

Ih = &CL01 + ginc[“Ll)(v - Eh) (9) 

with a maximal conductance of g -h = 0.02 mS/cm2 and a reversal 
potential of & = -40 mV. Because of the factor ginc = 2, the 
conductance of the calcium-bound open state of Ih channels is twice 
that of the unbound open state. This produces an augmentation of 
conductance after the binding of Ca2’, as observed in sino-atria1 
cells (Hagiwara and Irisawa 1989). 

Synaptic currents 

Kinetic models of synaptic currents were directly fit to experi- 
mental data (Destexhe and Sejnowski 1995; Destexhe et al. 
1994c,d) based on whole cell recorded synaptic currents obtained 
in hippocampal neurons (Otis and Mody 1992; Otis et al. 1993; 
Xiang et al. 1992). In particular, AMPA and GABA* receptor- 
mediated currents were both represented by a simple first-order 
activation scheme 

C+T$O (10) 

where the transition between the closed (C) and open (0) states 
depends on the binding of transmitter (T) . We assumed that the 
concentration of T is a pulse that is 0.3 ms in duration and 0.5 
mM in amplitude following an action potential in the presynaptic 
neuron. This brief pulse is consistent with estimates of the time 
course of transmitter in the synaptic cleft (Clements et al. 1992; 
Destexhe and Sejnowski 1995). Corroboration also is found in 
experimentally applied pulses of agonist to membrane patches that 
mimic the time course of synaptic currents (Colquhoun et al. 
1992). The rate constants were estimated from fitting the model 
to experimentally recorded AMPA and GABA, currents: cy = 0.94 
ms-‘mM-‘, 0 = 0.18 ms-’ for AMPA (Fig. 1B) and a = 20 
ms-‘mM-‘, p = 0.16 ms -’ for GAB A,-mediated currents 
(Fig. 1C). 

The current then was given by 

Isyn = i5,rll9l(v - J%yn) (Il) 

where Isyn represents either IAMPA, IGABAAT, or IGABAAR; gsyn repre- 
sents, respectively, g * AMPA 7 gGABA,T 7 or gGABAAR 7 [ 01 is the fraction 
of open channels, and the reversal potential Esyn was 0 mV for 
IAMpA and -85 mV for JGABA,T and JGABA,R. 

GABAB receptors have a more complex scheme of activation 
that involves the activation of K+ channels by G proteins (Dutar 
and Nicoll 1988). Our model was based on cooperativity in the 
activation of K+ channels, which need several G-protein binding 
to be activated. We used a modified version of a kinetic model of 
the GABAB current introduced previously (Destexhe and Sejnow- 
ski 1995; Destexhe et al. 1994d) 

Ro+T=RsD (1-V 

R + Go *RG--+R+G (1-v 

G + Go (14) 

C, --I- 4G s 0 (1-v 

where the transmitter, T, binds to the receptor, Ro, leading to its 
activated form, R, and desensitized form, D. The G protein is 
transformed from an inactive (GDP-bound) form, Go, to an acti- 
vated form, G, catalyzed by R . Finally, G binds to open the K+ 
channel, with four independent binding sites. If  we assume quasi- 
stationarity in Eqs. 13 and 15, neglect desensitization, and consider 
Go in excess, then the kinetic model for this system reduces to 

4Rl - = fG[Tl(l - WI) - &WI 
dt 

4Gl 
- = &[R] - I&[ G] 

dt 

I [G14 
GABA, = gGABA, [ (74 + & (V - Ed 

where [R ] is the fraction of activated receptor, [ G] (in micromolar) 
is the concentration of activated G protein, ~c;AB+~ is the maximal 
conductance of K+ channels, Ek = -95 mV IS the potassium 
reversal potential, and Kd is the dissociation constant of the binding 
of G on the K+ channels. Direct fitting of the model to whole cell 
recorded GABAB currents (Fig. 1 D) gave the following values: 
& = 100 pM4, KI = 0.5 mM-‘ms-‘, K2 = 0.0012 ms-‘, & = 
0.18 ms-‘, and K4 = 0.034 ms-‘. 

The main difference between this model and that proposed pre- 
viously (Destexhe and Sejnowski 1995) is the absence of desensi- 
tized state for the receptor and the use of short pulses of transmitter 
of 0.3 ms. We found that the desensitized state was necessary to 
account accurately for the time course of GABA, currents, but had 
little influence on network behavior (not shown). The resulting 
model involves only two independent variables and is computation- 
ally much faster. 

Estimation of parameters 

All simulations were run using NEURON (Hines 1993 ) using a 
temperature of 36°C. The values of parameters for synaptic currents 
were obtained by fitting the kinetic model directly to experimental 
recordings using a simplex algorithm (Press et al. 1986)) from 
different initial conditions, until the model converged to the data 
with stable values for the parameters (Fig. 1, B-D). 

The passive properties of the RE cell were obtained from directly 
fitting the model to capacitive transients recorded in an RE cell 
(see Destexhe et al. 1996). Passive properties of the TC cell were 
similar to a previous model (McCormick and Huguenard 1992). 
These values gave correct input resistance and time constants for 
both types of cells. 

Conductance values were consistent with previous models and 
were varied to test the sensitivity of the results at the network 
level. The results reported here were robust to changes in parame- 
ters within a reasonable range. The parameters that were found to 
be critically important are discussed explicitly. 

In vitro recordings 

Intracellular recordings were obtained in ferret thalamic slices, 
which contained the lateral geniculate laminae, the perigeniculate 
sector of the reticular nucleus, and the interconnectivity between 
them. Slice preparation and recording methods were identical to 
those previously described in detail (Bal et al. 1995a,b; Kim et al. 
1995; von Krosigk et al. 1993). All recordings were done at a 
temperature of 34-35OC. 

RESULTS 

We present first the properties of single cells and small 
circuits and then focus on network properties and spatiotem- 
poral patterns of activity. 

Small circuits of thalamic reticular neurons 

The burst discharges of RE cells are dominated by the T 
current, and the shape of the burst depends critically on the 
lateral GABA,-mediated inhibition between these cells. As 
shown in Fig. 2A, in the presence of lateral inhibition, model 
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FIG. 2. Oscillatory behavior of reticular thalamic neurons. Al : scheme of a l-dimensional network of thalamic reticular 
(RE) cells interconnected through GABA,-mediated inhibitory synapses. Each RE cell contacts a thalamocortical (TC) cell 
through a mixture of GABA* and GABAs receptors. A2: stimulation of each RE cell by a depolarizing current pulse under 
normal conditions produced a burst with only a few spikes, which evoked strong GABA* inhibitory postsynaptic potentials 
(IPSPs) in TC cells but only a weak GABAs component. Top: burst in a RE cell indicated, and IPSP evoked in target TC 
cell is shown at bottom (top has 10 times higher time resolution). A3 : same simulation without intra-RE inhibition. Stimulation 
evoked prolonged burst discharges in RE cells, which in turn evoked IPSPs in TC cells that contained a strong GABAB 
component (see Destexhe and Sejnowski 1995). BI : stimulation of a network of GABAergically connected RE cells at 10 
Hz through AMPA receptors can recruit RE cells to burst at same frequency. B2: same simulation in absence of intra-RE 
inhibition. In this case, 3.3 Hz stimulation recruited RE cells in repetitive prolonged burst discharges. C: if the membrane 
potential of RE cells is more depolarized. The average network can show synchronized oscillations at 12- 16 Hz. Membrane 
potential in a l-dimensional network of 100 RE neurons is shown; 100 RE neurons were depolarized by partial block of 
leak Kf currents, mimicking the effect of noradrenaline (see also Destexhe et al. 1994b). Total conductances were of 0.2 
S for GABA* in RE cells and 0.02 and 0.04 S for GABA* and GABAB in TC cells, respectively. 

RE cells produce burst discharges that gave rise to three to 
seven spikes (Fig. 2A2, top), in contrast to the prolonged 
bursts ( 15-25 spikes) seen after suppression of GABA* 
receptors between RE cells (Fig. 2A3, top). These proper- 
ties are consistent with slice recordings showing that disinhi- 
bition in the RE nucleus increases the intensity and duration 
of burst discharges (Bal et al. 1995b; Huguenard and Prince 
1994b; Sanchez-Vives et al. 1995). This observation is also 
consistent with previous models (Destexhe and Sejnowski 
1995; Destexhe et al. 1994a; Golomb et al. 1996). 

In thalamic slices, the ratio between GABA, and GABA, 
components in RE-induced IPSPs on target TC cells was 
shown to depend strongly on the integrity of GABA,-medi- 
ated inhibition in the RE nucleus (Huguenard and Prince 
1994a; Sanchez-Vives et al. 1995). On the other hand, this 
ratio was not sensitive to the intensity of stimulation in the 
RE nucleus (Huguenard and Prince 1994b). These proper- 
ties are found in the present model because of the kinetic 
properties of GABAergic receptors (see Destexhe and Sej- 
nowski 1995). Under normal conditions, stimulation in the 
RE nucleus evoked GABA,-dominated IPSPs in TC cells 
(Fig. 2A2). Blocking GABA* receptors locally in the RE 
nucleus enhanced the burst discharges of these cells and 

evoked a more prominent GABAB component in TC cells 
(Fig. 2A3). 

This enhancement was due to the strong cooperativity in 
the activation of GABA, responses (Destexhe and Sejnow- 
ski 1995)) provided by four independent binding sites of 
G proteins on the GABA,-associated K+ channels, and is 
consistent with kinetic studies on G-protein-mediated re- 
sponses in other systems (Boland and Bean 1993; Golard 
and Siegelbaum 1993; Yamada et al. 1993). Because of 
cooperativity, G proteins must be produced at sufficient in- 
tracellular concentration to activate the K+ channels. Conse- 
quently, a single presynaptic spike is insufficient to evoke 
a detectable GABAB current, and prolonged stimulation of 
GABAs receptors by GABA must occur to provide a detect- 
able response. The same conclusions hold in simplified mod- 
els of GABAergic IPSPs based on pulses of transmitter 
(Fig. 2A). 

The responses of RE cells to repetitive synaptic stimula- * 
tion also depended strongly on lateral inhibition between RE 
cells. Figure 2 Bl shows a IO-Hz stimulation of RE cells 
through AMPA receptors in the presence of lateral inhibi- 
tion. The cell shown in the figure responded by producing 
bursts discharges at 10 Hz with few spikes per burst ( l-6 
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spikes). In the absence of lateral GABA*-mediated inhibi- 
tion, stimulation at 3.3 Hz recruited RE cells in prolonged 
bursting discharges ( 13-25 spikes; Fig. 2B2). These two 
patterns of activity also occurred spontaneously, as described 
in later sections. 

In the absence of external stimulation, or connections with 
TC cells, an isolated network of RE cells would stay quies- 
cent, consistent with recordings of the isolated RE nucleus 
in vitro (Bal and McCormick 1993; Bal et al. 1995a,b; Hu- 
guenard and Prince 1994b; von Krosigk et al. 1993; Warren 
et al. 1994). However, in vivo recordings of the deafferented 
RE nucleus showed spontaneous oscillations (Steriade et al. 
1987)) which could be reproduced by the model assuming 
more depolarized RE cells (Destexhe et al. 1994a,b). The 
present model also produced sustained oscillations if the RE 
cells were more depolarized (Fig. 2C). 

Single thalamocortical cells 

The electrophysiological properties of TC cells are domi- 
nated by two voltage-dependent currents, 1T and Ih, which 
allow the cell to produce rebound bursts or spontaneous 
oscillations (McCormick and Pape 1990a; Soltesz et al. 
199 1) . Neuromodulation can induce the transition between 
oscillations and a “relay’ ’ state in TC cells, through decrease 
of leak K+ conductances and regulation of the voltage-de- 
pendence of & (see McCormick 1992). We assume here 
that, in addition to its voltage dependence and regulation 
by neuromodulators, &, also is upregulated by intracellular 
calcium, which increases transiently as 1T activates during a 
burst, as described in detail in METHODS. 

The model introduced here for upregulation of 1h is similar 
in spirit to a previous model (Destexhe et al. 1993a), but 
has important differences. First, Ca”+ ions do not bind di- 
rectly on the channel but through a calcium-binding protein 
P, which produces a bounded shift of the activation curve 
(Fig. IA) because P has a maximum concentration inside 
the cell. Second, the maximal conductance of the channel is 
now allowed to increase after the binding of P (for ginc > 
1) . These two properties were observed in sino-atria1 cells 
(Hagiwara and Irisawa 1989). On the other hand, the kinetic 
scheme for voltage dependence here is simpler than in the 
previous model, which contained a combination of fast and 
slow activation gates (Destexhe and Babloyantz 1992; Des- 
texhe et al. 1993a). These improvements give a very robust 
waxing-and-waning behavior to the TC cell. 

The single-cell behavior was similar to the previous model 
(Destexhe et al. 1993a) : when the TC cell repetitively bursts, 
the enhancement of the h current depolarizes the cell, which 
eventually stops further rebound bursts in the cell. As a conse- 
quence, model TC cells show waxing-and-waning slow oscilla- 
tions, as observed in vitro (Leresche et al. 199 1) . The dynamics 
of the TC cell also showed different regimes depending on the 
balance between & and 1,, conductances (Fig. 3A). For fixed 
&, increasing & led successively to slow oscillations in the 
delta range ( l-4 Hz), then to waxing-and-waning slow oscilla- 
tions, and finally, to the relay resting state, consistent with in 
vitro studies (Soltesz et al. 1991) . 

During waxing-and-waning, calcium entered through IT 
channels at each burst, resulting in an increase of calcium- 
bound protein (P, ) and a gradual increase of 1,, channels 

A Resting (-68 mV) 

Waxing- 

Waning 

Delta 

ADP / / / / / 

L- 
40 mV 

8s 

B Calcium-bound Ih [OL ] 

0.1 

Membrane Potential 

611; I 40 mV 

IS 

-71 mV 

ADP 

,/ 

-67 mV 

FIG. 3. Intrinsic oscillatory properties of thalamocortical cells. A : 3 dif- 
ferent modes of TC cells with different conductance values of &. Top 
to bottom: relay state (gh = 0.025 mS /cm”), slow waxing-and-waning 
oscillations (& = 0.02 mS/cm’) and delta oscillations ( gh = 0.005 mS / 
cm2). B : intrinsic waxing-and-waning oscillation at higher time resolution. 
Top : fraction of channels in calcium-bound open state (0,) and membrane 
potential are shown at bottom. Leak potassium conductance was of &L = 
5 nS for all simulations. 

locked in the open state (0,). This resulted in a progressive 
afterdepolarization (ADP) at each burst until the cell ceased 
to oscillate (Fig. 3 B). This ADP was observed during wax- 
ing-and-waning oscillations in TC cells maintained in low 
magnesium in vitro (Leresche et al. 1991) . 

In thalamic slices containing both TC and RE cells, intra- 
cellularly recorded TC cells exhibit a small (2-5 mV) ADP 
after repetitive burst discharges (Fig. 4) (Bal and McCor- 
mick 1996). This ADP occurred either after spindle oscilla- 
tions (Bal and McCormick 1996)) after bicuculline-induced 
oscillations (Fig. 4A), or after a sequence of hyperpolarizing 
current pulses (Fig. 4B). In the latter case, there was a 
marked diminution of input resistance in successive re- 
sponses (Fig. 4, E and F). This corroborates intracellular 
recordings of TC cells in vivo showing a diminution of input 
resistance at the end of spindle sequences (Nunez et al. 
1992). 

These two properties occurred in the model due to upregu- 
lation of &. In Fig. 5 a current-induced oscillation is com- 
pared in a model TC cell with upregulated Ih and in control 
conditions with nonregulated Ih. Successive hyperpolarizing 
pulses at 4 Hz evoked rebound bursts with a progressive 
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FIG. 4. TC cell bursts are followed by 
an afterdepolarization and diminished input 
resistance. A : afterdepolarization ( ADP) 
after a spontaneously occurring oscillation 
in a cell from lateral geniculate nucleus in 
vitro. B: same cell, but a sequence of re- 
bound bursts was induced by injecting hy- 
perpolarizing current pulses at 3 Hz (current 
shown top). Examples of rebound bursts at 
beginning (C) and end (D) of spontaneous 
oscillation show that IPSPs have diminished 
effect on the cell and that bursts gradually 
become weaker. The same phenomenon is 
seen during injection of current pulses (E 
and F). During the sequence of injected 
pulses, there was a progressive decrease of 
input resistance (flRin). 

FIG. 5. Diminution of input resistance 

L 

and ADP in model TC cells. Hyperpolariz- 
ing current pulses were injected at 4 Hz 
evoking a sequence of rebound bursts (in- 

jected current shown top). A: when there 
was an activity-dependent upregulation of 
Ih , voltage responses gradually decreased, 
indicating a diminution of input resistance 

I  .  

I ’ ‘1 \ I \ I \ I \ \ \ /  \  
/  

I  

/  I  I  
/  I  I  

/  I  I  
/  ,  ,  

l-----r 
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( ARin, insets). Successive bursts became 
progressively less powerful. At the end of 
the sequence, membrane showed an ADP. 
B : without upregulation of Zh, none of these 
phenomena was present, although a 
stronger Ih conductance was used. Bottom: 
enlargement of 2nd and 15th pulses and 
responses; & = 0.025 mS/cm2 &L = 5 nS 
in A and & = 0.08 ms/cm’, gKL = 5 ns 
in B. 
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diminution of input resistance with a time constant of -700 
ms (Fig. 5A ) . This phenomenon did not occur using nonreg- 
ulated & even with a stronger & (Fig. 5B). The ADP was 

A 10Hzs 

present in both spontaneous oscillations (Fig. 3B) and after 
a sequence of rebound bursts evoked by current injection liorls 
(Fig. 5A). The depolarization was caused by a progressive 

~~~ 

enhancement of the 1h current. 
From Figs. 4 and 5, it also is apparent that after a few 

bursts, there is a reduced tendency of the TC cell for further 140rnV 

rebound burst responses. The progressive augmentation of IS 

imulation 

gGABAA = 20 nS 

the 1h conductance depolarizes the membrane and counter- 
acts the deinactivation of &, and weaker rebound responses 
follow. This phenomenon was not seen in the absence of 
upregulation of 1h (Fig. 5s). This property will have im- 
portant consequences at the network level, as shown in later 
sections. 

10 Hz stimulation 

When the model TC cell was stimulated by GABAergic 
synaptic currents, the response depended on the type of re- 
ceptor, the conductance and the frequency of stimulation. 
Figure 6, A and B, shows repetitive stimulation of GABA* 
receptors at 10 Hz. Stimuli consisted of short bursts of pre- 
synaptic pulses occurring every 100 ms. These stimuli were 
insufficient to activate GABAR receptors, but activated GA- 
BAA IPSPs occurring at 10 Hz in the cell. For moderate 
to low GABA* conductances, the TC cell responded by 
producing rebound bursts once every two synaptic stimuli 
(Fig. 6A). This phenomenon of subharmonic bursting has 
been described before (Kopell and LeMasson 1994; Wang 
1994) and is due to the presence of 1T and &. Subharmonic 
bursting is consistently seen in TC cells during spindle oscil- 
lations in different preparations (Bal et al. 1995a,b; Muhle- 
thaler and Serafin 1990; Steriade and Deschenes 1984). 

C 3.3 H; Z stimulation 
gGABAA = o 

{GABAB=60nS For stronger GABA, conductances, the TC cell could 
produce rebound bursts at 10 Hz (Fig. 6B), similar to the 
results of a previous model (Destexhe et al. 1993b). During 
spindle oscillations, some types of TC cells typically burst 
on each cycle during spindle oscillations, as observed in 
thalamic intralaminar cells (Steriade et al. 1993a). 

Stimulation of GABA, receptors at 3.3 Hz with long 
bursts of presynaptic pulses occurring every 300 ms and 
with GABA, receptors blocked produced very robust re- FIG. 6. Simulated responses of thalamocortical cells to GABAergic svn- 
bound bursts at the same frequency (Fig. 6C). These bursts 

We now turn to small systems of interconnected TC and 
RE cells, using GABA, receptor synapses between RE cells, 
AMPA receptor synapses from TC to RE cells, and a mixture 

were larger due to the more complete deinactivation of Jr 

of GABA* and GABA, receptors at inhibitory synapses 
from RE to TC cells, using the same kinetics as described 

provided by GABA, IPSPs. 

above. In a previous model (Destexhe et al. 1993b), an 
interacting pair of TC and RE cells showed 9- 11 Hz waxing- 
and-waning oscillations similar to spindle oscillations. How- 
ever, to have a two-cell minimal model, the TC cell had to 

Spindle oscillations from small circuits of thalamic cells 

produce a rebound burst after each GABA* IPSP arriving 
at 10 Hz (as in Fig. 6B). The same type of oscillations 
could be found using the present models together with strong 
GABA, conductances (not shown). However, intracellular 
recordings of TC cells during spindling show subharmonic 

the stimulation frequency (5 Hz). B: same simulation, but using 3 times 
stronger GABA, conductance. In this case, the TC cell was recruited into 

aptic stimulation. Both GAB A, and GABAB receptors were stimulated at 

bursting oscillations at 10 Hz. C: stimulation (3.3 Hz) of GABA, receptors 
alone (GABAs conductance is drawn on top). In this case, 7 successive 

either 10 or 3.3 Hz in a TC cell. Stimuli were bursts of presynaptic pulses 

bursts were simulated with an interburst period of 300 ms; each burst in 
the stimulus consisted of a train of 18 pulses at 360 Hz, mimicking the 

at 360 Hz mimicking frequency of RE bursts (see Fig. 2, A2 and A3). A: 

firing patterns of RE cells in absence of GABA* receptors (see Fig. 2A3). 

subharmonic response of TC cell to GABAergic stimulation at 10 Hz. 

Contrary to stimuli in A and B, which evoked a weak GABA, component 

GABAergic receptors were stimulated using bursts of 3 pulses at 360 Hz, 

in the IPSP (see Fig. 2A), stimulus used in C evoked strong GABA,- 
mediated currents and the TC cell was recruited in secure rebound bursts 

occurring every 100 ms. GABA* conductance is represented (top) with 

responses. 

membrane potential (bottom). TC cell produced rebound bursts at half of 

bursting with the TC cell producing rebound bursts every 
two or three GABAergic IPSPs, a feature that cannot be 
reproduced with only one TC cell. 

In a previous model (Destexhe et al. 1993a), blocking all 
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GABAergic conductances did not lead to the cessation of 
oscillatory activity in the two-cell model because the TC 
cell needed to have spontaneous oscillatory activity: this 
may be relaxed in models of larger networks where there is 
a range of intrinsic properties among the TC cells (Leresche 
et al. 199 1) . One possible source of heterogeneity in the 
intrinsic properties of TC cells is a difference in their resting 
membrane potential, as would occur if they had different 
values of & and leak K+ conductances. Even if most TC cells A 
are in a relay mode, with a depolarized resting membrane 
potential around -60 mV, some TC cells could oscillate 
spontaneously, due to a weaker &-, maximal conductance. 
This is consistent with current-clamp recordings in TC cells 
in vitro (Leresche et al. 1991; McCormick and Pape 1990a; 
Soltesz et al. 1991), in which both resting and spontaneously 
oscillating TC cells were found. Such an inhomogeneity in 
the properties of TC cells may account for the initiation and 
propagation of spindle activity, as shown in the next section. 

A minimal model for spindle activity that takes into ac- 
count the properties described above has two TC and two 
RE cells, as shown in Fig. 7. In this circuit, the weaker 
GABA* conductances recruited the TC cell to rebound once 
every two IPSPs, alternating with each other, such that the 
RE cells received EPSPs occurring at - 10 Hz although each 
TC cell burst at -5 Hz. The two TC cells in this model ^ A Ii II II II 
were different. There was an “initiator” TC cell (TCl in 
Fig. 7), which had a stronger & and was spontaneously 
oscillating, and a ‘ ‘follower’ ’ TC cell (TC2 in Fig. 7)) which 
was in a resting relay state and had weaker Ih. TCl began 
oscillating and recruited the two RE cells, which in turn 
recruited TC2. The oscillation in the whole system was main- 
tained at a frequency of 9- 11 Hz during the spindle. After 
a few cycles, the Ca2+ -induced augmentation of &, conduc- 
tance depolarized the membrane in both TC cells and the 
oscillation stopped. After a silent period of 15-25 s, the 
initiator TC cell began to oscillate again and the cycle re- 
peated. 

40 mV 

IS 

FIG. 7. Spindle oscillations in a 4-neuron circuit of thalamocortical and 
thalamic reticular cells. Two TC and 2 RE cells were connected as shown 
in diagrams above. One TC cell (TC 1) was spontaneously oscillating (initi- 
ator cell) and had a higher conductance of I,, (g, = 0.025 mS/cm2 ; gKL = 
5 nS) . The second TC cell (TC2) had weaker Zh and &L (& = 0.015 mS / 
cm2 ; &L = 3 nS ) and was in a resting mode. Two RE cells were identical. 
Synaptic currents were mediated by AMPA/kainate receptors (from TC to 

RE; g AMPA = 0.2 pS>, a mixture of GABA, and GABAB receptors (from 
RE to TC; gGABA, = 0.02 ,QS and gGABA, = 0.04 &3) and @?&AA-mediated 

lateral inhibition between RE cells (&ABA, = 0.2 FS ) . A : spindle oscilla- 

tions arose as the 1 st TC cell (TCl ) started to oscillate, recruiting the 2 
RE cells, which in turn recruited the 2nd TC cell. Oscillation was maintained 
for a few cycles and repeated with silent periods of 15 -25 s. B : 1 st bursts 
of same cells shown at 10 times higher time resolution. Each TC cell 
produced bursts at -5 Hz, out of phase, but provided a common input at 
9- 11 Hz to RE cells. A burst in a TC cell always preceded bursts in RE 
cells by a few milliseconds. 

GABA, 

GABA, 

GABA B 

REl 

RE2 

TCl 

i\/ 
\ 

TC2 

I; I 

During the spindle oscillation, there was a mirror image 
between bursts in the TC and RE cells that is typical of 
those observed from recordings (Fig. 7B). Bursts in the TC 
cell were rebound responses to IPSPs, and the oscillation 
rode on a hyperpolarizing envelope. In RE cells, EPSPs 
from TC cells activated 1T and elicited bursts, leading to a 
depolarizing envelope during the spindle. This mirror image 
is characteristic of spindle oscillations recorded intracellu- 
larly in the two thalamic cells types (Bal et al., 1995a,b; 
Steriade and Llinas 1988; von Krosigk et al. 1993). 

In this model, the rhythmicity was induced by the initiator 
TC cell, TCl, in an otherwise quiescent circuit. The oscilla- 
tion also could be started by extrinsic mechanisms, such as 
by stimulating any TC or RE cell in the system (not shown). 
The resting TC cell, TC2, acted here as a conditional oscilla- 
tor; although it did not oscillate spontaneously, 1T and & still 
were present in the cell, and it was able to participate in 
oscillatorv behavior. 

Bicuculline-induced oscillations 

In ferret thalamic slices, block of GABA, receptors by 
application of bicuculline transformed the spindle behav- 
ior into a slower (3-4 Hz) oscillation of high synchrony 

(Bal et al. 1995a; Kim et al. 1995; von Krosigk et al. 
1993). Further application of a GABA, receptor antago- 
nist abolished these slowed oscillations, indicating that 
their genesis involved GABA,-receptor mediated IPSPs. 

In the four-cell circuit, we observed a similar type of 
slow oscillation (Fig. 8). These oscillations were a conse- 
quence of the properties of GABAR responses as described 
above. After removal of GABA,-mediated inhibition, the 
RE cells could produce prolonged bursts that evoked 
strong GABAB currents in TC cells (as described in Fig. 
2A3). These prolonged IPSPs evoked robust rebound 
bursts in TC cells (as in Fig. 6C), and TC bursts in turn 
elicited bursting in RE cells through EPSPs. This mutual 
TC-RE interactions recruited the system into a 3- to ~-HZ 
slow oscillation with characteristics similar to those of 
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bicuculline-induced slow oscillations in ferret thalamic 
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FIG. 8. Bicuculline-induced oscillations in a 4-neuron 
circuit of thalamocortical and thalamic reticular cells. The 
same circuit as described in Fig. 7 was used, but GABA, 
receptors were suppressed, mimicking effect of bicucul- 
line. A : slow 3-4 Hz oscillation obtained as the 1st TC 
cell (TCl ) started to oscillate, recruiting the 2 RE cells, 
which in turn recruited the 2nd TC cell. The mechanism 
of recruitment between cells was identical as for spindle 
oscillations (Fig. 7)) but oscillations were more synchro- 
nized, of slower frequency, and had a 15% longer silent 
period. Burst discharges were prolonged due to loss of 
lateral inhibition in RE. B: first bursts of the same cells 
shown at 10 times higher time resolution. TC cells were 
in phase and phase-led RE cells by a few milliseconds. 

slices. The oscillation was caused by the same mecha- 
nisms described in the previous section for spindle oscilla- 
tions but was slower and more synchronized (Fig. 8). 

In the model, the silent period of the oscillation was 
significantly longer for bicuculline-induced oscillations 
(26 t 5 s, mean ? SD) compared with spindle waves 
(20 + 6 s). The length of the silent period was sensitive - 
to the maximal conductance of & and the unbinding rate of 
calcium-binding protein from & channels ( k4 in Eq. 8). For 
a given set of parameters, the period of bicuculline-induced 
oscillations was always longer than the period of spindles. 
This was observed consistently experimentally (Kim et al. 
1995) but the difference was less pronounced in the model. 
We could match more closely the relative duration of the 
silent period with other parameter values, but the results 
were highly variable and not robust to small changes in the 
parameters. This sensitivity may be reflected in the variabil- 
ity that has been reported between experiments (Kim et 
al. 1995 ) . The mechanism underlying longer interspindle 
periods was the stronger upregulation of Ih, as also shown by 
the higher amplitude of the ADP in the case of bicuculline- 
induced oscillations ( see below ) . 

In vitro experiments show that blocking TC-RE synaptic 
interconnections suppresses oscillatory behavior in both TC 
and RE cells (Bal et al. 1995a,b; von Krosigk et al. 1993). 
The present model is compatible with this result if resting 
TC cells are typical of the majority of the TC population. 
After blocking all synaptic receptors, only the few spontane- 
ously oscillating TC cells will continue to oscillate, but all 
other TC cells and RE cells will remain silent, as shown in 
the next section. 

Oscillations in networks of TC and RE cells 

The model of interaction between two TC cells and two 
RE cells was scaled up to larger networks. In Fig. 9, a 
model with 50 TC and 50 RE cells is shown having the 
same types of cells and synaptic receptors as in Fig. 7. 
Based on anatomic data showing that axonal projections 
in the thalamic circuitry are local and topographic (Fitzgib- 
bon et al. 1995; Gonzalo-Ruiz and Lieberman 1995; Jones 
1985; Minderhoud 1971; Sanderson 197 1) , we have ap- 
proximated the structure of ferret thalamic slices by a two- 
layer one-dimensional network, one layer of TC cells and 
one layer of RE cells, in which connections were topo- 
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A 

B 1 Spindle Oscillation B2 

TC cell 40 

FIG. 9. Propagating oscillations in a network of thala- 
mocortical and thalamic reticular cells. A : schematic dia- 
gram of connectivity of a l-dimensional network of 50 
TC and 50 RE cells with localized axonal projections. 
Axons from TC cells ramified in RE nucleus and con- 
tacted RE cells within a patch of 10% of the size of 
network. Similarly, axons from RE cells contacted TC 
cells as well as had collaterals within the RE nucleus. All 
projections extended laterally to 11 neurons in case shown 
here. TCl was a spontaneously oscillating cell, whereas 
all other TC cells were in a resting mode; all RE cells 

Averages of IO TC cells 

100mV I 
were identical ( same models as in Fig. 7 ) . Bl : spindle 
oscillations at various sites of network. Averaged mem- 

1s 
TC cell IO ----------------------Is brane potentials were computed from 10 neighboring TC 

Cl Block of GABA, Receptors c2 w  

cells taken at 8 equally spaced sites. B2 : membrane poten- 
tial of 4 TC (4 bottom traces) and 4 RE cells (top traces) 
in the same simulation as in Bl. Cl : average membrane 
potentials of slow bicuculline-induced oscillations follow- 
ing removal of GABA, receptors. C2: example of TC 
and RE cells during the same simulation as in CI . (CI 
and C2: same sites and cells as in Bl and B2.) 

- - - - - - - - - - - - - - - - - - - - - - -  

graphically local (Fig. 9A). Each cell type made axonal 
projections that contacted 11 neighboring cells in the other 
layer (and also within the same layer for RE cells). All 
axonal projections were identical in extent and all synaptic 
conductances were equal. The total synaptic conductance 
on each neuron was the same for cells of the same type, 
independently of the size of the network, and was also the 
same as cells in the four-cell circuit. Reflexive boundary 
conditions were used to minimize boundary effects (see 
Destexhe et al. 1994a). 

Averaged membrane potentials over local regions of 10 
cells, regularly spaced throughout the network, showed wax- 
ing-and-waning oscillations at -10 Hz, indicating that the 
cells oscillated in synchrony (Fig. 9 Bl ) . As in the four-cell 
circuit, TC cells oscillated at a slower frequency -5 Hz 
whereas RE cells tended to oscillate - 10 Hz but had more 
irregular behavior (Fig. 9 B2). 

In individual cells, the oscillation showed waxing-and- 
waning properties similar to those described above (Fig. 
9 B2). The waxing oscillation propagated as more and more 
cells were recruited. Similarly, the waning also propagated, 
as TC cells progressively lost their ability to participate in 
rebound bursting activity. The resulting pattern had the ap- 

pearance of waves of oscillatory activity propagating 
through the network. Between waves, the network was quies- 
cent for 15-25 s. 

The presence of propagating waves in the IOO-cell net- 
work depended on the restricted topographic connectivity 
between the TC and RE layers. With topographic connectiv- 
ity, the oscillation started at one site, and always propagated 
through the involvement of more TC and RE cells recruited 
at each cycle of the oscillation. The velocity of the propaga- 
tion was directly proportional to the extent of the axonal 
projections, similar to what was reported in a previous study 
(Golomb et al. 1996). Similar results were found with differ- 
ent sets of parameters so long as the connectivity was re- 
stricted topographically (not shown). 

The phase relationships between TC and RE cells can be 
used to assess causal relationships. In Figs. 7 and 9, the 
initiator TC cell (TCl ) started oscillating first and recruited 
RE cells. However, the other TC cells always started spin- 
dling with an IPSP and followed the RE cells. If now these 
follower TC cells constituted the majority of the TC popula- 
tion, then comparing RE cells with this type of TC cell 
could lead to the misleading interpretation that RE cells start 
spindle oscillations. The model therefore suggests that, even 
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if the overwhelming majority of TC cells start spindles with 
IPSPs, the spindle sequence still can be initiated by a small 
minority of TC cells. 

Bicuculline-induced oscillations also supported propagat- 
ing-wave phenomena when the connectivity between the TC 
and RE layers was restricted (Fig. SC). In this case, the 
synchrony was significantly higher inside the oscillatory se- 
quence, as shown by the amplitude of averaged activities 
(Fig. 9CI ) and by comparing individual membrane potential 
traces across the network (Fig. 9C2). This increase of syn- 
chrony was confirmed by cross-correlation analysis (Fig. 
10). In addition, there was a progressive phase shift that 
increased with the distance between sites, seen as a the time 
shift of the maximum correlation in Fig. 10, A and B . The 
higher synchrony for bicuculline oscillations and the pro- 
gressive phase shifts have been observed in ferret thalamic 
slices (Kim et al. 1995). 

Correlations show a progressive decay with distance, with 
a rate of decay that is similar for both types of oscillations 
(Fig. 1OC) , as expected for propagating oscillations. For all 
parameter values and connectivity tested, the propagation 
velocity for bicuculline-induced oscillations was slower than 
for spindle oscillations, which also was observed consis- 
tently in ferret thalamic slices (Kim et al. 1995). The aver- 
age propagation delay between two neighboring neurons was 
of - 19.4 ms for spindles and 55 ms for bicuculline-induced 
oscillations. If we assume that the fan-out of the projections 
between the TC and RE cells in the model ( 11 neurons) is 
equivalent to 200 pm in the slice, then the velocity in the 
model is - 1.03 mm/s for spindles, which is within the range 
0.28 to 1.21 mm/s observed experimentally, and the velocity 
for bicuculline-induced oscillations was 0.36 mm/s, com- 
pared with the range 0.22-0.95 mm/s observed experimen- 
tally. Although these values approximately match, the model 
systematically produced a larger difference between the 
spindle velocity and the bicuculline-induced oscillation ve- 
locity than observed experimentally, presumably due to the 
small size of the network and the homogeneous patterns of 
connectivity that we used ( see also Golomb et al. 1996). 

Intracellular recordings from TC cells in ferret thalamic 
slices revealed a prominent ADP occurring in the inter-spin- 
dle silent period (Fig. 11 A, top). This ADP was more promi- 
nent during bicuculline-induced slow oscillations (Fig. 11 A, 
bottom). The same phenomenon occurred in the model (Fig. 
11 B) and was due to upregulation of &. The increased ADP 
during bicuculline-induced oscillations also was displayed 
in the model (Fig. 11 B, bottom) and was due to the stronger 
activation of 1T underlying prolonged burst discharges, lead- 
ing to more calcium entry and a more pronounced upregula- 
tion of &. 

Spatiotemporal patterns of discharges 

For spindle waves, the spatiotemporal patterns of dis- 
charges, shown in Fig. 12, had the following properties: first, 
the waxing and the waning of the oscillation had a similar 
velocity. Second, during the oscillation, groups of cells seg- 
regated into localized clusters of activity, discharging in al- 
ternation. This phenomenon is associated with the subhar- 
monic bursting properties of TC cells, which does not allow 
the whole network to fire in unison at - 10 Hz. Third, indi- 

A Spindle 
oscillations 

-1 

B 

25 

Bicuculline-induced 
oscillations oscillations 

Time window (ms) 

0 Spindle oscillations 

IO 20 

Distance 

FIG. 10. Cross-correlations between different sites during spindle waves 
and bicuculline-induced oscillations. Correlations were evaluated between a 
reference site (TC cell 10) and sites taken at progressively larger distances 
(units of intercellular distances in the network; intersite distance shown for each 
graph). A : cross-correlations during spindle oscillations. B : cross-correlations 
during bicuculline-induced oscillations. In both cases, the correlation was calcu- 
lated between averages of TC cells (same simulation and averaging procedures 
as in Fig. 9). C: space correlation calculated as the cross-correlation at time 0, 
plotted as a function of distance between sites. For both oscillations, correlations 
decayed with distance, but bicuculline-induced oscillations were always of 
higher correlation than spindles and are therefore more synchronized. 
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FIG. 11. ADP in TC cells during spindle and bicuculline-induced oscil- 
lations. A : comparison of spindle and bicuculline-induced oscillations in 
an intracellularly recorded TC cell in ferret thalamic slices. Before (top) 
and after (bottom) application of bicuculline, the silent period between 
oscillations showed an ADP that was more prominent during bicuculline- 
induced oscillations. B: same oscillations simulated using a network of 50 
TC and 50 RE cells (from Fig. 9)) in normal conditions (top) and after 
block of GABA* receptors (bottom). In this case, the ADP occurred in all 
TC cells of the network due to upregulation of Ih. A more pronounced 
enhancement of Zh was responsible for the larger ADP in bicuculline-induced 
oscillations. Sodium spikes were truncated in all traces. 

vidual clusters of activity also propagated with the same 
velocity as the whole oscillation. This phenomenon can be 
seen most clearly when the snapshots are played as a movie.’ 
The simulated spindles appear to be composed of a series 
of successive clusters of activity that follow each other and 
propagate through the TC-RE structure. The cluster of activ- 
ity at the front of the propagating oscillation can be seen 
clearly in the top series of frames in Fig. 12. 

The only inhomogeneity in the IOO-cell network was the 
first TC cell, which had a higher & conductance and was 
spontaneously oscillating, as in the four-cell circuit; all RE 
cells were identical. The presence of only one oscillating 

’ Movie files (mpeg format) showing the propagating wave activity in 
the model are available on request or may be retrieved from internet 
(http: //www.cnl.salk.edu/ -alain/). 

TC cell was sufficient to initiate a spindle oscillation in the 
whole network. The recruitment mechanism is illustrated in 
Fig. 12 ( inset). The initiator TC cell (TC 1) discharged first 
due to intrinsic oscillatory properties (arrow 1 in Fig. 12). 
AMPA-mediated EPSPs were evoked in neighboring RE 
cells (arrow 2) following the discharge of TC 1; these EPSPs 
were strong enough to activate 1T and evoke burst firing in 
RE cells (arrow 3). RE cell bursts then recruited neighboring 
TC cells though GABAergic IPSPs (arrow 4). Following 
this inhibition, some TC cells produced rebound bursts 
( arrow 5 ) due to deinactivation of IT, and the same sequence 
restarted. This back-and-forth series of interactions between 
cells in the TC and the RE layers recruited additional cells 
into the spindle oscillation on every cycle. After a few cy- 
cles, the Ca2’ -induced augmentation of & conductance in 
TC cells stopped the oscillation. After a silent period of 15- 
25 s, the initiator TC cell began to oscillate again and the 
cycle repeated. 

The spatiotemporal pattern of activity dramatically 
changes when GABA*-mediated currents are suppressed 
(Fig. 13). In this case, the waxing and the waning of the 
bicuculline-induced oscillation both propagated with a lower 
velocity compared with spindles. The bursts were not orga- 
nized in distinct clusters but instead involved a much larger 
population of cells with more prolonged discharges (com- 
pare Fig. 12 with Fig. 13 ) . In this sense, the oscillation was 
more synchronized. However, bursting discharges did not 
appear simultaneously in the whole network but rather 
started at a focus and invaded the network progressively, 
leading to curved patterns in the successive snapshots (Fig. 
13). This phase shift also was observed in other instances 
of these oscillations (not shown) and had no preferential 
direction. 

Refractoriness of the network 

The upregulation of Ih, leading to a diminished tendency 
of TC cells to sustain rebound bursts immediately after an 
oscillatory sequence, underlies the waning of spindle oscilla- 
tions. Upregulation of & also has other consequences at the 
network level, such as the noncrossing of colliding waves, 
the presence of refractoriness in the network, and sustained 
oscillations if 1h is altered. These conditions are examined 
successively in this section. 

In ferret thalamic slices (Kim et al. 1995)) two spindle 
waves propagating in opposite directions will not cross, but 
rather merge into a unique oscillation. This also is observed 
in the model because of the refractoriness of the cells (Fig. 
14A). Two spindle waves, initiated from the opposite edges 
of the network with a 50-ms delay to produce out-of-phase 
oscillations, propagated into the center and collided. Upon 
collision, the two waves became synchronous (compare 
dashed lines before and after collision in Fig. 14A ) . The 
waves did not cross due to upregulation of &, in TC cells and 
the consequent refractoriness was imparted to the network. 

The refractoriness of thalamic networks have been shown 
explicitly in ferret slices experiments (Kim *et al. 1995)) as 
well as in cortical stimulation in cats in vivo (D. Contreras, 
A. Destexhe, T. J. Sejnowski, and M. Steriade, unpublished 
observations). In these experiments, oscillations evoked by 
electrical stimulation depended sensitively on the timing of 
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FIG. 12. Spatial patterns of burst discharges during spindle oscillations. The spatial activity of the network is represented 
as a series of snapshots of activity. A series of successive frames is shown for an entire spindle sequence (320 frames with 
10 ms between frames; sequence indicated by a dashed line in Fig. 9R2). The activity consisted in a series of distinct clusters 
of activity propagating in same direction. Initiation of spindle sequence is expanded, hortom kfr. For each snapshot, SO TC 
and 50 RE cells were displayed vertically as indicated (middle schmr ur hottom). The value of the membrane potential for 
each neuron was coded using a color scale ranging in 10 steps from -90 mV (blue) to -40 mV (yellow). 
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FIG. 14. Network properties of propagating spindle os- 
cillations. A: collision between 2 simulated spindle waves. 
Three TC cells at each edge of network were stimulated 

by depolarizing current pulses ( 1 nA during 40 ms ) . One 
stimulation preceded the other by 50 ms to produce spindles 
that were initially out of phase ( 1 st series of dashed lines). 
Two waves collided without crossing each other, and came 
into synchrony (dashed lines on the left). The network was 
of 100 TC and 100 RE cells with identical connectivity 
and parameters as in Fig. 9A. B : refractoriness of spindle 
oscillations. Repetitive stimulation was delivered on 3 TC 
cells at 1 edge of network. Depolarizing current pulses of 
1 nA during 40 ms were delivered every 5 s ( arrows ) . 
Stimulations occurring 10 s after a spindle sequence success- 
fully evoked propagating spindle oscillations, but those oc- 
curring after 5 s failed to evoke propagating oscillations. C: 
transformation from spindle oscillations to sustained oscilla- 
tions by reducing I,, conductances. In all TC cells the maxi- 
mal conductance was set to 0.004 mS /cm2 (arrow), mim- 
icking extracellular application of cesium. Spontaneous 
waxing-and-waning spindles (before arrow) were trans- 
formed into sustained rhythmicity with similar frequency 
and cellular behavior as spindles. A - C were with identical 
parameters and averaging procedures as in Fig. 9B. 

the stimulus relative to the previous spindle sequence. This 
dependency also was present in the model, as illustrated in 
Fig. 14B. After a spindle sequence, there was a refractory 
period of - 8 - 10 s during which no propagating oscillations 
could be evoked. This phenomenon is therefore consistent 
with an activity-dependent upregulation of Ih. After a spindle 
sequence, activation of & was increased to the point that TC 
cells were unable to sustain further oscillations, which lasted 
until 1h slowly recovered to its resting level. 

In ferret thalamic slices (Kim et al. 1995 ) , the refractory 
period was always shorter than the period for spontaneous 
oscillations. This was also true in the model, as shown for 
example by comparing Fig. 11 B (top) with Fig. 14B, which 
had the same parameters. In the model, the network recov- 
ered full excitability after -8- 10 s whereas the spontaneous 
interspindle period was of the order of 20 s. This property 
was due to the spontaneously oscillating initiator TC cells 
that imprinted their oscillation period to the whole network. 
At any time between - 10 s after a spindle sequence and 
the next spindle sequence, a propagating oscillation could 
be initiated in the network by stimulation of either TC or 
RE cells. 

Finally, in recent experiments, extracellular cesium trans- 
formed waxing-and-waning spindles into sustained rhyth- 
micity at the same frequency (Bal and McCormick 1996). 
As extracellular cesium primarily affects & these experi- 
ments suggest that 1h plays a central role in waxing-and- 
waning processes. This is also consistent with the present 

model as shown in Fig. 14C. Reducing 1h to a fraction of 
its initial conductance led to sustained oscillations of -9 
Hz. In this case, although the remaining 1h still was upregu- 
lated by intracellular Ca2+, it was not strong enough to 
suppress the rebound burst properties in TC neurons and 
consequently the oscillations remained sustained. 

DISCUSSION 

Spindle rhythmicity is a well-established phenomenon that 
has proven to be favorable for exploring the relationship 
between the properties of single neurons and those of net- 
works of neurons (Steriade et al. 1993b). Intracellular re- 
cordings of thalamic cells in vivo and in vitro have revealed 
that the membrane potential of TC cells ride on a hyperpolar- 
izing envelope, with rebound bursts produced after IPSPs 
from RE cells. In comparison, TC cells evoke bursts in RE 
cells through EPSPs, producing a “mirror image” between 
the two types of cells (Steriade and Llinas 1988; von Krosigk 
et al. 1993 ) . These findings are consistent with the hypothe- 
sis that the recruitment of TC and RE neurons is the basis 
of spindle rhythms. It is, however, difficult to confirm con- 
clusively this hypothesis given the complexity of the system. 

Computational studies have been used to explore the 
mechanisms of thalamic rhythmicity starting with the semi- 
nal model introduced by Andersen and Rutjord ( 1964)) who 
predicted the importance of rebound bursts. Several models 
of spindle rhythmicity have been proposed recently for the 
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isolated reticular nucleus (Destexhe et al. 1994a; Golomb 
et al. 1994) as well as for the bidirectional interaction be- 
tween TC and RE cells (Destexhe et al. 1993b; Golomb et 
al. 1996). Without firm ties to experimental measurements, 
however, these models are difficult to verify. By using com- 
putational models based on physiological and biophysical 
data, it has been possible to generate plausible hypotheses 
and decisive predictions to test them. We have shown here 
how experimental data from different preparations, some- 
times with apparently contrasting results, can be reconciled 
and used to illuminate different facets of the same frame- 
work. 

Components of spindle oscillations 

The intrinsic properties of TC cells are fundamental to 
several types of activity, including tonic firing, spindle oscil- 
lations, and delta oscillations, as well as epileptic discharges 
(see Steriade et al. 1993b). In slices, TC cells can generate 
intrinsic delta oscillations (Leresche et al. 199 1; McCormick 
and Pape 1990a) with subpopulations of these neurons ex- 
hibiting intrinsic waxing-and-waning patterns (Leresche et 
al. 199 1) . The occurrence of these resting and oscillatory 
states depends on the membrane potential and the regulation 
of & by several neuromodulators, such as noradrenaline and 
serotonin (McCormick and Pape 1990a; Soltesz et al. 199 1) . 
In the present model, the TC cell could display all these 
patterns at the same membrane potential but with different 
values of &, conductance ( see Fig. 3), consistent with the 
hypothesis of Soltesz et al. ( 1991) . 

Unlike TC cells, RE cells do not generate sustained oscil- 
lations intrinsically, but GABAergic interactions between 
them can produce oscillations (Destexhe et al. 1994a; Go- 
lomb et al. 1994) in a manner that depends sensitively on 
the membrane potential (Destexhe et al. 1994b). This latter 
property could explain why the isolated RE nucleus displays 
oscillations in vivo (Steriade et al. 1987)) but not in slices 
(Bal and McCormick 1993; Huguenard and Prince 1994b; 
von Krosigk et al. 1993; Warren et al. 1994). In the present 
model, the thalamic RE nucleus exhibited an oscillatory state 
or a quiescent state depending on the resting level of RE 
cells and the level of ascending neuromodulation (Fig. 2C) 
(see also Destexhe et al. 1994b). 

The present model shows that quiescent TC and RE cells 
endowed with such properties and interconnected with excit- 
atory and inhibitory connections can generate oscillations 
in the spindle range, in agreement with previous models 
(Destexhe et al. 1993b; Golomb et al. 1996). If connections 
between TC and RE cells in either direction are suppressed 
in the ferret slice preparation, the ability of the network to 
generate spindle oscillations is lost (Bal et al. 1995a,b; von 
Krosigk et al. 1993 ) . 

During spindles, TC cells discharged bursts only once 
every few cycles of the oscillation, a typical feature of spin- 
dle rhythmicity (Bal et al. 1995a,b; Muhlethaler and Serafin 
1990; Steriade and Llinas 1988). However, we found that 
this pattern of bursting depended highly on the conductances 
of the intrinsic currents and on GABA,-mediated IPSPs: 
strong conductances would recruit the TC bursts at every 
cycle of the oscillation, as in a previous model (Destexhe 
et al. 1993b). Similar features have been observed in intra- 

cellular recordings of thalamic intralaminar cells in vivo 
(Steriade et al. 1993a), suggesting that GABA* IPSPs from 
RE cells might be stronger in intralaminar TC cells. Alterna- 
tively, Jr in these cells might have faster kinetics for the 
removal of inactivation or there may be another outward 
current that would help the cell in removing 1T inactivation 
and in generating faster rebound. 

Initiation, propagation, and termination of spindle 
oscillations 

Even assuming that the above description of spindle wave 
generation is correct, many questions remain concerning the 
initiation, propagation, and termination of these oscillations. 

HOW IS A SPINDLE INITIATED? Spindle waves have been 
observed in the thalamus in the absence of cortical or pretha- 
lamic inputs (Morison and Bassett 1945). Several hypothe- 
ses have been proposed for the initiation of a spindle se- 
quence. First, a region of the thalamus might be more excit- 
able and spontaneous firing could start an oscillation (Kim 
et al. 1995). This is supported by a report that stimulation 
of a single RE cell could initiate a spindle wave in thalamic 
slices (Kim et al. 1995). Second, there could be spontane- 
ously oscillating TC cells in an otherwise homogeneous net- 
work that would recruit the whole network into spindle 
rhythmicity. We have explored here the latter hypothesis in 
our model. 

If a small minority of TC cells displayed spontaneous 
oscillations, they were able to recruit the rest of the network 
into spindle oscillations. Only a single initiator TC was 
needed in small networks of around a hundred cells. 
Blocking either excitatory or inhibitory transmission resulted 
in a quiescent network, as observed experimentally (von 
Krosigk et al. 1993 ) . If several TC cells are needed to dis- 
charge one RE cell, then the spindle is initiated when burst 
discharges occur in several TC cells simultaneously “by 
chance” and are sufficient to excite one or several RE cells 
to fire. 

It is important to mention that a spindle wave also could 
be started by excitatory stimulation of RE cells whereas the 
same stimuli on TC cells were much less effective (not 
shown). This suggests that spindles elicited by cortical stim- 
ulation are recruited through excitation of RE cells and their 
subsequent inhibitory effect on TC cells, consistent with the 
powerful effect of the cortex in synchronizing spindles in 
vivo (Contreras and Steriade 1996). 

HOW DO SPINDLES PROPAGATE? A recent investigation of 
spindle waves in ferret thalamic slices (Kim et al. 1995 ) 
demonstrated that these oscillations propagate through the 
divergence of axonal connections between TC and RE cells. 
At each cycle of the oscillation in the model, the spindle 
propagated as more TC and RE cells were recruited. A steady 
propagation occurred only if the projections between TC and 
RE cells were organized topographically, as appears to be 
the case from morphological studies ( Gonzalo-Ruiz and 
Lieberman 1995; Minderhoud 197 1; Sanderson 197 1) . 

Spindle waves examined on a finer spatial scale consisted 
of distinct clusters of activity that propagated across the 
network (Fig. 12) ; these were similar to the patterns de- 
scribed in a closely related model (Golomb et al. 1996). 
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These patterns are a consequence of the subharmonic burst- 
ing properties of TC cells. The network segregated into 
groups of TC cells discharging in alternation, as seen in the 
simple four-cell model (Fig. 7). In the 1 OO-cell model, the 
spindle started at one or more cells in a localized focus, 
which evoked the discharge of a localized group of RE and 
TC cells. This group in turn initiated the discharge of addito- 
nal groups of TC and RE cells, leading to propagation of 
burst activity. A group that just discharged stayed quiescent 
during the next cycle, at the same time that neighboring 
groups were discharging. This resulted in clusters of neurons 
firing in alternation as in Fig. 12. 

HOW DO SPINDLES TERMINATE? There are several possible 
explanations. First, the observed refractoriness (Kim et al. 
1995) of the thalamic network implies that there is a process 
that builds up and subsequently suppresses these oscillations. 
As proposed previously, an activity-dependent upregulation 
of &, might fill this role (Bal and McCormick 1996; Destexhe 
et al. 1993b; McCormick 1992; Toth and Crunelli 1992). 
Second, the termination might result from the progressive 
hyperpolarization of RE cells during a spindle sequence (von 
Krosigk et al. 1993). Third, there might be an activity- 
dependent depression of GABAergic currents (Kim et al. 
1995; von Krosigk and McCormick 1992). Fourth, in vivo 
data indicate that the waning of spindle waves is associated 
with a progressive desynchronization of the network (Con- 
treras and Steriade 1996)) although this also could be a 
natural consequence of waning properties intrinsic to TC 
cells. 

In this paper, we explored the first of these possibilities. 
The upregulation of & is consistent with a series of experi- 
mental results: 1) a few TC cells can display intrinsic wax- 
ing-and-waning oscillations (Leresche et al. 199 1) , and 
those are sensitive to manipulations of & (Soltesz et al. 
1991) . These oscillations are characterized by an ADP that 
lasts several seconds (Leresche et al. 1991) . 2) A cesium- 
sensitive ADP also was observed in TC cells after a spindle 
sequence, consistent with an augmentation of 1h conductance 
(Bal and McCormick 1996). 3) A progressive diminution 
of input resistance was measured in TC cells during the 
spindle oscillation in vivo (Nunez et al. 1992). 4) Spindles 
triggered by electrical stimulation displayed a refractory pe- 
riod, as observed in vitro (Kim et al. 1995) and in vivo from 
cortically elicited spindles (D. Contreras, A. Destexhe, T. J. 
Sejnowski, and M. Steriade, unpublished observations). 5) 
Colliding spindle waves do not cross but rather merge into 
a unique oscillation (Kim et al. 1995). 6) Spindle oscilla- 
tions can be transformed into sustained oscillations follow- 
ing extracellular application of cesium (Bal and McCormick 
1995)) most likely through a block of Ih. Taken together, 
these data are consistent with a progressive build-up of & 
during the spindle oscillation until the TC cells can no longer 
be sufficiently hyperpolarized to generate rebound bursts. 
The changes in 1h may be calcium dependent, as we have 
assumed, or due to another second messenger system (see 
below ) . 

Another possibility for spindle termination is an enhance- 
ment of 1h primarily due to its own activation kinetics. As 
shown earlier (Destexhe and Babloyantz 1993)) voltage- 
clamp data on 1,, reveal a coexistence between fast and slow 

processes that can be reproduced assuming two independent 
activation gates. In the presence of other currents, this dual 
activation kinetics can give rise to waxing-and-waning oscil- 
lations followed by an ADP without the need of calcium 
regulation (Destexhe and Babloyantz 1993; Destexhe et al. 
1993a). 

Although an upregulation of & can account for spindle 
termination, it does not exclude the other mechanisms men- 
tioned above, as different factors might contribute and rein- 
force the robustness of the waxing-and-waning process. 

Paroxysmal oscillations 

Numerous studies have suggested that some types of gen- 
eralized epileptic seizures may result from a perversion of 
spindle oscillations (see Avoli et al. 1990 for a review; 
see also Steriade et al. 1993b). Antagonists of the GABA, 
receptor have been found effective in preventing the devel- 
opment of spike-and-wave discharges in some animal mod- 
els (Hosford et al. 1992; Liu et al. 1992), suggesting that 
GABAB receptors are involved critically in the cellular 
mechanisms of this rhythmicity. This hypothesis was sup- 
ported further by experiments in ferret thalamic slices, which 
demonstrated the transformation of spindle oscillations into 
slower and more synchronized oscillations in the presence 
of GABA* antagonists (von Krosigk et al. 1993). These 
oscillations were abolished by GABA, antagonists, con- 
firming that they were generated by mechanisms involving 
GABA, receptors. These studies are compatible with the 
idea that intrathalamic GABA,-mediated inhibition plays a 
role in generalized epileptic patterns. 

Several other pharmacological manipulations provide 
guidance regarding possible mechanisms for paroxysmal os- 
cillations. Both TC and RE neurons generate prolonged burst 
discharges after application of GABA* receptor antagonists 
in vitro (Bal et al. 1995a,b; Huguenard and Prince 1994a,b; 
Soltesz and Crunelli 1992; von Krosigk et al. 1993). Rein- 
forcing the lateral inhibition in the RE nucleus tended to 
diminish the occurrence of burst discharges; this mechanism 
was proposed as a mechanism underlying the action of some 
antiabsence drugs, such as clonazepam (Huguenard and 
Prince 1994a). 

The present model is fully consistent with these data and 
emphasizes the critical role of the activation characteristics 
of GABA,-receptor-mediated currents. Typically, strong 
stimuli are needed to activate detectable GABA,-mediated 
currents, as seen in thalamic (Huguenard and Prince 1994b; 
Sanchez-Vives et al. 1995 ) and hippocampal slices (Davies 
et al. 1990; Dutar and Nicoll 1988). This property, as well 
as the stimulus dependency of GABA, responses, can be 
reproduced from the activation kinetics of the G-protein 
transduction mechanisms underlying the activation of K + 
channels associated to GABAB receptors (Destexhe and Sej- 
nowski 1995 ) . If the independent binding of several G-pro- 
tein subunits is needed to activate these K+ channels, then 
the resulting responses have all the properties as determined 
in hippocampal and thalamic slices. This is consistent with 
kinetic studies of G-protein action on other systems that 
showed the involvement of several G-protein binding sites 
(Boland and Bean 1993; Golard and Siegelbaum 1993; Ya- 
mada et al. 1993 ) . A similar conclusion about the need for 
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cooperative activation of GABAB responses also was 
reached independently in another modeling study (Golomb 
et al. 1996). 

At the network level, the model emphasizes the critical 
role of GABA, receptors that mediate the lateral inhibition 
between RE cells (Destexhe and Sejnowski 1995). In the 
presence of lateral inhibition, RE cells discharge with a 
rather small number of spikes per burst (Bal et al. 1995b; 
Huguenard and Prince 1994b). These discharges are insuf- 
ficient to evoke strong GABAH currents, and the IPSPs on 
TC cells are dominated by the GABA* component (Fig. 
2A2). In the absence of lateral inhibition, RE cells produce 
prolonged burst discharges that evoke a prominent GABAB 
component in the IPSPs of the target TC cells (Fig. 2A3). 
These results are in agreement with experiments in thalamic 
slices (Huguenard and Prince 1994a; Sanchez-Vives et al. 
1995). 

The TC-RE network with suppressed GABA,-mediated 
inhibition displayed a slower type of waxing-and-waning 
oscillation at a frequency of 3 -4 Hz (Figs. 8 and 9)) similar 
to bicuculline-induced oscillations. These oscillations have 
similar mechanisms for initiation, propagation, and termina- 
tion as discussed above for spindle oscillations, but some 
properties differ. First, all TC cells burst in synchrony; this 
is due to the strong GABAB IPSPs that deinactivate Jr more 
completely and subsequently promote the production of se- 
cure rebound bursts. Second, the two cell types produce 
stronger burst discharges, for the same reasons. Third, the 
ADP produced in TC cells is of higher amplitude than during 
spindles, due to the stronger activation of Jr and therefore a 
more pronounced upregulation of Ib. Fourth, the interspindle 
silent period is longer than during spindles, due to longer 
recovery after a more pronounced upregulation of &. Fifth, 
the propagation velocity is slower, due here to the slower 
oscillation frequency. All these properties have been ob- 
served in thalamic slices (Kim et al. 1995) and occurred in 
the model because of the activity-dependent upregulation of 
&, as discussed above for spindle generation. 

The model only replicated qualitatively the difference of 
propagation velocity between spindle and bicuculline-in- 
duced oscillations. Larger differences were observed in the 
model due to the oversimplified patterns of connectivity and 
the assumption that all synaptic conductances were the same. 
However, we expect that fewer synaptic contacts would be 
made at farther distances, which would result in synaptic 
weights effectively decaying with distance. Under these con- 
ditions, strong GABA,-mediated IPSPs should recruit larger 
portions of tissue as observed experimentally (Kim et al. 
1995 ) . This effect was analyzed in detail in a previous model 
(Golomb et al. 1996). 

The model was able to reproduce accurately the oscillation 
patterns seen after local application of bicuculline in the RE 
nucleus (not shown). This application resulted in oscilla- 
tions intermediate between spindles and bicuculline-induced 
oscillations; there were more prominent GABAB IPSPs in 
TC cells but the frequency was still close to that of spindles 
(Bal and McCormick, unpublished observations). 

The present model suggests a mechanism for the genera- 
tion of highly synchronized oscillatory discharges at -3 Hz. 
After removal of GABA,-mediated inhibition, the disinhib- 
ited RE cells generated prolonged burst discharges in re- 

sponse to EPSPs. These prolonged discharges evoked power- 
ful GABA,-mediated IPSPs in TC cells, due to the particular 
properties of GABA, transduction mechanisms. After these 
slow IPSPs, TC cells generated robust rebound bursts that 
re-excited RE cells and restarted the cycle. The consequence 
was an oscillation -3 Hz with higher synchrony than spindle 
waves. 

All of the models reported here have neglected the influ- 
ence of cortical inputs on thalamic oscillations. Preliminary 
results (A. Destexhe, unpublished data) indicate that a re- 
duction of cortical inhibition can evoke similar prolonged 
burst patterns in the thalamus. After diminished GABA* 
inhibition in the cortex, thalamically projecting cortical cells 
can produce very strong discharges, which in turn evoke 
prolonged bursts in RE cells despite the presence of intact 
intra-RE inhibition. As described above, prolonged bursts in 
the RE nucleus can evoke very powerful GABAg-dominated 
IPSPs in TC cells. The rebound burst in TC cells then occurs 
after a period of -300 ms. If the TC rebound can re-excite 
strong cortical discharges, then this mechanism would lead 
to -~-HZ oscillations in the entire thalamocortical circuit. 
These preliminary results may explain the observation that 
diffuse application of penicillin, a GABA* receptor antago- 
nist, to the cerebral cortex can result in spike and wave 
discharges (Gloor et al. 1990). Models are presently under 
investigation to test this explanation for generalized epileptic 
patterns. 

Predictions of the model 

A series of predictions are generated by the model that 
could be verified by experiments. 

First, the resting membrane potential for TC cells, around 
-60 mV in the model, should be more depolarized that of 
RE cells, which should be -70 mV or lower. Under these 
conditions, TC and RE cells interconnected with gluta- 
matergic and GABAergic synapses would set up a highly 
excitable structure for generating sustained oscillations, a 
conclusion also reached in other modeling studies (Destexhe 
et al. 1993b; Golomb et al. 1996). These predictions are 
consistent with intracellular recordings in both types of cells 
during spindle oscillations (Bal et al. 1995a,b; Huguenard 
and Prince 1992, 1994b). However, the difference seen in 
experiments is not as large as needed in the model, presum- 
ably because RE cells were modeled as single compartments. 
There is evidence for dendritic Jr in RE cells (Destexhe et 
al. 1996; Mulle et al. 1986), which may allow burst dis- 
charges to be evoked by EPSPs even if the soma is more 
depolarized. 

Second, we predict that an intrinsic mechanism exists in 
TC cells to control the waning of spindle oscillations (see 
also Destexhe et al. 1993b). In particular, we suggest that 
there may be an activity-dependent enhancement of Ih. The 
visible consequences of such an augmentation of 1h is an 
ADP in TC cells after a spindle sequence, and a higher- 
amplitude ADP after a sequence of bicuculline-induced os- 
cillations. There must be a slow recovery to account for the - 
observed period of refractoriness (Kim et al. 1995). If & 
accounts for the waning of the oscillation, reduction of this 
current should lead to sustained oscillations (Fig. 14C). Pre- 
liminary data have indeed verified this prediction (Bal and 
McCormick 1996). 
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Third, we predict that the biophysical mechanism underly- 
ing the enhancement of 1h is mediated via intracellular cal- 
cium. This is based on evidence for a Ca2+ modulation of 
1h in sino-atria1 node cells (Hagiwara and Irisawa 1989) and 
neocortical pyramidal neurons (Schwindt et al. 1992). The 
possible regulation of & channels by Ca2’ has not yet been 
investigated in thalamic neurons. Ca2’ ions may not bind 
directly to & channels (Zaz et al. 1991) and an indirect 
modulation is more likely. Cyclic AMP may be a good candi- 
date because Ca’+ is involved actively in regulating adenyl- 
ate cyclase activity (reviewed in MacNeil et al. 1985)) and 
& is sensitive to cyclic AMP ( Akasu and Tokimasa 1992; 
DiFrancesco and Mangoni 1994; McCormick and Pape 
1990b). The kinetics of this indirect modulation must be 
slow, similarly to the Ca2+ -dependent regulation of other 
types of channels. For example, a kinetic analysis of the 
slow inactivation of NMDA receptors by intracellular Ca2+ 
(Legendre et al. 1993) reported relatively fast binding and 
very slow unbinding rates (time constant of -5 s) , consis- 
tent with the values we have used here for &. Our model 
predicts that the intracellular side of the 1h channel protein 
should reveal binding sites for calcium-binding proteins or 
cyclic AMP. 

Fourth, a major prediction of our model is that a few cells 
must be intrinsic oscillators in the network. If a subset of 
TC cells, of RE cells, or both, are spontaneous oscillators, 
then the model predicts initiation, propagation, and termina- 
tion of spindle waves compatible with experimental results. 
In this study we explored the possibility that a few-as 
few as one-TC cells produce intrinsic waxing-and-waning 
oscillations. A few examples of such TC cells have been 
recorded from cats in vitro (Leresche et al. 1991) . The 
existence of such spontaneous waxing-and-waning TC cells 
has not yet been investigated in ferret thalamic slices, but 
spontaneous spindle oscillations typically started at the same 
foci (Kim et al. 1995)) consistent with our hypothesis. We 
predict that recording in one of these foci after the block of 
synaptic connections should reveal spontaneously oscillating 
TC cells. 

Fifth, the model suggests that axonal projections in the 
thalamus should spread into restricted areas instead of run- 
ning through the whole thalamus. In addition, there should 
be a topographical organization of axonal projections be- 
tween TC and RE nuclei such that a local region sends axons 
to the same region from which it receives afferents. This is 
consistent with morphological studies showing that in the 
thalamus, axonal projections arising from TC or RE cells 
extend at most > 100-500 ,um (Cucchiaro et al. 199 1; Harris 
1981; Jones 1985; Pinault et al. 1995; Uhlrich et al. 1991)) 
and with a topographic organization between reticular thala- 
mus and other nuclei (Fitzgibbon et al. 1995; Gonzalo-Ruiz 
and Lieberman 1995; Liu et al. 1995; Minderhoud 197 1; 
Ohara and Lieberman 1985; Sanderson 1971). 

Sixth, if the connections between the thalamus and associ- 
ated areas of the cortex also are organized topographically, 
then signs of propagating oscillation, as well as refractory 
period, should be observable in multielectrode cortical re- 
cordings. Propagation of spindle activity was described in 
the cortex and thalamus in vivo (Andersen and Andersson, 
1968; Verzeano and Negishi 1960; Verzeano et al. 1965) 
and experiments on anesthetized cats in vivo indicate signs 

of propagation and refractory period for spindles elicited 
by cortical stimulation (D. Contreras, A. Destexhe, T. J. 
Sejnowski, and M. Steriade, unpublished observations). 
However, many spontaneous spindle sequences appear to 
have occured nearly simultaneously in cortical sites sepa- 
rated by 57 mm (Contreras et al. 1995 ) . 

Finally, the model predicts the spatiotemporal organiza- 
tion of spontaneous oscillations. Spindle waves consisted in 
a series of localized clusters of activity, which propagated 
through the network with the same velocity as the wavefront 
(Fig. 12). This property was due to the localized axonal 
projections combined with the subharmonic bursting proper- 
ties of TC cells. On the other hand, bicuculline-induced os- 
cillations did not display this phenomenon, but showed more 
homogeneous patterns of discharge (Fig. 13). If a time reso- 
lution of - 10 ms can be achieved, it should be possible to 
observe this phenomenon using optical recordings in ferret 
thalamic slices with voltage-sensitive dyes. 
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