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Thalamic reticular (RE) neurons are involved in the genesis of
synchronized thalamocortical oscillations, which depend in part
on their complex bursting properties. We have investigated the
intrinsic properties of RE cells using computational models
based on morphological and electrophysiological data. Simu-
lations of a reconstructed RE cell were compared directly with
recordings from the same cell to obtain precise values for the
passive parameters. In a first series of experiments, the low-
threshold calcium current (/) was studied via voltage clamp in
acutely dissociated RE cells that lack most of their dendrites.
Simulations based on a cell with truncated dendrites and
Hodgkin-Huxley kinetics reproduced these recordings with a
relatively low density of /5. In a second series of experiments,
voltage-clamp recordings obtained in intact RE cells in slices
showed a higher amplitude and slower kinetics of /. These

properties could be reproduced from the reconstructed cell
model assuming higher densities of /1, in distal dendrites. In a
third series of experiments, current-clamp recordings were
obtained in RE cells in vivo. The marked differences with in vitro
recordings could be reconciled by simulating synaptic bom-
bardment in the dendrites of RE cells, but only if they contained
high distal densities of /. In addition, simpler models with as
few as three compartments could reproduce the same behavior
assuming dendritic /1. These models and experiments show
how intrinsic bursting properties of RE cells, as recorded in vivo
and in vitro, may be explained by dendritic calcium currents.
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Thalamic reticular (RE) neurons are strategically located to re-
ceive collaterals from most thalamocortical and corticothalamic
fibers. RE neurons typically fire bursts of action potentials during
synchronized sleep or anesthesia (Steriade et al., 1986), and a
low-threshold Ca2™ current, I, underlies the production of these
bursts (Llinas and Geijo-Barrientos, 1988; Huguenard and Prince,
1992; Bal and McCormick, 1993). Together with similar bursting
properties in thalamocortical (TC) relay cells, the TC-RE recip-
rocal interaction is central to the genesis of various types of
synchronized oscillations and epileptic behavior (Steriade et al,,
1993; von Krosigk et al., 1993; Huguenard and Prince, 1994;
Warren et al., 1994),

The bursts in RE cells differ from those in TC cells in several
ways. First, RE cells typically produce broad bursts which
develop more slowly than in TC cells (Mulle et al,, 1986;
Steriade et al., 1986; Llinds and Geijo-Barrientos, 1988). This is
corroborated by the slower activation and inactivation kinetics
of the T-current in these neurons (Huguenard and Prince,
1992). Second, relatively strong current pulses need to be
injected to evoke bursts in RE cells compared with TC cells
(Mulle et al., 1986; Bal and McCormick, 1993; Contreras et al.,
1993), suggesting that I, is located in the dendrites. Third, the
pattern of sodium spikes within a burst typically increases then
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decreases in frequency (Domich et al., 1986; Avanzini et al.,
1989; Contreras et al., 1993; Huguenard and Prince, 1994; Bal
et al., 1995). This accelerando-decelerando pattern is routinely
used as a criterion to recognize RE cells from extracellular
recordings (Steriade et al., 1986). Fourth, in RE cells recorded
in vivo, the burst develops gradually (Contreras et al., 1993),
unlike the all-or-none properties seen in TC cells.

Computational studies of RE cells thus far have been based on
single-compartment models containing I, as well as other cur-
rents identified in RE cells. Some of these models successfully
account for the rhythmicity generated within the RE nucleus
(Destexhe and Babloyantz, 1992; Wang and Rinzel, 1993; Des-
texhe et al., 1994a; Golomb et al., 1994; Wallenstein, 1994) and
the rhythmicity occurring from the interaction between TC and
RE cells (Destexhe et al., 1993), but none of them accurately
reproduce all of the properties enumerated above.

The primary hypothesis tested in this paper, using computa-
tional models combined with in vivo and in vitro intracellular
recordings of RE cells, was that the majority of the T-current
arises in the dendrites, as proposed by Mulle et al. (1986). Den-
dritic calcium currents already have been used to model bursts of
action potentials in hippocampal (Traub et al., 1991) and neocor-
tical pyramidal cells (Traub, 1979; Rhodes and Gray, 1994), but
these have not been constrained directly by recordings from the
same reconstructed cells. Based on voltage-clamp recordings of
RE cells with and without dendrites, and morphologically accu-
rate models of these cells, we show how dendritic I, can account
for all voltage-clamp data. We also show that sustained synaptic
currents in the dendrites can simulate the properties of RE cells
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as seen from in vivo recordings, only if the major portion of I is
dendritic.

Some of the results of the present paper appeared as an
abstract (Sejnowski et al., 1995).

MATERIALS AND METHODS

We focus here on neurons from the somatosensory sector of the thalamic
reticular nucleus. All in vitro recordings were obtained from RE neurons
in young rats (P8-P15), using either intact slice preparation or acutely
dissociated cells. Details of the methods used were described by
Huguenard and Prince (1992, 1994). In vivo recordings were performed in
the somatosensory and more rostral sectors of the RE nucleus in adult
cats anesthetized with pentobarbital or urethane. The methods were
described in detail by Contreras et al. (1993).

An RE neuron was recorded in intact slice preparation (reticular sector
of the ventrobasal thalamus in rat) and stained with biocytin. The cell was
shown in Figure 1 of Huguenard and Prince (1992). We reconstructed the
morphology of the cell from serial sections of 80 um, using a computer-
ized tracing system (Eutectic Electronics, Raleigh, NC) kindly provided
by Prof. D. Amaral (University of California, Davis). With the 100X
objective used, and correction for tissue shrinkage, the theoretical accu-
racy with which dendritic diameters can be measured was 0.1 um. The
neuron traced is shown in Figure 1A4.

There were four primary dendrites, having a total length of 3785 um;
the total membrane area of the cell was 15,115.5 um?, including 1760 um?*
for the soma, which was ~20-25 um in diameter. The dendritic arboriza-
tions tended to spread in planes parallel to the long axis of the nucleus,
as described previously by Ramon y Cajal (1909).

The morphology of the RE cell was incorporated into NEURON,
which can simulate the cable geometry from the three-dimensional co-
ordinates provided by the tracing of the neuron (for more details, see

A

Intact cell model

Dissociated cell model

100 um

Figure 1. A, Reconstructed RE cell from the ventrobasal sector of the
thalamic reticular nucleus of the rat. The cell was stained with biocytin
during recordings in intact slice preparation (Huguenard and Prince,
1992); reconstructed using a computerized tracing system and incorpo-
rated into the NEURON simulator. Models with either 80 or 230 com-
partments were used. B, Model of a dissociated RE cell, obtained by
removing most of the dendrites from the intact cell.
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Hines, 1989). The two equivalent cable models studied had either 80 or
230 compartments and gave identical results.

In acutely dissociated cells, most of the dendritic arborizations were
removed by the dissociation procedure (see Fig. 2 of Huguenard and
Prince, 1992). Simulations of acutely dissociated RE cells used a cable
geometry obtained by truncating the dendrites of the original cell (Fig.
1B). The model shown in Figure 1B had only the soma and the most
proximal parts of dendrites (8 compartments), with a total membrane
area of 3639 um?. The input capacitance of this model was similar to, but
slightly larger than, that measured from dissociated RE cells (Huguenard
and Prince, 1992).

A procedure was developed, based on a simplex algorithm (Press et al.,
1986), for fitting the simulations to experimental data to find optimal
values for passive parameters. At each iteration of the simplex algorithm,
the model was run and the squared error between the experimental
recording and the model was minimized. This procedure was repeated
from different initial conditions to avoid unstable values of parameters.
The values of passive parameters were considered uniform and were
consistent with the values estimated from the recordings. Approximately
150-450 iterations were required to converge to a minimum error.

For the cell shown in Figure 14, voltage-clamp recordings were ob-
tained in the same cell. We used these recordings to estimate the passive
parameters by fitting the model to the data (Fig. 24). It has been shown
that when the cable geometry of the cell is known, this procedure should
lead to a unique set of parameter values if they are uniform (Rall et al,,
1992), which was the case here. A direct fit to current-clamp recording
was not performed here, because the model included only a subset of the
currents present in these cells.

Voltage-dependent conductances were modeled using a Hodgkin—
Huxley type of kinetic model (Hodgkin and Huxley, 1952). The Na™ and
K* currents responsible for fast action potentials were inserted in the
soma, and their kinetics was taken from a model of hippocampal pyra-
midal cells (Traub and Miles, 1991), assuming a resting potential of —67
mV in their equations, maximal conductances of gy, = 100 mS/cm?
and g, = 80 mS/cm?, and reversal potentials of Ey, = 50 mV and Ey =
—100 mV.

The kinetics of activation and inactivation of I, in RE cells, as well as
the activation curves of I, obtained from voltage-clamp recordings in
acutely dissociated RE cells (Huguenard and Prince, 1992), were:

ITs = gCa m*h (V_ ECa)

1
==y (m—muV)) 1
h= - (721 (h = ha(V)),

where g¢, (in mS/cm?) is the maximum value of the conductance of the
Ca** current, E, is the Ca®* reversal potential, given by the Nernst
relation (see below), and m and h are the activation and inactivation
variables, respectively. The expressions for steady-state activation and
inactivation functions obtained were (Huguenard and Prince, 1992):

ma(V) =1/(1 + exp[— (V' + 52)/7.4])
ho(V) = 1/(1 + exp[(V + 80)/5]),

and the voltage-dependent time constants were:
(V) = 1+ 0.33/(exp[(V + 27)/10] + exp[ — (V + 102)/15])
(V') = 28.3 + 0.33/(exp[(V + 48)/4] + exp[ — (V + 407)/50])

as obtained from fitting the time constants measured from the same
experiments (see Results). These values correspond to a temperature of
36°C, assuming Q,, values of 2.5 and an extracellular Ca>* concentration
of 2 mM. Different densities of I, were used for the soma and the
dendrites.

Calcium handling was modeled by a first-order system representing
Ca®* pumps and buffers, as in McCormick and Huguenard (1992), with
a time constant of decay of Ca®” of 5 msec. The free intracellular Ca®*
concentration at equilibrium was 240 nM, and the extracellular
Ca®* concentration was 2 mM, corresponding to a reversal potential of
~+120 mV. As the intracellular Ca®* concentration varied, the rever-
sal potential was calculated using the Nernst relation. We compared
this assumption with constant field equations, which provides a better
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Figure 2. Passive properties of thalamic reticular cells. A, Simplex fitting
of the multicompartment model to voltage-clamp recordings from the
same cell. (vo++- ) —5 mV voltage-clamp step during 50 msec from a
holding potential of ~80 mV (average of 8 traces). (. ) Best simulation
obtained after 450 iterations of the simplex procedure. At each iteration,
the same voltage-clamp protocol was simulated in the model cell and the
least-square error was computed between the simulation and the data.
The procedure was repeated until the model converged to a stable set of
values of the parameters from different initial conditions. Eighty or 230
compartments gave identical results. The best parameters were membrane
capacitance of 1.01 = 0.01 pF/cm?, axial resistivity of 260 * 30 Q/cm, leak
conductance of 0.05 = 0.0001 mS/cm?, and resting potential of —82.844 *
0.002 mV (mean values and SD obtained from different initial conditions;
ranges of values tested were 0.2-2 pF/em? 50-500 O/cm, 0.02-0.2 mS/
cm?, and —80 to —85 mV, respectively). B, Simplex fitting of a simplified
multicompartment model to voltage-clamp recordings of an RE cell. In
this case, the same parameters were used as in A4, and only the dendritic
correction factor, C,, was fit. The optimal value obtained was C; = 3.69 *
0.01 (range tested 1.5-5). The least-square error was slightly higher
(<1%) than using the multicompartment model.

model for the nonlinear bebavior of Ca?* currents (Hille, 1992).
Simulations of either voltage clamp or current clamp did not reveal any
significant difference, even with high densities of Ca?* channels, sug-
gesting that details of Ca®* handling had minimal effect on the model.

Finally, simplified models of RE cells with fewer compartments were
generated. The method used collapses several dendritic compartments
in an “equivalent cylinder,” based on the conservation of the axial
resistance (Bush and Sejnowski, 1993) rather than conservation of the
membrane area (see Rall, 1995). The axial resistance (R) of a cylin-
drical compartment is the product of its physical length by its axial
resistivity (R;), divided by its section (Rall, 1995). Assuming R, is
uniform, several cylindrical compartments of roughly identical physical
length are collapsed into an equivalent cylinder. If the cross-sectional
area of the equivalent cylinder equals the sum of each individual
cross-sectional areas, this is equivalent to summing parallel resistances
because 1/r = Z; 1/R(j), where R(j) is the axial resistance of the
collapsed compartments. The radius (r) of the equivalent cylinder is
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given by
r= 2. )

where r; is the radius of collapsed compartments. The length is the
average of individual lengths. This method has the advantage of providing
the correct electrotonic¢ attenuation along the dendritic tree, therefore
generating simple models that retain the synaptic and integrative prop-
erties of the neuron (Bush and Sejnowski, 1993).

Because the total membrane area is not conserved in this method, the
reduced model may not have a correct input resistance. This is compen-
sated for by introducing in each equivalent cylinder a dendritic correction
factor (C,), which rescales the value of conductance (g;) and membrane
capacitance (C,,) in the dendrites such that

gi="Cags Cn = CyCp (3)
If C, is estimated correctly, the reduced model will have the correct input
resistance and time constant (Bush and Sejnowski, 1993).

Although in principle C, is the ratio between the total surface area of
the dendritic segments and their equivalent cylinders (which was ~2.5
here), a more accurate estimation of this factor was obtained by fitting
simulations of the reduced model directly to the voltage-clamp recordings
obtained in the cell (Fig. 2B). The other passive parameters were the
same as those obtained from fitting the detailed model to voltage-clamp
recordings.

The three compartments of the simplified model had the following
lengths (/) and diameters: / = 34.546 um and diameter = 14.075 pum for
the soma (area of 1527.55 um?); / = 103.24 pm and diameter = 5.56 um
for the proximal segment (area of 1803.32 um?); / = 190.69 pum and
diameter = 3.06 um for the distal segment (area of 3636.48 um?).

The single-compartment model had the same passive properties as
determined from voltage-clamp recordings using a model of the detailed
morphology and same kinetic parameters for I, and Ca** decay. The
densities of currents used in three- and single-compartment models are
given in Results.

We used only one anatomically reconstructed RE cell in this study, in
addition to morphologically simplified models. The behavior of the de-
tailed and simplified models were nearly identical (see Results), which
suggests that the particular details of the morphology of the cell were not
important in the context of the present study. The behavior reported in
this paper was extremely robust to changes in the values of the parame-
ters, as illustrated by the nearly identical behavior obtained in models
with different cable geometries.

All voltage-clamp and current-clamp simulations of the models were
done at 24 and 36°C, respectively.

RESULTS

We first present in vivo and in vitro intracellular recordings of
intrinsic bursts in RE cells and describe how the model was fit to
the voltage-clamp data. We next examine current-clamp record-
ings and investigate the conditions needed to produce bursting
behavior consistent with experimental data.

RE cells in vivo and in vitro

The typical firing patterns of RE cells in vivo are illustrated in
Figure 3. An RE neuron in a conscious animal shows a tonic firing
activity (Fig. 34, top). During natural siow-wave sleep, the activity
of thalamic cells changes to more rhythmic firing and bursts of
action potentials (Steriade et al., 1986). The typical bursts of RE
cells during natural sleep show an accelerando-decelerando pat-
tern of action potentials (Fig. 34, bottom). In intracellular record-
ings, it was possible to elicit both modes of firing in RE cells,
depending on the membrane potential. Depolarizing current
pulses from a level of —68 mV produced tonic firing, whereas the
same pulse delivered at more hyperpolarized levels elicited a burst
(Fig. 3B). In this cell, the burst showed a slowly rising phase and
was broader than in TC cells, and there was always an accele-
rando-decelerando pattern of sodium spikes, typical of RE cells
in unanesthetized, naturally sleeping animals, as well as in animals
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Figure 3. Tonic and bursting firing in thalamic reticular neurons in vivo.
A, RE neuron from the rostrolateral sector was recorded extracellularly in
an unanesthetized, chronically implanted cat. The cell discharged tonically
during the waking state (Wake), with periods of sustained firing at fre-
quencies between 20 and 60 Hz. During slow-wave sleep (Sleep), the same
neuron discharged bursts of action potentials that had a characteristic
accelerando-decelerando pattern at the core of the burst, reaching fre-
quencies of up to 400 Hz, followed by a tail of tonic discharge. This pattern
is characteristic of RE cells in vivo. B, Intracellular recording of an RE
neuron from the rostrolateral sector in a urethane-anesthetized cat. At
depolarized membrane potentials (—68 mV), the cell responded to depo-
larizing square current pulses with tonic discharges, the frequencies of
which were proportional to the amount of current injected. Upon DC
hyperpolarization (—95 mV), the same pulse gave rise to a passive re-
sponse. Increasing the amount of injected current triggered bursts of
action potentials that had a characteristic accelerando-decelerando pat-
tern with a longer first interval (see also Sleep burst in 4).

under different anesthetics (Domich et al., 1986; Mulle et al.,
1986; Steriade et al., 1986; Contreras et al., 1993).

The bursting pattern of RE cells in vivo can be activated
gradually (Contreras et al., 1993). In intracellular recordings from
three RE cells (Fig. 4), small-amplitude current pulses elicited a
passive response, whereas strong current pulses gave rise to a fully
developed burst, as in TC cells. However, pulses of intermediate
amplitude elicited active, embryonic bursts that did not develop
into a full burst response, unlike the characteristic all-or-none
behavior observed in TC cells.

In intracellular recordings of RE cells maintained in vitro, the
burst also shows a slowly rising phase, a relatively broad structure,
and an accelerando-decelerando pattern of sodium spikes, as
described in previous studies (Avanzini et al., 1989; Huguenard
and Prince, 1994; Bal et al., 1995). However, an important differ-
ence between in vivo and in vitro recordings is the all-or-none
nature of the burst. In rat thalamic slices, the burst has a clear
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threshold for activation and its structure is relatively stereotyped
(Fig. 5). Both extracellular stimulation (Fig, 54) and intracellular
injection of current pulses (Fig. 58) elicit stereotyped bursts with
a slow rising phase, an accelerando-decelerando pattern of so-
dium spikes, and a sharp threshold.

These comparisons reveal important similarities but also clear
differences in the electrophysiological properties of RE cells,
depending on the preparation, and between RE and TC cells. In
the following section, we investigate a detailed morphological
model of RE cells and show that their properties can be accounted
for by dendritic currents.

Passive properties

In voltage-clamp mode, short voltage pulses were used to determine
the passive properties of the cell. Figure 24 shows the recordings of
capacitive transients in the same cell that was filled with biocytin and
reconstructed (Fig. 14). The current transients were not monoexpo-
nential and were well fit using two exponentials:

I{t) = Ay exp(— t/7)) + Ay exp(— t/1y), 4)

where A, = —11 pA, A, = =57 pA, 1, = 129 msec, and 7, = 4.3
msec, leading to an electrotonic length of L = 2.7 (see Rall, 1995).
The passive values measured from these capacitive transients
were Ry, = 170 M{) and C = 69 pF. The capacitance was
measured by dividing the integrated charge by the voltage step.
This resulted in a specific capacitance of ~0.5 uwF/cm?, which is
low compared with the typical value of 1 uF/cm? (see Rall et al.,
1992). The strong nonisopotentiality of the cell (estimated L >
2.5) together with a high series resistance could explain this
discrepancy.

In current clamp, the time course of voltage transients in
response to small current pulses was monoexponential with a
membrane time constant of 7,, = 23 = 1 msec. Based on our
estimate of L, and time constants of capacitive current transients
in voltage clamp (see above), the predicted value of the mem-
brane time constant would be 7,, = 17.3 msec (see Rall, 1995). If
this neuron is representative, then the disagreement between
these two values indicates that Rall’s equivalent cylinder model is
inadequate to describe RE neurons.

We also obtained the passive parameters by fitting the simula-
tions of the multicompartment model directly to the recordings
obtained in the same cell. The results are shown in Figure 24.
From several initial conditions, the model always converged to-
ward similar values, suggesting that only a single set of parameters
can match this recording using the geometry of the cell. The input
resistance (R;,) values obtained from the optimal passive param-
eters were 141-146 MQ) with axial resistivities between 200 and
300 {}/cm; the membrane time constant was 20 msec, and the total
capacitance (C) was ~151 pF.

The axial resistivity between 200 and 300 /cm is high com-
pared with the values of ~70 {}/cm measured in mammalian
neurons (Barrett and Crill, 1974). However, the latter is probably
an underestimate (see Rall et al., 1992), and our result is consis-
tent with the 100-300 ()/cm range for axial resistivity obtained by
matching detailed models to experimental data in other cell types
(Cauller and Connors, 1992; Stratford et al.,, 1992; Major et al.,
1994; Rapp et al., 1994).

The series resistance was simulated by including a resistance
between the cell and the voltage source (voltage-clamp amplifier)
and was included as one of the parameters of the fitting procedure.
The best fit shown in Figure 24 could be obtained only using rather
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Figure 4. Burst discharges may occur in a graded fashion in RE cells in vivo. Three different cells from the rostrolateral sector of the cat RE nucleus
were recorded in vivo under urethane anesthesia. A, Injection of square current puises of identical length and increasing amplitudes. Injection of long
pulses (A1) revealed gradually stronger bursts with shorter latencies; pulses of shorter duration (42) evoked a burst of strength proportional to the pulse
intensity. In both cases, there was a hyperpolarizing DC current bringing the membrane potential to —90 mV. B, In a different cell, depolarizing current
pulses of increasing amplitudes applied at —87 mV elicit a burst with a growing number of spikes. C, The same progressive increase of spike number in
a burst shown in a different cell. The pulse protocols and the membrane potential are indicated in the inset.

high series resistance (20-50 MQ}), which is consistent with the value ~ Localization of the T-current

measured during the recording. The model fit the nonisopotentiality o ) )

of the cell as well. The values obtained using this procedure were ~ The kinetic parameters used for modeling /7, were obtained from
self-consistent with each other, and they were also in agreement with ~ voltage-clamp experiments on acutely dissociated RE cells

the passive parameters obtained from RE cells in different prepara- ~ (Huguenard and Prince, 1992). They were best described by a
tions (Avanzini et al., 1989; Huguenard and Prince, 1992; Bal and ~ Hodgkin-Huxley formalism with two activation gates and one
McCormick, 1993; Huguenard and Prince, 1994; Warren et al,, inactivation gate, for which the voltage-dependent parameters

1994). We used these values as the basis for the passive properties of ~ were obtained by fitting exponential expressions to the values
the RE cell in the models presented here. determined experimentally (see below).
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Figure 5. Bursting behavior in intracellularly recorded thalamic reticular
cells in vitro. A, Bursts obtained from a rat RE cell after extracellular
stimulation in an intact slice from the ventrobasal sector of the RE
nucleus. Successive stimulations (indicated by bars) were of 100 pA
intensity and 40, 60, 80, 100, 150, 200, and 250 usec duration (from left to
right). The burst evoked had a threshold and was all-or-none. The bottom
trace indicates a burst with 10 times faster time scale. B, Burst obtained
after intracellular injection of depolarizing current pulses. The amplitudes
of the pulses were 100, 200, 300, 400, and 500 pA, respectively (from left
to right). The bursts evoked for the strongest stimuli had a clear threshold for
activation, as in thalamocortical cells (Jahnsen and Llinds, 1984); they only
differed in the number of spikes produced after the burst. The bottom trace
shows the first burst with § times faster time scale. In all cases, the bursts of
RE cells had a slow rising phase and sodium spikes within a burst showed a
typical accelerando-decelerando pattern. All recordings were at 34°C.

In acutely dissociated cells, the total I, current showed a low
peak amplitude at ~130 pA (Fig. 64) (Huguenard and Prince,
1992). Simulations of steady-state activation and inactivation pro-
tocols captured the main features of I, in RE cells, namely (1) a
relatively slow inactivation of this current compared with TC cells,
(2) a nearly voltage-independent rate of inactivation, and (3) an
activation voltage range that is more depolarized than TC cells.
Simulated steady-state inactivation of I, is shown in Figure 65.

The values for the activation (7,,) and inactivation (7,) time
constants of I, are shown in Figure 6C,D (see also Fig. 6C,D of
Huguenard and Prince, 1992). The best fit of these values as-
sumed a voltage dependence described by biexponential expres-
sions (see Materials and Methods) and is shown in Figure 6C,D
(see also Destexhe et al., 1994a).

No change in the kinetics of the T-current was needed to match
the voltage-clamp data using the model of the dissociated RE cell
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shown in Figure 1B. Only the density of T-channels had to be
adjusted accordingly: for a uniform density, the best fit was ob-
tained with 0.045 mS/cm? (Fig. 6), independently of the particular
details of the morphology chosen to represent dissociated RE
cells. However, if I, was located only in the soma using the
geometry of Figure 1B, the density needed to match the same
recordings was 0.1 mS/cm?.

The values of I, density from the dissociated cell model were
then introduced in the model with an intact cell morphology. Both
a uniform density of 0.045 mS/cm? (Fig. 7, left) and a somatic
density of 0.1 mS/cm?, although giving rise to a total current of
~500 pA, failed to produce bursts in current-clamp mode. The
density of I, had to be about an order of magnitude higher than
these values to elicit bursts: the threshold density for burst gen-
eration was ~0.3 mS/cm? for a uniform density and ~3 mS/cm?
for a somatic density (no I, in the dendrites). This was the case
for bursts generated using either depolarizing or hyperpolarizing
current pulses. However, these densities, as well as the current
amplitude in voltage clamp, are inconsistent with the recordings
from acutely dissociated cells.

One possible way to account for the differences between current
clamp in intact cells and voltage clamp in dissociated cells is to
assume a high density of I in the distal dendrites. We considered
a uniform density of 0.045 mS/cm? in the soma and proximal
dendrites, consistent with dissociated cells, and a higher density in
distal dendrites (drawn in black in Fig. 7, right). Under these
conditions, the minimal distal density for burst generation was
~0.5 mS/cm?. With distally located I, (0.5-1 mS/cm?), and in the
absence of I,, the amplitude of the low-threshold spike (8-20
mV; data not shown) was consistent with the amplitudes seen
experimentally in RE neurons after application of tetrodotoxin
(Avanzini et al., 1989; Bal et al., 1993).

Properties of dendritically generated bursts

A distal localization of the T-current has an important impact on
the properties of burst generation in RE cells. We studied here
the properties of these bursts assuming the same I, density as in
Figure 7 (left). After a brief pulse of hyperpolarizing current, a
broad calcium spike appeared in distal dendrites (Fig. 8), which
then elicited sodium spikes in the soma. During the burst, as
shown by the successive snapshots and dendritic potential profiles
in Figure 8, the membrane potential remained high in the distal
part of the dendritic tree, “feeding” the soma with current. The
sodium spikes were generated in the soma and spread only into
proximal dendritic segments. Because of the low-pass filtering
properties of the dendritic tree, the slow calcium spike has a
strong effect in the soma, whereas the backward propagation of
the higher frequency sodium spikes is limited. We have not
included dendritic sodium currents here, which might affect the
dendritic propagation of action potentials (Huguenard et al.,
1989; Stuart and Sakmann, 1994; Mainen et al., 1995).

With distal I, the simulated bursts showed accelerando-
decelerando patterns of sodium spikes, typical of RE cells (Figs. 7,
8). The same patterns also persisted after shifting the voltage
dependence of I, and Ik currents toward more depolarized or
hyperpolarized levels (data not shown), suggesting that these
currents were not responsible for the accelerando-decelerando,
but that the slow rising and decaying phases of the burst were the
determining factors.

Further observations support the presence of /5, in the den-
drites. First, recordings of intact RE cells in slices show a much
higher peak amplitude of the current than in acutely dissociated
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Figure 6. Steady-state inactivation protocol of I, under voltage clamp. The voltage protocol is depicted at the top: the holding potential was set for 1
sec, followed by a 10 msec hyperpolarization to —110 mV that preceded the depolarizing command to —30 mV. A, Inactivation protocol of the low
threshold Ca** current I, in an acutely dissociated rat RE cell (from Huguenard and Prince, 1992). The currents shown were obtained with
depolarizations to —30 mV from different holding potentials. B, Simulations of the same inactivation protocols using the cell shown in Figure 1B; the
density of I, was estimated as 0.045 mS/cm? (kinetics from Destexhe et al., 1994a). I, was located uniformly in the cell, and the density of channels was
adjusted to match the amplitude of the currents recorded in dissociated cells. C, Fit of the voltage dependence of time constants of activation (7,,). D,
Fit of the inactivation time constant (7). For both C and D, the data were from acutely dissociated RE cells (circles are mean values, and vertical bars
are SEM) at 24°C (Huguenard and Prince, 1992). Solid lines show the best fit obtained using exponential expressions (Destexhe et al., 1994a) (given in

Materials and Methods).

cells (see Fig. 9). Although most of the T-channels would be
inactivated at the holding potential used (—71 mV in Fig. 9B,
left), the current evoked with steps to —46 mV is much larger
than the fully inactivated current obtained with a similar com-
mand potential (—40 mV in Fig. 9B, right) in a dissociated
neuron. In the model, a high density of I, in distal dendrites
reproduced the higher amplitude of the current seen in the
soma (~2 nA; Fig. 7) compared with dissociated cells (~150
pA; Fig. 6B).

Second, voltage-clamp control is extremely difficult to obtain in
intact RE cells. Occasionally, with either appropriate voltage proto-
cols to reduce the size of the current or with recordings in cells that
had exceptionally small 7;, amplitude (as in Fig. 94), reasonably
good clamp was obtained as judged by the lack of notches in the

inward current trace. An example from each of these two situations
is shown in Figure 9. Simulations of voltage-clamp in intact cells
showed that it was virtually impossible to clamp the voltage in the
dendrites from a somatic electrode (Fig. 10). The voltage difference
between soma and distal dendrites could be as high as ~80 mV
during transients (60 mV was obtained using constant field equa-
tions). This poor voltage control of the dendrites was attributable to
the presence of high densities of dendritic /.

Third, the kinetics of I, was generally slower in intact RE cells
compared with acutely dissociated cells (Fig. 9). In Figure 94, the
time course of inactivation was slower in the intact cell; in Figure
9B, even though the temperature in the dissociated cell experi-
ment was much cooler than the intact cell experiment (23 vs
34°C), the kinetics was similar. The current in the intact neuron
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Figure 7. Simulations of voltage-clamp and current-clamp protocols in intact RE cells. The detailed morphology of the RE cell was used with different
densities of I. S, DI, D2, and D3 indicate dendritic locations of recording sites depicted below. Lefr, With a uniform density of 0.045 mS/cm?, no
low-threshold burst can be elicited from current injection in the soma (0.3 nA during 200 msec). Right, With a higher density of 0.6 mS/cm? in distal
dendrites (shown in black), bursting behavior can be generated in current-clamp. The slow rise of the burst and the accelerando-decelerando pattern of

spikes were most prominent with dendritic /. In both cases shown here, the voltage-clamp behavior was consistent with the current amplitudes in Figure
6 if the dendrites were removed.

would be much slower at the lower temperature used in dissoci- of the poor voltage-clamp of the dendrites, dendritic current
ated cell experiments. In the model, this property arose only in transients occurred and added a slower component to the current
intact cells with a high density of dendritic /,,. As a consequence decay seen in the soma (Fig. 10). However, the space clamp was
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Figure 9. Comparison of voltage-clamp recordings of /4, in intact and
acutely dissociated RE cells in vitro. A, Activation protocols for I, in an
intact cell (left) compared with an acutely dissociated cell (right). The
command potentials were —60, ~50, —40, and —30 mV (left) and 50,
~40, —30, and —20 mV (right); both were at 23°C (details of the protocols
are given in Huguenard and Prince, 1992). The cell at the left had an
exceptionally low amplitude of /7,; however, it was still higher than that of
dissociated cells (see also Fig. 64); the time course of inactivation was
slower in the intact cell. B, Voltage-clamp steps in an intact and a
dissociated cell. In the intact cell (left), the holding potential was —71 mV
and the command potential was —46 mV (34°C); in the dissociated cell,
they were —110 and —40 mV, respectively (23°C). The amplitude was
higher and the time course was slower in the intact cell. B was modified
from Figure 1 of Huguenard and Prince (1994).

ably was a calcium spike, whereas the small-amplitude spikes
were presumed to be sodium spikes, because they showed the
typical accelerando-decelerando structure of RE cells. Sodium
spikes with increasing frequency were correlated with the rising
phase of the calcium spike, whereas spikes with decreasing
frequencies were associated with the decaying phase of the
calcium spike. A strikingly similar behavior was observed in the
dendritic membrane potential of the model (Fig. 7, right, D2).
These observations, together with the stability of the recording
and with the negative value of the resting potential, suggest
that the impalement was dendritic. These patterns of bursting
in the dendrites were generated only when the distal dendritic
density of I, was high.

Finally, another consequence of the possible dendritic localiza-
tion of I, is that other currents depending on the entry of Ca®"
through T-channels might also be localized in the dendrites. For
example, a calcium-dependent potassium current, Iyc,), was
shown to underlie repetitive bursting in RE cells (Avanzini et al.,
1989; Bal and McCormick, 1993).

Our model did not generate rhythmic bursting from steady
inputs because this current was not included. The characteristics
of Ig(ca) present a complex problem. This current activates rela-
tively slowly, as indicated by the broadness of the burst in RE
cells, but it also must deactivate relatively quickly to allow repet-
itive bursting to occur at frequencies of ~10 Hz (Avanzini et al.,
1989; Bal and McCormick, 1993). More data are needed before
we can design precise models to investigate a somatic versus
dendritic localization for I';c,;.
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. Properties of RE bursts in vivo

Perhaps the major consequence of the dendritic T-current is that
dendritic synaptic currents potentially can exert a powerful con-
trol of the bursting properties of RE cells. With dendritic T-
current, we have shown above that the model reproduced the
burst properties seen in slices, but it did not account for the
graded properties of the bursts seen in vivo (see Fig. 4). In this
section, we test the possibility that the presence of additional
depolarizing currents in the dendrites could lead to graded burst-
ing behavior.

A series of previous computational studies have considered the
effects of synaptic bombardment on the passive and integrative
properties in other types of neurons (Holmes and Woody, 1989;
Bernander et al,, 1991; Rapp et al., 1992). These studies found
significant decreases in the input resistance and the time constant,
as well as a reduced effectiveness of a single postsynaptic potential
to discharge the cell, but did not investigate the effect on intrinsic
properties. A modeling study of Purkinje cells simulated the effect
of dendritic synaptic currents on the firing patterns of the cell,
which were close to in vivo recordings in the presence of synaptic
bombardment (De Schutter and Bower, 1994). We estimate here
the impact of synaptic currents on the properties of the bursts in
RE cells by adding sustained depolarizing currents distributed
uniformly on the dendritic tree.

An intact RE cell with distal dendritic I, was used to study
the effect of additional dendritic currents on burst generation.
In current-clamp mode, the RE cell model normally generated
all-or-none burst responses (Fig. 124), in agreement with re-
cordings of RE cells in vitro (see Fig. 5) (see also Llin4s and
Geijo-Barrientos, 1988). For depolarizing pulses of progres-
sively larger amplitudes, the bursts in the model appeared fully
developed, and the pattern of spikes remained similar for
stronger current pulses. It was possible to obtain intermediate
patterns, but only by carefully tuning the current amplitude,
because these patterns only occurred in a very narrow range
(data not shown).

In contrast, a graded burst response was observed in RE cells in
vivo (Fig. 4) (see also Fig. 5 in Contreras et al., 1993). A possible
reason for this discrepancy is that, in vivo, RE cells are continu-
ously bombarded by excitatory synaptic inputs from thalamic and
cortical origin; the depolarizing dendritic current caused by this
input might counteract the activation of the T-current in the
dendrites. Using the same model as in Figure 124, with an
additional depolarizing conductance uniformly distributed in the
dendrites, the RE cell generated bursts in a graded manner (Fig.
12B). These graded burst responses were in agreement with in
vivo recordings.

It was difficult to determine the exact amount of depolarizing
current equivalent to synaptic bombardment, and a wide range of
possible densities and reversal potentials was used. The tendency
for generating graded bursting behavior depended on the intensity
of the depolarizing current; a typical model with a moderate
intensity is shown in Figure 12B. For higher intensitics, it became
increasingly difficult to generate a burst, which suggests that tonic
bombardment of the dendritic tree could have a decisive control
on burst generation, through depolarization and inactivation
of 1.

We also tested the possibility of generating graded bursting
behavior from a purely somatic current (0 mV reversal) repre-
senting, for example, the leak caused by electrode impalement. In
this case, we could not obtain a graded burst response. In the
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Figure 10. Poor access to the dendrites of RE cells in voltage-clamp mode. 4, Voltage-clamp protocol similar to Figure 7 with a high density of distal
T-current. In addition to the current recorded at the electrode, the somatic and distal dendritic membrane potentials are shown (S and D3 are as described
in Fig. 7). The deviation from voltage-clamp in the dendrites is pronounced. Similar results were obtained using constant field equations for Ir,. B,
Dendritic membrane potential profile (defined identically as in Fig. 8) taken during the voltage-clamp protocol in A (same units of time as in A). From
an initially good space clamp at —110 mV, the attempt to clamp the cell at —30 mV was unsuccessful because of powerful current transients in the
dendrites, which could not be controlled from the soma. Because of these transients, the kinetics of the current recorded in the soma appears to be slower

than in dissociated cells.

model, bursting is generated in the dendrites and the only way to
alter its properties is to change the balance of currents in the
dendrites.

Reduced models

Models that incorporate morphological details of the dendritic
tree are certainly relevant to study single-cell behavior. However,
simulating large-scale networks requires using simplified models

that are more efficient to simulate. Another application of re-
duced models is hybrid recordings, in which a simulated cell is
connected artificially to a recording from a real cell (Yarom,
1991; LeMasson et al., 1992; Renaud-LeMasson et al., 1993).
This hybrid method requires models that can be simulated
in real time, while still conserving a sufficient degree of realism.
In this section, we examine one- and three-compartment
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Figure 11.  Presumed in vivo dendritic recording of an RE cell from the
rostrolateral sector in a urethane-anesthetized cat. 4, Depolarizing
current pulses of constant intensity applied at a hyperpolarized mem-
brane potential elicited an active response that was crowned by small
spike potentials (presumably electrotonically attenuated somatic
spikes) with a stereotyped bursting pattern in which the first interval is
slightly longer with the frequency increasing then decreasing during the
response. Four different responses, displaced vertically for clarity,
indicate the stereotyped burst response. B, In response to depolarizing
pulses of increasing amplitudes, a passive response was obtained first,
then an active response of small amplitude and, finally, a fully devel-
oped burst. Increasing the amount of current injected (as in A) only
decreased the latency to the burst but did not change its stereotyped
shape. C, Increasing the duration of a constant amplitude depolarizing
current pulse also elicited a burst. The shorter pulse occasionally
elicited active responses that did not develop into a burst. The arrows
indicate the end of the current pulses. All of the pulses in the figure
were applied at the same membrane potential (indicated in A4).

modelis derived from the detailed morphological model of the
RE cell.

We applied a procedure for simplifying the dendritic morphol-
ogy, as described in Materials and Methods, to obtain a model
with three compartments. The passive properties were assumed to
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be the same as described above, and the minimal model was fitted
to the voltage-clamp recordings using a simplex algorithm. Using
the dendritic correction, C, in Eq. 3, as the only parameter, we
obtained an excellent fit of the voltage-clamp recording (Fig. 2B).

The kinetics and localization of I, were investigated in the
reduced model. Voltage-clamp traces obtained with a uniform
density of I, of 0.045 mS/cm? were similar to those in the intact
cell model with the same density. As in the more detailed model,
the current-clamp behavior did not show bursting activity (Fig. 13,
left) and the uniform density of I, had to be increased by about
an order of magnitude to observe bursts (data not shown).

With a higher distal density of I,,, the minimal model showed
bursting behavior that was remarkably similar to that in the
detailed morphological model (compare Figs. 7 and 13). However,
the threshold for bursting behavior was slightly different than in
the detailed model. The properties of the bursts generated by
distal 7, were the same as described above for the intact cell:
namely, they had a slow rise and decay, they needed strong
current pulses to be evoked, and they possessed the typical ac-
celerando-decelerando pattern of sodium spikes (Fig. 13, right).
Graded burst responses could be simulated using the three-com-
partment model as well, using similar densities of currents as the
detailed model (data not shown).

Finally, we investigated bursting behavior using a single-com-
partment model of the RE cell. The size of the compartment was
determined by fitting the passive properties to voltage-clamp
recordings of an RE cell (Fig. 144). The single-compartment
model could not capture all of the details of the capacitive
transients but nevertheless provided an acceptable fit. Using a
density of I, close to threshold for bursting behavior, the single-
compartment model generated bursts in response to injection of
current pulses (Fig. 14B). The burst still had a relatively broad
structure, although narrower than in the presence of dendrites.
However, it was not possible to obtain the typical accelerando-
decelerando structure of sodium spikes. Nonetheless, the first
spike interval of the burst shown in Figure 14B was larger than for
the subsequent ones.

More importantly, depolarizing currents were ineffective in
obtaining the graded burst response found in models having
dendritic .

DISCUSSION

We have explored computational models in concert with intracel-
lular recordings performed in vivo and in vitro, and we conclude
that calcium currents in dendrites are essential for generating the
bursting responses of RE cells. We discuss here the validity of this
conclusion as well as the broader significance of the model for the
function of the thalamic reticular nucleus.

Evidence for dendritic calcium currents

Originally suggested by Mulle et al. (1984), the hypothesis that /.
is localized in the dendrites is now favored by several lines of
experimental evidence. The primary contribution of the model is
to show that these experimental data, sometimes contradictory,
are reconciled if we assume that the major proportion of I, is
located in the distal portions of the dendrites. We review here the
rationale for this explanation.

(1) The amplitude of I, is much larger in intact than in acutely
dissociated RE cells, suggesting dendritic localization. In dissoci-
ated cells, only the proximal parts of the dendrites are present,
and the lower amplitude is attributable to the removal of the
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major pool of T-channels by the dissociation procedure. Alterna-
tively, the T-channels somehow might be altered by the dissocia-
tion procedure, in which case the difference in amplitude would be
artifactual. The higher amplitude of T-current in dissociated TC
cells compared with dissociated RE cells (Huguenard and Prince,
1992) argues against this possibility. This difference also implies
that there is less T-current in the dendrites of TC cells compared
with RE cells.

(2) The threshold for burst generation is higher in RE cells than
in TC cells, suggesting that the burst in RE cells is generated away
from the soma. Although I, activation is shifted to positive
potentials compared with relay cells, this difference in voltage
dependence is not sufficient to explain the larger difference in
burst threshold. The appropriate high threshold was obtained in
the present model only if I, were located in distal dendrites and
if the cell had a relatively high axial resistance, consistent with
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Figure 12.  Graded and all-or-none properties of RE bursts.
Bursting behavior was elicited by depolarizing current pulses
from —85 mV in the simulated intact RE cell. The time
courses of the membrane potential in the soma (fop) and in
the distal dendrites (superimposed, bottormn) are indicated. 4,
All-or-none bursts in the intact RE cell with high density of
I,, in distal dendrites and no additional dendritic current
(same parameters as in Fig. 7, right). The membrane poten-
tial in the distal dendrite (bottom) shows that there is a
threshold for bursting behavior. B, Graded bursts in the
presence of a sustained depolarizing current uniformly dis-
tributed in the dendrites (same simulation as in 4, but with
an additional conductance of 0.02 mS/cm? density and —20
mV reversal potential). In this case, the number of action
potentials in the burst was proportional to the amplitude of
the current pulse.

results from fitting the detailed morphological model to the re-
cordings of the same cell. During current injection in the model,
there was a voltage difference between the soma and distal den-
drites of ~9 mV at steady state (Fig. 7) because of electrotonic
attenuation. The immediate consequence is that more hyperpo-
larizing current is needed to reach the level of deinactivation of I,
in the dendrites. Because some RE neurons are larger than the
cell studied here (see Jones, 1985), this effect would be even more
prominent in adult animals.

(3) The accelerando-decelerando pattern of fast spikes
within the burst is consistent with dendritic 7. We could not
replicate this characteristic pattern in the absence of dendrites
(Fig. 14). On the other hand, accelerando-decelerando pat-
terns were present in the intact cell with purely somatic current
but, in this case, the peak amplitude of I, was ~2.5 nA, which
is inconsistent with voltage-clamp recordings in dissociated
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Figure 13.  Voltage-clamp and current-clamp protocols in a reduced model of an RE cell. Starting from the morphology of the cell shown in Figure 14,
the simplification procedure led to three compartments: the soma (S), proximal (DI), and distal (D2) dendritic compartments (corresponding
approximately to S, D1, and D2 in Fig. 7). Right, Uniform density of 1, of 0.045 mS/cm®. In current-clamp, no low-threshold burst could be elicited from
current injection in the soma (0.3 nA during 200 msec). Right, Higher density of I, in distal dendrites (0.68 mS/cm?). In this case, similar bursts with a
slow rise and an accelerando-decelerando pattern of spikes are seen, as in Figure 7. The simulation of this model was ~25 times faster than the detailed
morphological model. In both cases shown here, the voltage-clamp behavior was consistent with Figure 6 in the absence of distal dendrites.

cells. The accelerando—-decelerando patterns were more robust
in models that included distal /,,; we propose that this property
arises in the RE cell from the slowly increasing current load
provided by a Ca®* spike occurring in distal dendrites. The
long duration and the slow rise of the burst in RE cells can be
explained by the same mechanism, in addition to the slower
kinetics of I,, (Huguenard and Prince, 1992).

(4) The voltage trace in the dendrites of the model during the
burst was consistent with the presumed dendritic recordings in RE
cells (Fig. 11). These recordings show a broad spike with low-
amplitude sodium spikes, which is atypical for RE cells. It is
possible that the cell was damaged, but the stability of the record-
ing and of the response, as well as the low resting membrane
potential, suggest that this was not the case. The striking resem-
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Figure 14.  Single-compartment model of the RE cell. 4, Simplex fitting
of a single-compartment model to estimate the optimal size for the cell.
The fit gave an equivalent cylinder of / = 64.52 = 0.01 um with a diameter
of 70 um. Other parameters were identical to Figure 24; the least-square
error, however, was larger in this case (~3%). B, Low-threshold burst
obtained in this model after current injection (0.3 nA during 200 msec;
density of I, = 3 mS/cm?). In this case, there is no accelerando-~
decelerando pattern of spikes, and the cell could not produce graded
bursting behavior.

blance with the dendritic potential in the model is consistent with
a dendritic impalement.

(5) The kinetics of I, was slower in intact RE cells than in
acutely dissociated cells. This was reproduced in the model when
the T-current was located in distal dendrites. The model revealed
the difficulty of voltage-clamping dendrites with active currents.
Additional current transients of dendritic origin were evoked
during voltage-clamp in the soma and could be interpreted incor-
rectly as a slower kinetics of the current.

(6) In the model, the RE cell could generate graded bursting
behavior only if it had dendritic /,,. As discussed in more detail
below, this is typical of RE cells in vivo (Contreras et al., 1993) and
is entirely consistent with a competition between extrinsic and
intrinsic currents occurring in the dendrites. It might be that other
currents also contribute to this response.

(7) Although RE neurons have been classified in different
morphological classes (Spreafico et al., 1991), no clear differences
in electrophysiological properties have been correlated with this
morphological diversity (but see Contreras et al., 1992). We found
remarkably similar bursting properties from different models pro-
vided that there was a high density of I in the dendrites. All of
the above properties could be reproduced with a model with as
few as three compartments. Taken together, these data suggest
that morphology has little influence on electrophysiological prop-
erties recorded in the soma. The morphological characteristics of
RE neurons might be related, rather, to the organization of
synaptic inputs,

A similar approach may be taken with other types of neurons in
which dendritic conductances might determine their electrophysi-
ological behavior. Abundant evidence exists for the involvement
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of dendritic currents in the bursting properties of other types of
cells (e.g., Traub and Miles, 1991). The comparison of intracellu-
lar recordings with and without dendrites, tracing of the stained
cells, and simulating the dendritic morphology are promising
procedures for investigating these problems.

Impact of dendritic calcium currents on the
electrophysiological properties

The dendritic localization of I, potentially can have several
important consequences for the behavior of RE cells.

First, GABAergic collaterals between RE neurons have been
identified (Jones, 1985; Bal et al., 1995; Liu et al., 1995). Intra-
cellular recordings reveal GABAergic IPSPs in RE cells
(Destexhe et al., 1994a; Bal et al., 1995), but they are of relatively
low amplitude. However, if the T-current is dendritic, IPSPs
arising from neighboring RE cells might initiate rebound bursts in
localized dendritic regions, without necessarily any evidence of
IPSP in somatic recordings. Moreover, as suggested by a recent
model (Destexhe et al., 1994b), the depolarization of RE cells
provided by neuromodulatory inputs promotes their sensitivity to
IPSPs because I, tends to be more deinactivated. The possibility
of rebound bursts in GABAergically connected RE cells could be
tested by stimulating RE cells after blockade of excitatory synaptic
transmission and looking for rebound bursts.

Second, in a network of interconnected RE cells, dendritic 1,
opens new possibilities for generating oscillatory behavior. In cats,
the RE nucleus is characterized by the presence of dendro-
dendritic GABAergic synapses (Deschénes et al., 1985; Yen et al.,
1985). GABAergically connected cells with a rebound burst re-
sponse readily oscillate (Perkel and Mulloney, 1974; Destexhe and
Babloyantz, 1992; Wang and Rinzel, 1992; Destexhe et al,
1994a,b; Golomb et al., 1994). As proposed previously (Deschénes
et al., 1985; Mulle et al., 1986), it is possible that, through
dendro-dendritic synapses, GABAergically connected RE cells
could generate synchronized oscillations, as in the case of the
deafferented RE nucleus in vivo (Steriade et al., 1987). The
possibility of having many local oscillators in GABAergically
connected dendrites of RE cells opens a range of possibilities for
more complex oscillatory behavior (Destexhe et al., 1994a).

Third, if dendritic branches containing a high density of 1, are
hyperpolarized, the deinactivated T-current could provide high
sensitivity to incoming EPSPs and could efficiently generate burst
discharges. This possibility was suggested earlier (Contreras et al.,
1993) and is now supported by recent experiments showing that
strong corticothalamic excitatory volleys can trigger dendritically
generated bursts in RE cells and promote spindle oscillations
(Contreras and Steriade, 1995; Contreras and Steriade, in press).

Taken together, the above observations suggest that a range of
complex interactions can take place in the dendrites of RE cells.
Mutual inhibition between RE cells can have different effects on
triggering, shunting, or shortening burst discharges, in a man-
ner that depends critically on the membrane potential (see also
Destexhe et al., 1994b).

Finally, the dendritic origin of burst discharges suggests a new
mechanism by which RE cells could participate in the control of
the transition of the thalamocortical system between wakefulness
and sleep. In the present model, the presence of additional
depolarizing currents in the dendrites counteracted the gene-
sis of the burst. This behavior could not be observed in a
single-compartment model, suggesting that the soma with sodium
spikes and the dendrites with calcium spikes constitute a device
that functions according to the synaptic input received. The den-
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drites of RE cells would then “sample” the amount of synaptic
activity between the thalamus and the cortex and tune the respon-
siveness of the RE nucleus according to these inputs. For sus-
tained input, which occurs during tonic activity in the thalamus
and cortex, the RE cell does not have the tendency to fire bursts.
For more phasic inputs, as during synchronized sleep, the den-
drites no longer would be bombarded in a sustained manner, and
bursting behavior would be promoted.

We propose that this type of interplay of currents in the den-
drites acts in concert with neuromodulation in switching the
thalamus between tonic and bursting modes.
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