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Thalamocortical
oscillations
mediate both physiological
and
pathophysiological
behaviors
including
sleep and generalized absence
epilepsy
(GA). Reciprocal
intrathalamic
circuitry and robust burst firing, dependent
on underlying
transient Ca current (I,) in thalamic neurons, support generation
of such rhythms. In order to study the regulation
of intrathalamic rhythm generation
and the effects of GA anticonvulsants previously
shown to reduce IT in acutely isolated
thalamic neurons, we developed
an in vitro rat thalamic slice
preparation
that retains sufficient
intrathalamic
circuitry to
support evoked oscillations
(range = 2.0-4.6 Hz, average =
2.7, n = 36), associated
with burst firing in the thalamic
reticular nucleus (nRt) and thalamic relay neurons.
Extracellular
stimulation
of nRt evoked in relay neurons
a biphasic
inhibitory
response
with prominent
GABA, and
GABA, receptor-mediated
components.
The GABA, component was picrotoxin
sensitive,
outwardly
rectifying and CIdependent,
with a very negative reversal potential (-94 mV),
indicating that an active extrusion mechanism
exists in these
cells to keep [Cl-Ii < 5 mhf. The GABA, component
had a
linear conductance,
a reversal potential
of -103 mV, and
was quite long lasting (about 300 msec) so that rebound
bursts often were generated
on its decay phase, presumably
leading to reexcitation
of nRt through known excitatory
connections. GABA,-mediated
responses
thus provide a timing
mechanism
for promoting
slow intrathalamic
oscillations.
Reduction
of I, @O-40%)
by succinimides
slightly
increased the threshold
for burst generation
in relay and nRt
cells, but there was little effect on either number of spikes/
burst or intraburst frequency,
and there were no other direct
effects on other measures
of cellular excitability.
Intrathalamic oscillations
were significantly
reduced by these agents
through a slight decrease
in burst probability
of thalamic
neurons. We conclude that interactions
between the intrinsic
properties
of thalamic
neurons
and intrathalamic
circuitry
lead to generation
of slow oscillations.
A similar mechanism
may underlie
the pathophysiological
3 Hz spike and wave
EEG activity that characterizes
GA. Furthermore,
anti-GA
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drugs such as ethosuximide
probably
exerttheir
action by
reducing
the burst-firing
probability
of neurons within populations of reciprocally
interconnected
relay and nRt neurons, thus producing
a desynchronization
of the thalamic
circuit that prevents spike/wave
generation.
[Key words: T-current, low-thresholdspike,
thalamus, succinimide
anticonvulsants,
burst firing, oscillation,
absence
epilepsy]

The thalamusparticipates in the generationof rhythmic cortical
activities such as sleepspindles (7-14 Hz in cat; Andersen et
al., 1967; Steriadeand Llinas, 1988)and spike-wave activity of
generalizedabsence(GA) epilepsy(Williams, 1953;Pollen, 1964;
Steriade et al., 1976; Avoli and Kostopoulos, 1982; Avoli et al.,
1983; McLachlan et al., 1984b; Pellegrini et al., 1985; Vergnes
et al., 1987; Avanzini et al., 1992; Inoue et al., 1993). Spindles
are absent in cortex that has been disconnectedfrom the thalamus (Bums, 1950) but are present in the thalamus of decorticate animals (Morison and Basset, 1945), showing that this
structure is essentialfor spindle generation. In contrast to spindles, which are initiated in the thalamus, the spike-wave dischargesof GA require functional connectivity between cortex
and thalamus (reviewed in Gloor and Fariello, 1988).The electroencephalographicsignatureof human GA is a 3 Hz spike and
wave rhythm consistingof bilaterally synchronousactivity with
a relatively sharp spike (lo-40 msec duration) followed by a
slow wave. In animal models, the former is associatedwith
neocortical and thalamic relay unit firing, while the 150-300
msec slow wave is generally associatedwith intracortical and
intrathalamic inhibition and cessation of unit firing (Prince,
1972; Steriade, 1974; Steriade and Yossif, 1974; Steriade et al.,
1976; Fisher and Prince 1977a,b; Avoli et al., 1983). Similar
EEG activity can be elicited by low-frequency stimulation of
midline thalamic structures (Jasperand Droogleever-Fortuyn,
1947).
Multiple linesof evidence indicate that common circuitry and
intrinsic mechanismsunderlie spindle rhythm and 3 Hz spike
and wave of GA epilepsy. (1) The occurrence of spike waves in
the human EEG is highly correlated with spindle sleepperiods
(Kellaway, 1985). (2) Spindle-like activity that occurs within in
vitro brain slicescan be transformed into slower rhythms resembling spike waves by simply decreasingGABA,-mediated
inhibition (von Krosigk et al., 1993). (3) A similar phenomenon
occurs in the feline penicillin generalized epilepsy model produced by parenteral injection of penicillin (Prince and Farrell,
1969), where there is a gradual evolution of EEG activity from
sleepspindlesto spike/wavecomplexes(McLachlan et al., 1984a).
(4) Prominent synchronized burst activity occurs in relay neu-
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rons during spindle sleep (Livingstone
and Hubel, 198 1; Hirsch
et al., 1983) and also in animal models of GA (Inoue et al.,
1993). (5) We have shown that antiepileptic
drugs that are specific for the treatment of GA, but not other forms of epilepsy,
block the low-threshold
calcium current (I,) responsible for burst
firing in relay neurons (Coulter et al., 1989a,b, 1990a; Huguenard and Prince, 1992a), implicating
the burst-firing
mode as a
prominent
pharmacological
target in GA.
The mechanisms underlying intrinsic burst firing in thalamic
neurons have been described in detail. Briefly, during periods
of slow-wave sleep, relay neurons hyperpolarize
(Hirsch et al.,
1983) and undergo a dramatic change in their firing properties
(Livingstone
and Hubel, 1981; Hirsch et al., 1983) such that
responses involving generation of regular spikes (linear or relay
firing mode) are replaced by generation of intrinsic burst discharges (nonlinear
burst-firing mode). The latter patterns of activity result from Ca 2+-dependent
low-threshold
spikes (LTSs;
DeschCnes et al., 1982; Llinb and Jahnsen, 1982) generated by
a transient calcium current (I,; Coulter et al., 1989~). Each LTS
can trigger multiple Na+-dependent
action potentials. Although
there have been no published in viva thalamic intracellular
recordings during experimental
or human GA, extracellular
recordings indicate that thalamic neurons fire in burst mode during periods of spike-wave activity (Gloor et al., 1975; Buzsaki,
1991; Inoue et al., 1993).
Actions on Ca-dependent
burst firing in relay neurons during
GA are the putative basis for the pharmacological
efficacy of
ethosuximide
and related anti-GA
compounds
(Coulter et al.,
1989a,b). An additional site of action is in nRt, a shell-like group
of GABAergic
inhibitory
neurons that surrounds the anterior
and lateral aspects of dorsal thalamus (Jones, 1985). The neurons within sectors of nRt are reciprocally
connected with excitatory neurons ofthe corresponding
sensory relay nuclei (Montero et al., 1977; Jones, 1985; Mitrofanis
and Guillery, 1993).
nRt cells also possess transient calcium currents that underlie
their prominent Ca-dependent
burst firing. Although the T-currents in nRt and relay cells differ in their biophysical properties
(Coulter et al., 1989~; Huguenard
and Prince, 1992a), they are
both sensitive to blockade by specific GA therapeutic
agents
(Coulter et al., 1989a,b, 1990a; Huguenard and Prince, 1992a).
On the basis of results from experiments
employing acutely
isolated thalamic neurons (Coulter et al., 1989a,b, 1990a; Huguenard and Prince, 1992a) we have hypothesized
that ethosuximide-mediated
reduction in T-current results in diminished
Ca-dependent
burst firing in relay cells (Coulter et al., 1989a)
and nRt neurons (Huguenard
and Prince, 1992a), and that the
net result is a quenched intrathalamic
and thalamocortical
oscillation.
To test this hypothesis further, and to examine the
regulatory mechanisms
for thalamic synchronization,
we developed an in vitro thalamic slice preparation,
containing
interconnected VB and nRt neurons, which is capable of sustained
low-frequency
(2-4 Hz) oscillations.
Using “blind”
patchclamping techniques (Blanton et al., 1989; Otis et al., 1991), we
obtained current and voltage recordings from both relay neurons
and nRt neurons and examined the effects of succinimide
anticonvulsants
on Ca-dependent
burst firing, and on synaptjcally
driven, intrathalamic
oscillations.
We find that the reductions
in T-current
produced by such agents have minimal effect on
individual
Ca-dependent
bursts in both relay and nRt cells.
Succinimides
do cause a slight reduction in the probability
of
triggering LTSs; however, once generated, they were practically
indistinguishable
from control. Nonetheless, these small reduc-

tions in the burst-firing
probabilities
within nRt and relay neurons were associated with markedly dampened oscillations within the network.
These effects may explain
the thalamic
desynchronizing
effect of ethosuximide
seen in viva (Pellegrini
et al., 1989), and its clinical effectiveness in GA.

Materials

and Methods

In vitro tissue slice preparation. All experiments were performed in
horizontal rat brain slices taken through the middle portion of nRt
(stereotaxic levels 4.6-5.82 mm below bregma; Paxinos and Watson,
1986) that contained the adjacent ventral posterior lateral nucleus. Gravid
Sprague-Dawley rats (Simonsen) were housed in a local animal facility
in accordance with protocols approved by Stanford Institutional Animal
Care and Use Committee and investigators adhered to the guidelines
nublished in the NIH Guide for the Care and Use of Laboratorv Animals. Rat pups, aged 8-26 d (p8-p26), were anesthetized (50 ;ng/kg
pentobarbital) and decapitated, and the brains rapidly removed and
placed in chilled (4°C) low-&/low-Na
slicing solution consisting of (in
mM) 234 sucrose, 11 glucose, 24 NaHCO,, 2.5 KCl, 1.25 NaH,PO,, 10
MgSO,, and 0.5 CaCl,, equilibrated with a mixture of 95% 0,, 5% CO,
(Fukuda and Prince, 1992). A block of brain containing the thalamus
was glued ventral surface down to the chuck of a vibratome (TPI, St.
Louis, MO) and 400 pm slices were obtained in a horizontal plane. The
slices were incubated in 30°C oxygenated saline prior to being placed
in an interface recording chamber that had been modified for superfusion at a rate of 2 ml/min. Slices were maintained at 34 ? 1°C in the
recording chamber and remained viable for several hours under these
conditions.
Recordingprocedures. The standard extracellular superfusion solution
consisted of (in mM) 126 NaCl, 26 NaHCO,, 2.5 KCl, 1.25 NaH,PO,,
2 MgCl,, 2 CaCl,, and 10 glucose; intracellular recordings were made
with patch-clamp electrodes filled with the following solution: 120
K-gluconate, 1 GgCl,, 1 CaCl,, 11 KCl, 10 HEPES, and 11 EGTA. The
DH was adiusted to 7.3 with KOH and osmolalitv to 290 with distilled
H,O. The iow [Cl-] of the pipette solution resulied in a 10 mV liquid
junction potential and intracellular potentials were corrected by subtracting 10 mV from the measured potentials (Hagiwara and Ohmori,
1982), except for the experiments shown in Figure 6. Electrodes were
fabricated from borosilicate glass (KG-33, o.d. 1.5 mm, i.d. 1.0 mm,
Gamer Glass, Claremont, CA), and had resistances of 4-6 MQ in the
bath.
Whole cell patch-clamp recordings were obtained without the benefit
of visual control (Blanton et al., 1989; Otis et al., 1991). During recordings, electrode access resistance could spontaneously increase, causing a deterioration of the quality of the recording. Results were rejected
in current-clamp experiments when access resistance, measured by bridgebalance, increased to more than 70 Ma, or in voltage-clamp when access
resistance increased beyond the point that switching frequencies greater
than 3 kHz were impossible. This corresponded to approximately 30
MO access resistance. An Axoclamp 2A (Axon Instruments, Foster City,
CA) was used for bridge mode voltage recordings as well as switched
(discontinuous) single-electrode voltage-clamp recordings. The headstage monitor was continually observed to ensure essentially complete
decay of the current transient prior to voltage measurement. Switching
frequencies of 3-8 kHz with clamp gains of 0.3-1.5 nA/mV were used.
Phase lag with a time constant of 2-20 msec was normally used to
increase the stability of the clamp at the expense of a slight reduction
in frequency response. In general, patch electrode intracellular recordings in slices maintained in vitro were of high quality. Resting potentials
were stable and more negative than -55 mV (mean * SD = -71.2 f
6.0 mV, n = 162) and input resistances were greater than 60 MQ (152
+ 58 MQ, n = 83). The limiting factor for these recordings was increases
in pipette access resistance, as above, rather than deterioration of cell
properties. Population data are given as average + SD, and n = numbers
of cells.
Extracellular stimuli were delivered through a pair of l-10 MQ sharpened tungsten electrodes (FHC) glued together with a separation ofabout
100 pm. Extracellular unit and multiunit recordings were obtained with
5-10 MQ tungsten electrodes and normally filtered between 100 Hz and
3 kHz. Drugs and chemicals were applied by bath perfusion. The recording chamber volume exchange time was approximately 3 min. Ethosuximide was a kind gift from C. Germain (Parke Davis, Ann Arbor,
MI). All other compounds were obtained from Sigma Chemical (St.
Louis, MO).
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Results
Effects of T-channel blockers on low-threshold Ca2+ spikes
Initial experiments were designed to confirm, in intact thalamic
neurons, the essential findings previously obtained in acutely
isolated neurons-namely,
that ethosuximide (ES) and related
compounds block IT. The activation threshold for Z, is relatively
negative, that is, less depolarized, compared to other currents
in relay cells, especially other transient currents such as IA (Huguenard et al., 199 1). Thus, extensive pharmacological manipulations to isolate IT were not required, since it could be activated with small depolarizations into the range near -60 mV
that did not activate other currents. In most neurons, however,
there was obvious loss of voltage control (cf. Huguenard et al.,
1988) during attempts to clamp IT. Because Z, is inward and its
activation leads to a regenerative LTS, and especially because
these experiments were carried out at a warm temperature (34”C),
which increases both the size and activation rate of IT (Coulter
et al., 1989c), very large and notched inward currents were often
obtained. Smoothly activating and inactivating currents (i.e.,
without notches) were obtained in some cells when access resistance was low (< 15 Ma), the voltage clamp gain was maximized (0.3-l .O nA/mV), and the size of the evoked current was
reduced by depolarization of the holding potential (to steady
state inactivated most of the current; cf. Coulter et al., 1989~).
Examples of well-clamped T-currents in a ventrobasal relay
neuron and an nRt cell are shown in Figure 1. The progressive
reduction in IT amplitude, with little change in the time course
of the current, that occurs in the relay neuron (Fig. 1A) with the
steady-state inactivation protocol is evidence ofreasonable voltage control (Coulter et al., 1989~; Huguenard and Prince, 1992a).
ES, at a concentration of 700 PM, reversibly reduced the amplitude of the maximal Z, (arrows) obtained at the most negative
holding potential, but also reduced the amplitude at all prepotentials, thus confirming that this drug reduces IT. The maximum reduction seen under these conditions was about 33%.
Furthermore, as in isolated neurons (Coulter et al., 1989a,b),
the effect of ES was not accompanied by any change in the
kinetics or steady-state inactivation. Similar effects were seen
with another GA drug, methyl-phenyl succinimide, the active
metabolite of methsuximide (Coulter et al., 1990a; Huguenard
and Prince, 1992a), at concentrations of 200-800 PM (n = 4,
not shown).
A slowly inactivating form of transient Ca2+ current, Z,, (Huguenard and Prince, 1992a), occurs in nRt neurons, where it
promotes relatively prolonged Ca2+-dependent bursts, and it
was also blocked by ES (Fig. 1C). In the example shown, clamp
control was improved by depolarizing the holding potential so
that ITSwas >90% inactivated (Huguenard and Prince, 1992a),
and applying only a small command step. ES reversibly (see
wash in Fig. 1C3) reduced ZTrto 4 1% of control, about the same
extent as it decreased IT in relay neurons. The reduction in
current was not caused by an alteration in kinetics of activation
or inactivation, since the normalized traces were essentially
overlapping (Fig. 1C3). The time course and reversibility of the
ES effect are clearly seen with the time series in Figure lC2.
Thus, we confirm that ES reduces T-current in “intact” relay
and nRt cells in slices maintained in vitro, and conclude that
the reduction is not an artifact of the methods for preparing
isolated thalamic neurons or recording from them in previous
experiments.
The difficulty in obtaining adequate voltage-clamp control
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during T-current activation led us to an alternative approach
to assessing T-current availability, that of measuring the rate of
rise of single LTSs (Jahnsen and Llinis, 1984). Since the rate
of rise is dependent on the current flow and membrane capacitance (dV/dt = Z,,,/C,,), and capacitance is presumably constant,
the differentiated voltage is directly proportional to current. If
we assume that Z, is the predominant current activated during
the rising phase of the LTS, then relative changes in Z, amplitude
can be readily measured as the maximal rate of rise. While using
this approach, current pulses were adjusted to activate a small
LTS that was subthreshold for Na+ spikes, and resting membrane potential was continuously monitored and adjusted to the
control level to ensure that the fraction of steady-state available
channels was constant. ES only slightly reduced LTS amplitude
(Fig. lBla), but the rate of rise of single LTSs was reduced by
ES (Fig. 1Bl bJ2) to essentially the same extent as I,, 32 +
13% (n = 13). The effect on LTSs was rapid, occurring within
2-4 min after a change in superfusion solution, essentially the
same time as the bath turnover time.
Recently, a slowly activating inward current (I”) has been
described in guinea pig and cat thalamic relay neurons (Pape
and McCormick, 1989; McCormick and Pape, 1990). It is turned
on by hyperpolarization, and is important in regulating burst
firing in these cells. We found that Z, was also present in rat
relay neurons (Fig. 2) but was absent in nRt cells (not shown).
The extent and rate of activation of ZH are voltage dependent,
so it activates more rapidly with stronger depolarizations (Pape
and McCormick,
1989; McCormick and Pape, 1990). For example, compare the large inward relaxation obtained by hypet-polarizing a VB neuron from -40 to - 110 mV (Fig. 2A 1)
to the smaller and slower relaxation obtained upon hyperpolarization to -74 mV (Fig. 2A3). Theoretical considerations
(McCormick and Huguenard, 1992) indicate that intrinsic oscillations can occur in relay neurons largely as a result of the
interaction between Z, and Z,. Activation of Z, results in LTS
generation and concurrent deactivation of I,. Then, following
each LTS, ZH gradually reactivates, the resultant depolarization
brings the membrane potential to threshold for activation of
another LTS, and the cycle repeats. We hypothesized that, in
addition to their effect on IT, the antioscillatory effects of succinimides might be due, in part, to interactions with I”. For
example, by partially blocking I”, succinimides might affect
either single LTS generation (and contribute to the effect shown
in Fig. 1B) or interfere with intrinsic oscillations. Using a modeling approach (McCormick and Huguenard, 1992) we simulated alterations in both IT and ZH (not shown) and found that
while reductions in Z, amplitude or shifts in its voltage dependence of activation slightly altered the shape of a simulated LTS,
only reductions in Z, reproduced the ES-induced reduction in
LTS dV/dt. Thus modulation of ZH is unlikely to contribute to
the effect of ES on burst responses. Direct evidence supported
this conclusion. We found that ES (at concentrations that block
IT) had no measurable effect on either the amplitude or time
course of ZH (Fig. 2A,B).
The obvious prediction from the above experimental results
is that Ca-dependent burst firing would be markedly inhibited
by concentrations of ES that reduce the T-current. The effects
of ES on burst-firing capabilities in relay cells were assessed by
constructing input-output (i/o) curves at a resting membrane
potential of -80 mV (Fig. 3A) where burst firing is prominent
due to strong deinactivation of the T-current (DeschCnes et al.,
1982; Llinas and Jahnsen, 1982). We used number of spikes
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Figure 1. Ethosuximide reversibly reduces IT, ITr, and low-threshold spikes in thalamic neurons within in vitro slices. A, T-currents evoked with
a steady-state inactivation protocol (see inset at lower right) in a voltage-clamped relay neuron. Al, Control: as the holding potential was made less
negative, the size of the T-current (*) was progressively reduced, as was the relaxation of the H-current (arrows), which had been activated by the
preceding hyperpolarization. AZ, ES 700 r,u.~ ES reduced the peak amplitude of the T-current (arrow), but did not affect the H-current. A.3, Wash:
T-currents were restored to control levels in the wash. B, Ethosuximide reduces low-threshold spikes. Bla, Relay neuron held at -80 mV in current
clamp. Small LTSs were evoked by 40 pA depolarizing current pulses. Ethosuximide (Es) reversibly reduced the size of LTS by 11%. Bib, Electrically
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Figure 2. Z, is not affected by ES. A, Voltage-clamp currents evoked in a relay neuron by hyperpolarizations to the indicated potentials from a
holding potential of -40 mV. The slow inward relaxations are due to activation of Z,. Five overlaid traces are shown at each potential: control,
two applications of ES, and the associated washes. Bl, Activation time constants for ZH (rn), measured from single exponential fits of the slowly
activating current, were not affected by ES. B2, Amplitude of I,., as a function of membrane potential. ES (700 PM) in two separate bath applications
hadno majoreffecton the amplitudeor voltagedependence
of ZH.Samecellasin FigurelA, in which therewasa clearreductionin Z,.

and intraburst frequency as indices of burst output mode. The
$-Zcurve (frequency vs current, Fig. 3A2,O) illustratesthe wellknown nonlinear transfer function of relay neurons in burst
mode. The threshold stimulation (160 PA) leadsto a burst with
four Na-dependent spikes(Fig. 3A3, 0) and an intraburst frequency of 450 Hz (Fig. 3A2,O). Increasingthe stimulus results
in slightly higher intraburst frequenciesand increasesthe number of spikesper burst in a stepwisefashion. For example, both
240 and 320 pA evoked five spikes(Fig. 3A3, Cl), while 400,
480, and 560 pA each evoked six spikes.ES(700 PM) resultsin
a modest suppressionof Na spike output in burst mode. For
example, with’a 480 pA stimulation, the number of spikeswas
reducedfrom six to four(B), while at 640 pA the reduction was
from seven to six spikes.The experiment illustrated in Figure
3A wasone of the most striking effectsof ESin VB that we have
seen.In this neuron, ES increasedthe f/Z slope from 110 Hz/
nA to 130 Hz/nA (Fig. 3A2, Clvs n ), and decreasedthe spikes/
current (spll) slope from 6.3 to 5.2 spikes/nA (Fig. 3A3, 0 vs
M). However, on average, there was no effect on f/Z slope(109
f 133% of control, n = 5) or on spll slope (109 + 69% of
control). The only consistent effect of ES was a shift in the
position of both i/o functions similar to that shown in Figure
3, A2 and A3. In every case,ES causeda rightward shift in the
f/Z curve (range = 450-7900 PA) and the spll curve (range =
10-740 PA). This is consistentwith an increasedthreshold for

LTS activation, although the effect wasindeed subtle. In no case
did ESactually alter the threshold for LTS generation with these
180 mseccurrent injections, as is shown in Figure 3A 1, where
the threshold stimulus was 160 pA in control, ES, and wash.
We alsoexamined the effect of ES on relay mode firing. When
the resting membrane potential of rat VB neurons was depolarized to -60 mV, regular repetitive spikesoccurred throughout the duration of the stimulus (Fig. 3B). ES had no consistent
effect on relay mode firing (Fig. 3B), either on spike threshold,
adaptation (not shown), or on f/Z slope(93 + 12% of control,
n = 5).
Bursts in nRt neurons are different from those in relay cells
in severalways. The former are characterized by a long-duration
(50-l 00 msec),high-frequency (500 Hz and higher) burst of Nadependent spikes(Fig. 3C), with an initial accelerationof spike
frequency followed by a later deceleration (Domich et al., 1986).
As in relay neurons, reduction of T-currents by ES produced
minimal effects on i/o curves in nRt neurons. That is, neither
the threshold nor the waveform [compare intraburst frequencies, control (0) versus ES (m), in Fig. 3C2] of Caz+-dependent
burstsin nRt were altered by concentrations of ES (700 FM) that
blocked 30-40% of ZTr.The main effect wasan alteration in the
latency to LTS from the onset of the intracellular current stimulus (Fig. 3C1, ES). The most prominent effectsof ESare shown
in Figure 3, Cl and C2, where the burst latency was increased

t
differentiated spikes. ES reduced maximum rate of rise by 40%. Each trace is the average of 10 individual trials in control, ES, and wash conditions.
B2, Time course of ES effect for the neuron of BI. C, ES blocks ZTr in a voltage-clamped nRt neuron. Cl, A small ITS was evoked with 15 mV
depolarizations from a holding potential of - 7 1 mV. The control current was reduced by 600 PM ES, while the rate of activation and inactivation
were unaffected. C2, Time series depicting the onset and reversibility of the reduction in Z,, by 600 PM ES. Bar, bath perfusion of 600 PM ES. C3,
Upon washout of the ES, Z,, returned to control levels. The wash trace (bottom), vertically scaled down by 41% (arrow) essentially overlaps the ES
trace (thick line).
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Figure 3. Current clamp recordings of effects of ES on burst- and relay-mode firing in relay (A and B) and nRt (C and D) neurons. Al:ControI,
A VB neuron from a P24 rat was held at a resting potential of -80 mV, and incremental depolarizing current pulses were applied. At a threshold
of 160 pA, a high-frequency (450 Hz) burst with four spikes was triggered. Larger depolarizing pulses evoked similar bursts, but with slightly higher
frequencies (up to 550 Hz) and numbers of spikes (up to eight). ES, ES (700 PM) was added to the superfusate, and the stimulus sequence repeated.
The threshold remained at 160 pA, but the initial spike frequency was slightly lower, around 430 Hz, and the number of spikes/burst was three.
Similar decreases in spikes/burst and spike frequencies versus control and wash conditions were present at nearly every stimulus intensity. A2,
Frequency-current cf/l) curves for the experiment in Al. Frequency was derived from the first interspike interval. The slopes were, for control (O),
110 Hz/nA, ES 0, 130 Hz/nA, and wash (A), 100 Hz/nA. In ES, the curve was shifted to the right compared to control and wash. A3, Number
of spikes/burst versus current intensity. At almost every intensity the number of spikes was lower in ES than in control or wash. The slopes were,
for control, 6.3 sp/nA, ES, 5.2 sp/nA, and wash, 6.9 sp/nA. Bl, Regular iiring was not affected by ES. Same stimuli and neuron as in A, but the
holding potential was -60 mV. First row (control) shows a linear increase in spike numbers and frequency with increasing current injections. Traces
in second row were obtained in ES, which had no consistent effect on threshold or frequency compared to control and wash (see graph of B2). Wash
traces were similar to control (not shown, but see B2 and 83). B2, ES had no effect on f/Z curves. The slopes were, for control, 350 Hz/nA, ES,
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with threshold stimuli at resting potentials of -80 mV and -90
mV. There were no effects at higher stimulus intensities (300500 PA) or at resting potentials of -70 or - 60 mV (not shown).
The rightward shift in the f/Z plots (e.g., Fig. 3A2), and the
increased latency to the onset of the burst (e.g., Fig. 3C1, ES at
-90 mV) are consistent with a slight increase in the current
threshold for activation of Ca2+ bursts in thalamic neurons. For
example, if there is an increased latency to burst onset (Fig. 3C),
then a shorter-duration threshold current stimulus or EPSP may
become subthreshold in the presence of the drug. Experiments
with brief intracellular current injections (n = 4) confirmed this
suggestion. The traces in Figure 30 are examples from such an
experiment. In this nRt neuron, 2 msec depolarizing current
pulses were incremented in amplitude until threshold for an
active response was obtained. In control, the injection of 0.8
pC of charge produced a subthreshold response consisting of
only a passive membrane response (lowest trace). Threshold
was reached with 1.0 PC, and a small active response was obtained. Increasing the injected charge to 1.2 pC resulted in near
maximal activation ofthe Ca*+ -dependent response. In the presence of ES, the threshold was increased so that 0.8 and 1.O pC
injections both resulted in subthreshold, passive responses while
1.2 pC produced a small submaximal response. These threshold
effects were reversible (e.g., Fig. 30, wash) in all cells tested.
Surprisingly, therefore, the net effect of T-current reduction
is not a major alteration in burst-mode output of relay cells or
nRt neurons. Rather, there is only a slight shift in threshold
current necessary to evoke an LTS; once the LTS is evoked, the
burst morphology is largely unchanged. From this we conclude
that there is a surplus of IT channels in both cell types that
ensures robust generation of LTSs, even in the face of moderate
reduction in number of operational channels (Coulter et al.,
199 1). Only under conditions where LTS generation is already
compromised might the 30-40% reduction in T-current be expected to inhibit burst firing (see Discussion).
Inhibitory responses in relay neurons arising from activities in
nRt
The relatively long-duration burst response in nRt neurons (Fig.
3C, Avanzini et al., 1989; Shosaku et al., 1989; McCormick
and Wang, 199 1; Huguenard and Prince, 1992a) should evoke
potent inhibitory effects in relay cells that may lead to rebound
LTS generation. To test this, we developed a slice preparation
with intact nRt-relay neuron connectivity. Previous results indicated that IPSPs could be elicited in coronal slices containing
the anteriormost thalamus by extracellular nRt stimulation
(Thomson, 1988). In somatosensory thalamus we found no
functional connection within coronal slices. However, with horizontal slices, robust IPSPs could be readily evoked in VB by
stimulation in adjacent nRt (see schematic in Fig. 8A). A small,
short-latency EPSP was also occasionally seen (e.g., Fig. 8A),
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that presumably resulted from activation of capsular corticothalamic fibers. The IPSPs were relatively long lasting, with
durations up to several hundred milliseconds. In most cases (40
of 46) the IPSPs displayed prominent early and late components
with different reversal potentials. These were mediated by Cl-dependent GABA, and K+ -dependent GABA, components and
were similar to those seen in lateral geniculate of the cat (Crunelli
et al., 1988) and rat (Hirsch and Burnod, 1987). The main
difference is that in rat somatosensory thalamus they must be
evoked by discharge of nRt neurons because there very few
interneurons in VB (Jones, 1985), while in geniculate they apparently arise following activation of local circuit inhibitory
interneurons because they persist in slices that are devoid of
functional nRt (or perigeniculate, Crunelli et al., 1988) connections.
In voltage clamp, the early IPSC component demonstrated
an outwardly rectifying Z-V curve (Fig. 4A, o) similar to that
observed for GABA, responses in cultured hippocampal neurons recorded under similar conditions (Barker and Harrison,
1988) and was blocked by 10 PM bicuculline methiodide (n =
6) and 70 PM picrotoxin (Fig. 4B,C, n = 3). Reversal potential
for this GABA,-mediated
response was very negative in these
cells (-94 f 8.1, n = 47; Fig. 4A), and was dependent on the
pipette [Cl-] (see Fig. 5). The late IPSC component displayed
a longer latency to peak (- 100 msec; Fig. 4B), a more negative
reversal potential (- 103 f 8.0 mV, n = 40; Fig. 4A), and a
linear Z--V curve (Fig. 4A), and was blocked by the specific
GABA, antagonist CGP 35348 (Fig. 4B,C). This GABA,-mediated component had a biphasic slow decay (time constants of
decay were 77 and 3 14 msec for the CGP35348-sensitive current
in Fig. 40) similar to that described in dentate granule cells
(Otis et al., 1993). Although the GABA,-mediated
late synaptic
response was quite large under these conditions, its conductance
was only a small fraction of the earlier GABA, response. Conductance measures obtained from the slope of the Z-V curve at
the reversal potential were 9.7 f 6.1 nS (range = 0.5-30, n =
46) for the early GABA, IPSC component, compared to 2.9 f
1.8 nS (range = 0.4-7.4, n = 35) for the GABA, component.
The reversal potential for the GABA, component tended to
be much more negative than expected for the 15 mM intracellular [Cl-] and 136.5 mM extracellular [Cl-] solutions employed.
The calculated Nemst potential is - 5 1 mV when a correction
factor for Cl- activity in NaCl solution is used. Thus, there must
be mechanisms in relay cells to extrude Cl- across the membrane to the extracellular space (Thompson et al., 1988) and
bring intracellular levels to down near 3 mM. Furthermore, it
appears that recording from these cells with whole-cell techniques does not guarantee that [Cl-Ii will become equal to that
of the patch pipette. Pipette access resistance was normally in
the range of lo-20 MQ, and it appears that the rate of Cldiffusion through this pipette resistance must be too slow to

c
330 Hz/nA; and wash, 340 Hz/nA. B3, Numberof spikesper nA wasnot affectedby ES.The slopeswere,for control, 12 sp/nA, ES,70 sp/llA,
and wash,62 sp/nA. C, Effectsof ESon burstfiring mode in an nRt neuron. Cl, Just-threshold bursts were evoked at holding potentials of -80
(left) and -90 mV (right). ES (m, 600 WM) caused a reversible 10 msec increase from control in latency to burst at -80 mV, and a longer increase
(47 msec) at -90 mV. Same neuron as in Figure IB. C2, Frequency versus time plots for bursts in control (O), ES 0, and wash (A). Neither the
temporal shape nor the intraburst frequencies were affected by ES, although the delayed onset is clearly seen. The burst in ES at - 90 mV continued
upon termination of the stimulus, and its shape was the same as in control. D, LTS threshold is increased in ES. Brief (2 msec) intracellular current
injections with incrementing intensities were applied to another nRt neuron held at -80 mV. Four responses to stimuli near threshold are shown
in control, ES (700 PM), and wash. The threshold for an active response in control was 1.0 pC (500 pA x 2 msec), and 1.2 pC evoked a nearly
full-size LTS. In ES, 1.O pC was subthreshold, and 1.2 pC evoked only a small active response. These effects were reversible (Wash).
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Figure 4. IPSCs in voltage-clamped VB neurons, evoked by stimulation of nRt. A, Synaptic currents at holding potentials between - 120 and
-48 mV evoked by 250 WA, 40 psec extracellular stimuli applied to adjacent nRt. The evoked current had an early component (0) peaking around
20 msec, and a late component peaking around 100 msec (W). Note that the current evoked at - 102 mV (third truce from the bottom), had an
early inward current followed by a later outward component. The late response reversed at - 105 mV, and is linear with a slope of 5.7 nS, while
the early response showed outward rectification, a reversal of -96 mV, and a slope (at the reversal potential) of 12 nS. B, Pharmacology of evoked
inhibitory synaptic currents in relay cells. A VB neuron was voltage clamped to -50 mV, and synaptic responses evoked by a 80 psec, 200 PA
nRt stimulation. In control, the evoked response consisted of an outward current that inactivated with two decay phases. Picrotoxin (70 PM)
abolished the early outward current and revealed a short-latency inward current (truncated in this trace), but spared the late component of the
current that had a slow onset (peak 110 msec) and slow decay. This slow outward current was completely abolished by 200 PM CGP35348, but
the inward excitatory current remained. The traces shown are the average + SEM from 10 individual traces in each condition. C, Time course,
reversibility, and repeatability of the CGP35348 block. Early currents (W) were measured at a latency of 37 msec from the stimulus, so that
contamination by the EPSC would be minimized. Late currents (0) were measured at 150 msec, so that contamination by the early, picrotoxinsensitive current (see D) was minimized. Picrotoxin (picro) caused a slow onset and partially reversible blockade of mainly the early component,
while repeated applications of CGP35348 (cgp) reversibly blocked the late component, but did not affect the early IPSC (see second cgp application).
The GABA, component gradually ran down during this experiment. D, IPSC components blocked by picrotoxin and CGP35348. The late component
has been scaled up fivefold to accentuate the late decay phase. The picrotoxin-sensitive current decayed with a time constant of 30 msec, while
the CGP35348-sensitive current decay showed a biphasic time course with time constants of 77 and 3 14 msec. A small EPSC component is shown
in the CGP35348-sensitive trace and is probably the result of imperfect subtraction.

overcome the membraneactive transport processes.Similar deviations from expectedE,-, have beenseenin hippocampal (Huguenard and Alger, 1986; Zhang et al., 1991) and neocortical
pyramidal cells (Fukuda et al., 1993). Thesedeviations are initially small in hippocampal and neocortical slicesfrom young
rats and increaseduring development asthe Cll pump becomes
more functional (Zhang et al., 1991; Fukuda et al., 1993). In
severalexperiments we attempted to overload the Cl- extrusion
systemby usinghigher pipette Cl- concentrations. Experiments
with 30 mM, 60 mM, and 135 mM produced similar results. In
a few VB cells, immediately after breaking into whole-cell recording mode with pipettes containing high [Cl-], depolarizing
responsesor biphasic depolarizing-hyperpolarizing responses
were obtained by nRt stimulation (Fig. 54-C). Even in these
experiments, when the pipette accessresistanceincreasedsoon
after break-in, the depolarizing responseswere rapidly inverted
to hyperpolarizing ones (e.g., note the synaptic component in-

dicated by asterisksin traces 1 and 5 of Fig. 54, indicating that
in a matter of lessthan a minute, relay cellsare able to change
their Cl- reversal potential by several tens of millivolts. As a
consequenceof this quite negative value for E,,, GABA,-mediated IPSPswould producelargerhyperpolarizations that would
deinactivate more T-current channels (Coulter et al., 1989c),
and thus potentially lead to rebound LTSs.
The early GABA, component could often be resolved into
individual peaks(Fig. 64 seealsoinset of Fig. 10) that occurred
with a frequency of 300-700 Hz, a value very similar to the
frequency of spikesduring bursts in nRt neurons(compare Fig.
3C). In contrast to hippocampal neurons, where only more intense stimuli evoke late (GABA,-mediated) IPSPs (Dutar and
Nicoll, 1988) the two components of IPSPs in relay cells were
elicited at the samethreshold stimulus intensity and both were
enhancedas the stimulus was increased(Fig. 6B). Normalized
traces indicate that low- and high-intensity stimuli produced
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the same relative amplitudes of GABA, and GABA, responses
(Fig. 6B, inset), and the amplitudes of the two events were highly
correlated (Fig. 60), with rz of 0.94 + 0.04 (n = 7). This is not
too surprising since the resting potential of nRt neurons in the
slice tended to be quite hyperpolarized (< - 80 mV), so that the
cells were in burst firing mode and even threshold extracellular
excitation would evoke a high-frequency burst and thus a potent
IPSP. In seven cells the average linear regression slope was 0.20
f 0.085, indicating that GABA, current was about 20% of the
GABA, component. In some cells, strong stimuli evoked a
prominent short-latency (100 msec), secondary GABA,-mediated response (Fig. 5A; C, **) that was probably due to intranRt mechanisms and not recurrent excitation since it persisted
in the presence of excitatory amino acid neurotransmitter blockade (Fig. SC, **) and unit activity at this latency was sometimes
observed in nRt (e.g., Fig. 9C, *).
Since the evoked IPSPs in VB neurons were thus dependent
on bursting in nRt neurons, ethosuximide, by reducing the burst
probability of nRt cells, should reduce the relay cell IPSP(C)
evoked by nRt stimulation. Both GABA, and GABA, components in VB evoked with relatively strong nRt stimulation
(-60% of maximal response) were slightly reduced by ES (700
PM, not shown). On the other hand, the effect of ES was more
dramatic under conditions of threshold stimulation that evoked
an initial burst of fast IPSPs followed by a small, late GABA,
response (Fig. 7A, control). As the drug washed in (Fig. 7B)
there was a disappearance of the late GABA, event (r) as well
as the burst component (0) of the early GABA, IPSC. The
earliest component of the response m, possibly due to orthodromic activation of nRt axons, was unaffected by ES in this
cell (Fig. 7A,B), indicating that there was not a major effect on
postsynaptic responsiveness (Coulter et al., 1990b). nRt neuron
intrinsic excitability, studied under similar conditions of threshold stimulation, was very similarly affected by ES (Fig. 7C). In
this case, a burst response was obtained by stimulation in internal capsule directly adjacent to the intracellular recording in
nRt. As ES washed in the probability of obtaining burst responses was reduced; more and more failures occurred until
there were no bursts (traces immediately after 3 in Fig. 7C).
Washout of the drug restored burst probability to control levels.
It is interesting to note that, although the likelihood of bursts
was dramatically reduced by ES in this experiment, the shape
of the burst was relatively unaffected, as shown in the control
(l), ES (3), and wash (4) traces in Figure 70. This is more clearly
seen in the intraburst frequency/spike frequency plots (Fig. 7E),
where bursts 1, 3, and 4 are plotted and essentially overlap in
their time course. This change in nRt responsiveness was not
due to changes in excitatory drive, since the excitatory postsynaptic current (EPSC) in nRt neurons was unaffected by ES (Fig.
7F).
Components of an intrathalamic oscillation
Within the horizontal slice there exists circuitry that can support
intrathalamic oscillation, based on reciprocal connectivity between nRt and VB (Fig. 8A, inset). Stimulation of nRt (St.)
directly activates nRt cells as well as two sets of excitatory fibers
that innervate nRt, the corticothalamic fibers (synapse l), and
the thalamocortical fibers (synapse 2). The potent inhibitory
response in VB cells (Fig. 8A) then results from feedforward
inhibition (synapse 3) which is more potent than the monosynaptic excitation produced by corticothalamic input (synapse
4). The EPSP resulting from activation of synapse 4 (e.g., arrow
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Figure 5. Rapid Cl- extrusion in relay neurons. Evoked IPSPs in three
relay neurons. IPSPs were initially depolarizing, and then rapidly inverted to hyperpolarizing responses. In each cell the responses were
evoked every 15 sec. A, Neuron with ati initial depolarizing response
to nearly -35 mV (I, *). One minute later (truce 5), same stimulus
evoked a hyperpolarizing response to -65 mV (5, *). The calculated
intracellular [Cl-] for truce I was 127 mM, and for truce 5 was ~9 mM.
Alteration in the response
to an intracellularcurrent injection(arrow)
wasdue to resealingof the recordingelectrodeand resultantbridge
imbalancerather than a changein input resistance.
Upon break-in,
initial access
resistance
was11 MO andincreased
to 60 MS2by truce5.
Similar increases
in accessresistanceoccurredin cellsB and C (not
shown).B, Neurongeneratedan early “IPSP” that invertedwithin 30
sec.C, Responses
obtainedwith 10PMCNQX and25PMD-AP5 in the
bath to blockexcitatory transmission.
A secondburstIPSPoccursapproximately100msecfrom the stimulusin A andC (**). Both primary
and secondaryIPSPsinvert within 30 sec.Pipette[Cll] was60 mMfor
cellA and 135mM for cellsB and C.
in Fig. 8A) was always subthreshold for spike generation. The
feedforward IPSP wasrobust and could sometimeslead to generation of a rebound Ca*+-dependent burst (Fig. 8A, ***; B).
The IPSPs were biphasic with early and late components mediated by GABA, and GABA, receptors, as shown for the underlying IPSCs in Figure 4. Becausethere was a prominent
GABA, component (Fig. 8A, **), with an underlying slow inactivation process (Fig. 4D), each IPSP could maintain the
membrane potential at a hyperpolarized level for several hundred milliseconds.The hyperpolarization extendedinto the range
of T-channel deinactivation for these cells (more negative than
-60 mV; Coulter et al., 1989c), so that these channels could
become primed by the IPSP. Upon decay of the inhibitory response,the membranepotential approachedthe activation range
for Z, (positive to -70 mV; Coulter et al., 1989c),and a regenerative LTS or burst (Fig. 8A, ***) was triggered. Since relay
cells are reciprocally connected to sectors within nRt (Jones,
1985; Mitrofanis and Guillery, 1993),the action potentials triggered by the VB burst should produce EPSPsin nRt neurons
(synapse2), possibly leading to generation of burst responses
similar to those seenin Figure 70. An nRt neuron burst such
as this would evoke late IPSPs in relay neurons(synapse3). We
found that such “secondary” IPSPs were a common phenomenon in rat horizontal thalamic slices.They occurred with an
inter-IPSP interval of 373 f 65 msec(n = 38), and sometimes
fell at the samelatencies asthe rebound burst evoked on other
trials (Fig. 8B, arrows). It appearsthat these secondaryIPSPs
can, thus, block generation of rebound bursts and dampen the
circuit-based oscillation. Oscillations with underlying IPSPs
could be sustainedfor up to sevencycleslasting over 1200msec.
The secondaryIPSPS could have resultedfrom intrinsic processes
within nRt, whoseneuronscan, under certain conditions,
generatea self-sustainedoscillation or repetitive bursts (Avanzini et al., 1989; McCormick and Wang, 1991). This is unlikely,
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the early and late components are independent of stimulus intensity. Arrowhead, secondary IPSC. C, Input-output function for the evoked responses
in B. The late (100 msec) IPSC was always smaller than the early (20 msec) component, but both varied with stimulus strength. The amplitude of
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with slope = 0.116, r2 = 0.92 1.
however, because the initiation
and maintenance
of sustained
oscillations such as those of Figure 88 were dependent on intact
excitatory neurotransmission
(n = 7; Fig. 8Cl). The source of
the excitation must be the relay neurons (synapse 2) since all
nRt neurons are GABAergic
(Houser et al., 1980; Jones, 1985).
Blockade of NMDAand non-NMDA-mediated
excitatory responses with CNQX and D-AP5 (Fig. 8Cl) causeda large reduction and/or blockade of the primary (GABA,
and GABA,)

and secondaryIPSPs,and increasingthe stimulusstrength(thick
line in Fig. 8Cl) partially restored only the primary but not the
secondary IPSPs. Thus, the secondary IPSPs were dependent
on recurrent

excitation

of nRt. Furthermore,

extracellular

stim-

ulation in nRt must activate traversing excitatory corticothalamic and thalamocortical fibers which then secondarilyactivate
severalnRt neurons(synapses1 and 2). Without this divergent
excitation, the intra-nRt stimulus is much weaker, indicating
that direct electrical stimulation accounts for only a small portion of the activation

of nRt cells under these conditions.

Block-

adeof only the NMDA receptor-mediatedresponses
with D-AP5

produced a rapid but only partial (- 20%) decreasein the evoked
primary IPSP (Fig. 8C2) and blockade of the secondary IPSP.
However, increasing the stimulus strength (thick line in Fig.
8C3) resulted in a primary IPSP larger than control but incomplete restoration of secondaryevent. Thus, synapses1 and 2 are
probably mediated by both NMDA and non-NMDA receptors
(see Discussion).

Reduction in the excitatory drive onto nRt by CNQX and
AP5 did not affect the essentialfeatures of the IPSP. Prominent
GABA, and GABA, components were present after blockade
of NMDA receptors (Fig. 8C2) or blockade of both NMDAand non-NMDA-mediated responses(Fig. 8C1, 02). The large
increasein the threshold to evoke an IPSP can be seenin Figure
802, where the control threshold was 150 rA, and increasedto
500 BA in AP5 and CNQX. Increasing the stimulus strength
restored the primary IPSPs to near control levels but did not
overcome the block of the secondary IPSP (Fig. SCl,D2). The
wash-in of excitatory amino acid blockers produced a biphasic
effect, probably due to the different tissue accessof AP5 and
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Figure 7. ES reduces burst probability of nRt cells and their inhibitory

output. A, Three components of burst response in a VB neuron evoked
by 40 psec, 200 PA stimuli in nRt include a short-latency (2.5 msec) monophasic IPSC (W), a later burst of IPSCs (measured at 20 msec latency,
q i), and a very late, slowly decaying component (measured at 100 msec, r). ES reversibly blocked the later two phases, while leaving the earliest
component intact. B:Uppergraph,The early IPSC was unaffected by ES (applied at times indicated by vertical lines). Lower graph, Amplitudes of
the burst and late response were correlated (note different scale on right for late IPSC), and both were decreased in a reversible manner by ES. C,
ES reduces burst probability in an nRt neuron. Stimuli (500 PA, 140 psec) were applied every 15 set to the internal capsule and burst responses
were consistently evoked in an nRt neuron. As ES washed in, the burst probability was dramatically decreased, although bursts were occasionally
still elicited (see truce3). Upon washout of ES the burst response returned. D, Burst responses are similar in control (I), ES (3), and wash (4). 2,
An example of an EPSC that did not evoke a burst in ES. E, Intraburst spike frequencies for the traces in D show that the burst was totally unaffected
by ES (W). F, Excitatory synaptic response evoked by stimulation of the internal capsule was not affected by ES. Control and ES traces are
superimposed. Insetshows the EPSCs at a faster sweep speed. Same cell as in Figure 1C.
CNQX. The more water-soluble
AP5 should equilibrate
with
the tissue much more rapidly than CNQX. Thus, the time course
of wash-in provides information
about the likely contributions
of NMDA and non-NMDA
receptors to this evoked response.
Normally,
there was a rapid (complete in less than 30 set) 2025% blockade in the IPSP followed by a more gradual (minutes)
reduction in the IPSP (not shown).

T-channel blockers inhibit intrathalamic oscillations
The slight increase in the threshold for burst generation
produced by succinimides (Fig. 3) should dampen the intrathalamic
oscillation,
which is dependent on burst firing in nRt cells (to
produce potent IPSPs; compare Fig. 6) and rebound burst firing
in VB (compare Fig. 8A). The following experiments tested that
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upon decay of the IPSP. Small EPSP (arrowhead) evoked by nRt stimulation is due to activation of corticothalamic fibers (see inset). Inset, Schematic
of the intrathalamic circuit. A stimulating electrode (St.) in nRt directly activates nRt cells, as well as corticothalamic fibers (synapse 1 and 4) and
thalamocortical fibers (synapse 2), which indirectly activate nRt cells. The output of nRt evokes IPSPs on VB cells (synapse 3). B, In another cell,
nRt stimuli evoke repetitive IPSPs (open arrows) that sometimes block the generation of secondary bursts. At times indicated by open arrows either
a rebound burst or a secondary IPSP occurs. C, Excitatory neurotransmission is necessary for secondary IPSPs. Cl, Stimulus evokes a large IPSP
with GABA, and GABA, components and a secondary IPSP (open arrow). The addition of 10 PM CNQX and 25 PM D-APS reversibly abolishes
all IPSP components (top arrow), although primary early and late IPSPs could be evoked with higher stimulus intensities (thick line, 500 PA, 230
psec, compared to 250 PA, 30 Msec in control). Each sweep is the average of three to eight trials. C2, NMDA receptor blockade (with bath application
of 25 PM D-AP5) reduces GABA, and GABA, components, blocks the secondary IPSP, and speeds the onset of the rebound LTS. C3, Increasing
the stimulus strength (from 250 to 500 PA) in AP5 (thick truce and arrowhead) increases the GABA, and GABA, components to greater than
control levels, and partially restores the secondary IPSP (open arrow). Dl, Control: evoked IPSPs at three stimulus intensities in another VB neuron
with less prominent secondary IPSPs than the cell of C. 02, CNQX and AP5 block all components evoked by the 250 PA stimulation, and
dramatically reduce the GABA, and GABA, components evoked with 500 PA. When the stimulus duration was increased to 130 psec (maximal),
both components were increased, but not to control levels.

hypothesis. We examined the effect of ES on intrathalamic
oscillations evoked in slices from young animals (Pl O-P1 9), where
they were most readily triggered and more sustained, perhaps
because of the preservation
of more of the intrathalamic
circuitry in 400 pm slices of smaller brains. We assumed that the
extracellular
stimulus in nRt would activate many nRt neurons
that would have intact reciprocal connections with several relay
cells. Extracellular
multiunit
recordings in nRt and VB showed
that the oscillations were a network property and were variable
from trial to trial (note the differences in three consecutive control traces in Fig. 9A). In the presence of ES, the oscillation was
markedly shortened to one to two cycles compared to three to
four cycles in control and wash (Fig. 9A). To quantify the ES

effects we measured the total duration and total number of spikes
in each nRt-evoked
oscillation.
Both measures showed clear
reductions by ES. In the example shown in Figure 9B, total
spikes decreased from 16 in control to 10 in 600 PM ES and
back to 16 in wash, while oscillation
duration decreased from
1050 msec to 900 msec. This effect was concentration
dependent
since 300 PM ES (Fig. 9B) and 150 MM ES (not shown) had
progressively
smaller effects than those seen with 600 MM. On
average, 600 WM ES reduced the total spikes by 50 f 27% and
oscillation
duration by 33 f 27% (n = 7).
Recently, an intrageniculate
oscillation resembling spindle activity has been described in ferret thalamic slices (von Krosigk
et al., 1993). Interestingly,
the spindle rhythm can be converted
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Figure 9. Ethosuximide
dampensrhythmicoscillationsinvolving nRt andVB. A, A multiunit extracellularrecordingfrom VB. Threeconsecutive

tracesareshownfor eachcondition.The oscillationevokedby an extracellularstimulusin nRt (in A-D) lastsfor threeor four cyclesin control,
andis reversiblyreducedto two lessrobustcycleswith fewerspikesby ES.The effectsof ESon two measures
of oscillationareshownin B. Both
the durationof oscillation(OSC.DUR., o; measured
from the stimulusto the lastspike)andtotal numberof spikes(D, notedifferentscales)
were
reducedby 600PM ES,andlessereffectswereproducedby 300PM ES.Eachpoint is the runningaverageof threeconsecutivetrials.C’,Multiunit
recordingsobtainedfrom nRt. Bicucullinemethiodide(BMZ, 10PM) transformsthe abortive oscillationin control (I) to a sustainedoscillation
lastingat leastsix cycles(2) Ethosuximide(ES, 600 PM)reversibly,and repeatedlydampensthe sustained
oscillation(3 and 5). The increased
oscillationinducedby BMI is completelyreversible(7). The inset showsa interval histogramfrom the nRt unit recording.The black bars arethe
datafrom 10sweeps
in condition2, whilethe hatched bars arefrom condition3. The peaks(numberof intervals)at 3.4 msec(295Hz) were89,
51,and 97 in control,ES,andwash,respectively(45%reduction),while the corresponding
peaksat 470 msec(2.1 Hz) were52, 14,and 34 (67%
reduction).Not shownarehistograms
for the repeatedESapplicationsor washconditions(4-6), whosedistributionswereindistinguishable
from
thosein the inset,exceptthat the peakat 3.4 msecneverreturnedto the initial BMI levels.D, Time seriesfor the experimentin C. BMI initially
increased
the oscillationduration0 aboutfourfold andthe numberof spikes(0)aboutsixfold. ESrapidly andreversiblyopposes
thiseffect.

to a slower,absence-likerhythm by blocking GABA, receptors.
We never saw spindle-like activity in rat somatosensorythalamus, either evoked or spontaneous.This is likely due to the
prominent GABA, IPSP (e.g., Fig. U-C), that hyperpolarizes
relay cells for several hundred millisecondsand thus prevents
their excitation during the short interspindle period (120 msec).
In our preparation blockade of GABA, receptorswith bicuculline methiodide (BMI; 10 PM) did not affect the frequency of
the intrathalamic oscillation, but it did enhancetheir strength
and duration (n = 4), and thus increasedthe ability of the thalamic slice to sustain slow (2-3 Hz) absence-likerhythms. In
the example of Figure SC, both the total number of spikesand
oscillation duration increasedby more than fourfold. Furthermore, 600 I.LMES reversibly reduced the enhanced oscillation.
Interspike interval analysis showedthat there were two peaks,
one near 470 msecand a secondnear 3 msec,representingthe
inter- and intra-spike burst intervals, respectively. EScauseda
large (67%) reduction in the peak near 470 msecand a smaller
reduction (45%) reduction in the peak near 3 msec,indicating
that there wasa lesseffect on the nRt neuron burststhemselves
than there was on the interval between bursts. This effect of

BMI is presumablydue to an enhancementof GABA, responses
in VB that results from a disinhibition in nRt. Application of
BMI to the bath or local perfusion in nRt has been shown to
increasethe size of the GABA, IPSP recorded in VB neurons
(Huguenard and Prince, 1994).
Intracellular recordings in VB during intrathalamic oscillations revealed repetitive bursts of IPSCs throughout the oscillation. In voltage-clamp recordings,the oscillation wasmarked
by periodic bursts of IPSCs with decrementingamplitudes (n =
3; Fig. 10). Note that there were occasionaldropouts of IPSCs
in the middle of an oscillatory cycle. In the example shown in
Figure 10, traces 4 and 5 (from bottom) are missingthe third
IPSCs (*) and traces 1 and 2 are missingthe fourth IPSP (**).
Often, the late oscillatory IPSCs could be resolved into individual high-frequency peaks(lower inset) and thus were likely
to be the result of only a few nRt neuronsfiring asthe oscillation
dwindled. When 600 WM ES was bath applied, the oscillations
were markedly dampened(from five or six cyclesdown to two),
and the size of the primary and secondary bursts reduced (not
shown). The anti-oscillatory effect was reversible upon removal
of ES from the bath.
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Figure 10. Reduction in intrathalamic rhythmicity by ES is accompanied by decrementing amplitude of oscillatory IPSCs. A VB neuron
was voltage clamped at -50 mV, and a single shock (250 PA, 100 rsec)
was applied to nRt every 15 sec. The lowest of the 50 traces shown is
control, and successive traces are displayed above. In control, the single
shock evokes an initial outward IPSC followed by a second smaller
event 275 msec later, with subsequent events of various amplitudes
occurring approximately every 200-250 msec. In this cell three to seven
repetitive responses were obtained from each stimulus. Note that the
third (*) or fourth (**) response was occasionally absent, but another
response occurred where fourth or fifth responses normally would fall.
As ES washed in the number of oscillatory cycles decreased to two.
Upon washout of the drug, the oscillation again increased to four cycles.
The insetshows the individual peaks that can be resolved in a secondary
IPSC at faster sweep speed. In wash, IPSP amplitude was reduced compared to control and the rise times of the IPSCs were slowed due to
increased series resistance, but this did not interfere with the ability to
detect late secondary IPSCs.

Discussion
Slow intrathalamic oscillations
These results show that slow (-3 Hz) network oscillations can
be evoked in a reduced slice preparation containing interconnected nRt and VB neurons. The oscillation dependson Ca*+dependent burst firing in both nRt and VB according to the
following scenario. The neurons within nRt are relatively hyperpolarized at rest (more negative than -70 mV). Thus,
T-channelsare available for activation (Huguenard and Prince,
1992a)and excitatory drive (synapses1 and 2 or Fig. 8A), even
near threshold, resultsin a strong burst response(e.g., Fig. 70).
This evokes robust IPSPs (synapse3) in VB neurons (e.g., Fig.
8A), and these,especiallythrough their prolonged (>200 msec)
GABA, component, can hyperpolarize the relay neurons long
enoughto deinactivate many of their T-channels (cf. Coulter et
al., 1989~). Upon decay of the IPSP, the membrane potential
depolarizes, the threshold for LTS generation is crossed(e.g.,
Fig. 8A, ***) and a burst with several Na+-dependent action
potentials is produced. Thesespikesevoke EPSPsat synapse2,

which can then recruit nRt cells into the next cycle of the oscillation.
Although we have a limited number of recordingsin nRt cells,
basedon theseresults, we can make someinferencesabout the
postsynaptic receptors at synapses1 and 2. These excitatory
synapsesin nRt are apparently mediated by both non-NMDA
and NMDA receptors (cf. de Curtis et al., 1989). Most of the
initial excitatory drive (from intra-nRt or internal capsulestimulation) onto nRt cellsappearsto be non-NMDA mediated since
AP5 blocks lessthan half of the inhibitory responsein VB (e.g.,
Fig. 8C2). By a similar argument, at leastpart of the excitatory
responseevoked in nRt from by VB cell firing is non-NMDA
receptor mediated, becausethe secondary IPSP could still be
evoked in the presenceof AP5 (Fig. 8C2). We can infer that
there may alsobe a major NMDA component at synapse2 since
the secondary IPSP could not be restored to control levels in
AP5, even with a very largeprimary IPSP (Fig. 8C3) that should
activate many VB neurons to fire rebound bursts as in Figure
8A. Thus, the train of EPSPs produced at synapse2 by bursts
of spikesin VB cells may evoke a prolonged depolarization in
nRt cells leading to activation of an NMDA-mediated component of the composite EPSP, as the Mg2+ block of NMDA
receptors is relieved (Nowak et al., 1984).
The IPSPs in VB evoked by nRt stimulation have two unique
features that indirectly promote oscillatory behavior. First of
all, the GABA, responsesare large (up to 30 nS) and have a
very negative reversal potential (-94 mV). The functional implication is that even GABA,-mediated IPSPs would provide
sufficient hyperpolarizing drive to deinactive T-channels.If such
negative &,s valves are common features in relay neurons of
other species,then this finding is important in understanding
the mechanismsunderlying spindle generation, as studied in
vitro in ferret thalamic slices(von Krosigk et al., 1993); individual GABA, IPSPs may provide a basisfor rebound Ca*+dependent bursts in relay cells, which then reexcite nRt (or the
equivalent perigeniculatenucleus)to provide a higher-frequency
intrathalamic oscillation than that reported here. A secondunusualfeature of VB IPSPsis the prominent GABA, component.
Under these experimental conditions, both componentsof the
IPSP are evoked, even at threshold. This contrasts with observations in hippocampuswhere higher simulation intensitiesare
necessaryto evoke GABA, responses(Dutar and Nicoll, 1988).
The underlying assumption from these observations in hippocampusis that the amount of GABA releasedat a given synapse
determines, at least in part, whether GABA,, or GABA, and
GABA, receptors will be activated (seeOtis and Mody, 1992;
but also seeWilliams and Lacaille, 1992). In organotypic hippocampal cultures (Thompson and Gahwiler, 1992), GABA,
IPSPs were not seenwith monosynaptic stimulation in the presenceof D-AP5 and CNQX, and thus were dependenton excitatory neurotransmission.It may be that, in the hippocampus,
a combination of non-NMDA and NMDA receptor activation
of interneurons provides the type of long-lastingexcitation that
causesseveral high-frequency action potentials that would releaseenough GABA to activate both GABA, and GABA, receptors. The capacity to generatehigh-frequency burstsof spikes
is “built into” nRt neurons (Huguenard and Prince, 1992a),
allowing them to releasesufficient GABA onto targetsin dorsal
thalamus to activate both GABA, and GABA, receptors at
threshold.
The slowly inactivating GABA, component of IPSPs in relay
neurons is likely to be an important timing mechanismfor the
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intrathalamic rhythm. Because of the voltage and time dependence of IT deinactivation (Coulter et al., 1989~) a prolonged
intense hyperpolarization ensures the generation of robust rebound bursts and also primes relay neurons to fire robust Ca*+dependent bursts when activated by corticothalamic volleys.
The GABA, antagonist CGP35348 can block spike-wave activity in several animal models (Hosford et al., 1992; Liu et al.,
1992; Snead, 1992) an effect that can also be produced with
intrathalamic injection of the antagonist (Liu et al., 1992). Thus,
thalamic GABA,-mediated
responses, such as those described
here, are likely to be important in the generation of absence
epilepsy, at least in some models. The duration of the IPSP,
about 300 msec, sets up an oscillation with a frequency near 3
Hz, which is similar to that of human GA. However, in experimental GA in rats (Vergnes et al., 1982) the spike-wave frequency is closer to 7-10 Hz, so it is an oversimplification at
this point to suggest that the intrathalamic oscillation studied
in vitro is the only major mechanism underlying the timing of
discharges in GA. Reasons for this discrepancy between in vitro
and in vivo rhythms might include a somewhat lower temperature (34°C) in the in vitro experiments, the presence of reentrant
cortical excitation that occurs when the thalamocortical circuitry
is intact, or influences of outputs of other circuits that impinge
on the thalamus and cortex (Buzsaki et al., 1990).
There are some important differences between this type of
network activity and that seen in ferret dorsal lateral geniculate
slices (von Krosigk et al., 1993). Spontaneous spindle-like activity occurs in the latter, but was never seen in rat horizontal
thalamic slices. This might be due to differences in connectivity
in the two preparations. For example, because of fiber orientation and/or numbers of cells within the slice, there might be
many more intact connections between GABAergic perigeniculate cells and geniculate relay cells in the ferret than between
GABAergic nRt cells and VB relay neurons in the rat. In addition, the inhibitory local circuit interneurons present in the
ferret geniculate may play a role in setting the level of spontaneous activity in the slice. Or perhaps there are fewer GABA,
receptors on ferret geniculate relay neurons. This latter possibility would explain why spindles are evoked with extracellular
stimulation in the ferret slice, compared to slower rhythms in
the rat slice where the potent GABA, potential prevents rebound
excitation for periods of 200-300 msec.
The results of these experiments provide some information
regarding mechanisms of synchronization and desynchronization within the thalamus. The extracellular stimuli we have
applied provide synchronous inputs to a number of nRt cells.
These evoke IPSPs in relay cells, some of which fire rebound
bursts that activate additional nRt cells, and possibly including
some that had been previously activated by the extracellular
stimulation. Since nRt and VB in rat are both homogeneous
populations with inhibitory and excitatory outputs, respectively,
we conclude that this simple circuitry is all that is necessary for
the generation of this slow rhythm. This contrasts with the
underlying circuit in cat dorsal lateral geniculate where intranuclear inhibitory cells can evoke strong GABA, IPSPs (Crunelli
et al., 1988) similar to the ones seen in VB secondary to nRt
discharges in our experiments (e.g., Fig. 8A). The other requirements for oscillation include depolarized membrane potentials
(positive to - -65 mV) in relay neurons so that rebound bursts
can be triggered by IPSPs (e.g., Fig. 8A,C), and hyperpolarized
nRt cells (more negative than - -70 mV), so that EPSPs from
relay cell terminals will trigger bursts by activating LTSs (e.g.,
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Fig. 8Dl). We speculate that these conditions are met during
spike-wave activity through modulatory influences that are
known to affect membrane potentials in VB and nRt neurons.
For example, acetylcholine hyperpolarizes nRt cells (McCormick and Prince, 1986) and can depolarize relay cells (McCormick and Prince, 1987). Factors leading to the synchronous
input that would initiate spike-wave discharges are not well
understood, but it has been hypothesized that diffuse increases
in cortical excitability might contribute (Gloor and Fariello,
1988).
Mechanisms probably exist in the thalamus to dampen this
oscillation. For example, branch point failure might occur within axonal collaterals of nRt or VB neurons, so that divergent
synaptic output during each cycle would be weakened. Alternatively, resting membrane potentials in the component cells
of the oscillation may undergo spontaneous fluctuations such
that groups of relay neurons might not fire rebound bursts on
some cycles because their resting membrane potentials are too
negative to reach activation threshold for LTS generation as the
IPSP decays. Similarly, nRt cells might become depolarized so
that incoming EPSPs from VB would evoke single action potentials rather than bursts. We speculate that defects in such
intrathalamic desynchronizing mechanisms might lead to generalized absence epilepsy. In this context, succinimides are such
good therapeutic agents because their action introduces a small
change in the intrathalamic circuit that facilitates the desynchronization process and therefore blocks synchronous spikewave activity. Consistent with this idea is the downregulation
by ES of thalamic incrementing responses in cats (Pellegrini et
al., 1989).
The basis for the waning nature of the oscillation (e.g., Fig.
10) in thalamic slices is unknown, but it is obviously a circuit
phenomenon, that is, not just dependent on a damped intrinsic
oscillation in thalamic cells. This is clear from results of experiments such as those of Figure 10 that shows that there are
occasional failures in the midst of trains of oscillatory IPSCs,
indicating periodic dropout of one or more nRt cells (or possibly
branch point failure in nRt axons). Also, the recurrence of a
fourth or fifth rebound IPSP after a failure of a third or fourth
indicates that some nRt neurons can miss one cycle of the oscillation but still fire a burst on the subsequent cycle. The results
of extracellular unit experiments (Fig. 9) were similar to those
of the voltage-clamp experiments; some units would occasionally drop out from early cycles to reappear in later cycles. Current
clamp experiments in VB (e.g., Fig. 8) showed that rebound
IPSPs sometimes occurred at the same latency as rebound spike
bursts, and therefore could inhibit them and contribute to desynchronization within the population.
Effects of T-current modulation on thalamic oscillations
We show here that antiepileptic succinimides decrease T-currents in both nRt and relay neurons within thalamic slices. Both
indirect (current-clamp) and direct (voltage-clamp) measurements indicate that ES (600-700 PM) reduces the amplitude of
IT by 30-40%, without affecting the kinetics of activation or
inactivation. This supports and generalizes the conclusions from
earlier experiments performed in acutely isolated thalamic relay
(Coulter et al., 1989b) and reticular (Huguenard and Prince,
1992a) neurons from young (7-l 2-d-old) rats. Thus, interactions
of succinimides with Z, channels are not somehow related to
the isolation procedure itself or the maturity of animals. Effects
of ES are, however, variable among different preparations. For
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example, while ES blockade of T-channels occurred in about
77% of isolated neurons (Coulter et al., 1989a), effects were
clearly seen in every cell recorded from slices in this series of
experiments. ES-responsive currents have also been reported in
nodose ganglion cells (Macdonald and Meldrum, 1989) and in
dorsal root ganglion cells (Kostyuk et al., 1992). By contrast,
hippocampal neurons (Thompson and Wong, 1991) and thalamic neurons in dispersed culture (Pfrieger et al., 1992) were
not sensitive to ES. This variability reflects either differences in
the underlying T-channels, or in recording conditions.
The reduction in T-current by succinimides was quite specific;
there were no effects on resting potential, input resistance, the
hyperpolarization-activated
current, ZH, or nonburst firing. From
these data it seems likely that the major sites of action of succinimides in the brain will be nuclei whose neurons contain a
sufficient density of T-channels to generate LTSs, such as, for
example, inferior olive (Llinas and Yarom, 1981) substantia
nigra (Llinas et al., 1984; Huguenard and Prince, 1992b), or
lateral habenula (Huguenard et al., 1993). The specific anti-GA
action is enhanced through interactions with two limbs of the
recurrent thalamic circuit that both have prominent T-currentdependent bursts; thus, succinimides would have stronger effects
in the thalamus than in other nuclei where such a direct reciprocal connection between inhibitory and excitatory bursting cells
may not be present.
Surprisingly, the ES-induced reduction in T-channel availability had little effect on burst output capability in thalamic
relay or reticular cells (Fig. 3). The Ca2+-dependent bursts in
both cell types are therefore quite robust; even when a third of
the underlying T-current is blocked, there appear to be sufficient
“spare” channels available to generate full-fledged LTSs. However, under conditions of near-threshold stimuli (e.g., Figs. 30,
8A,C) or reduced T-channel availability, such as decreases in
IPSPs from nRt (Fig. lo), or high-frequency activation that does
not allow complete deinactivation of Z,, some LTSs will be
blocked or compromised. Thus, during the incompletely synchronized slow intrathalamic activity (e.g., see Figs. 9, lo), where
there is dropout and then later reappearance of different units
in the ensemble, succinimides will promote the desynchronization by increasing the number of dropouts. Thus, the subtle
threshold effects on LTS threshold shown in Figure 30 can
produce robust antioscillatory actions in the ensemble circuitry
(Figs. 9, 10).
From these findings we conclude that the major effect of
T-current blockade by ES occurs at the circuit level. By reducing
burst probability, ES causes the thalamic circuit to become less
synchronized. Similar effects of succinimides have been seen in
an in vitro slice preparation that develops thalamocortical spikewave type activity (Coulter and Lee, 1992). Since spindles are
also dependent on an intrathalamic oscillation (von Krosigk et
al., 1993), by this reasoning they should be affected in the same
way as the slow rhythms. We did not see spindle-type rhythms
in rat somatosensory thalamic slices so we could not test this
hypothesis; however, spindles are decreased by relatively high
doses of ES in the cat (Pellegrini et al., 1989). We speculate that
the effects of ES may be more specific for absence epilepsy than
sleep spindles. Experimental evidence indicates that spindles
are incompletely generalized, so that not every relay or reticular
thalamic neuron fires on every intraspindle cycle (Steriade and
Llinis, 1988; von Krosigk et al., 1993). Therefore, in the pause
between bursts, T-channels in each relay neuron can deinactivate to a greater extent than if they were firing on every, or

nearly every, cycle. Spindles may then have a higher safety factor
than slower pathophysiologic oscillations in which neurons are
firing LTSs on every cycle (von Krosigk et al., 1993) and are
unlikely to complete T-channel deinactivation during the interburst period. According to this argument, the slower, more
synchronized oscillations that apparently characterize absence
epilepsy would be more susceptible to dampening through partial T-channel blockade than would spindle activities, and this
would explain the selective effect of succinimides on GA, and
the reported lack of effect on human sleep spindles (Kellaway
et al., 1991).
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