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The intrathalamic mechanisms of frequency-dependent aug-
menting responses were investigated in decorticated cats by
means of intracellular recordings from thalamocortical (TC)
neurons in ventrolateral (VL) nucleus, including simultaneous
impalements from two TC neurons. Pulse trains (10 Hz) applied
to VL nucleus elicited two types of augmenting responses: (1) in
68% of cells, the incremental responses occurred on a pro-
gressive depolarization associated with the decrease in IPSPs
produced by preceding stimuli in the train; (2) in the remaining
cells, progressively growing low-threshold (LT ) responses re-
sulted from the enhancement of Cl2-dependent IPSPs, giving
rise to postinhibitory rebound bursts, followed by a self-
sustained sequence of spindle waves. Although in some TC
cells the augmenting responses developed from LT responses
once the latter reached a given level of depolarization, other
neurons displayed augmenting responses immediately after the
early antidromic spike that depolarized the neuron to the re-
quired level, without an intermediate step of LT rebound. Re-

peated pulse trains led to a progressive and persistent increase
in slow depolarizing responses of TC cells, as well as to a
persistent and prolonged decrease in the amplitudes of the
IPSPs. On the basis of parallel experiments, we propose that
the two types of augmentation in TC cells are a result of
contrasting responses of thalamic reticular neurons evoked by
repetitive thalamic stimuli: decremental responses, which may
account for disinhibition leading to depolarizing responses in
TC cells, and incremental responses, explaining the progres-
sive hyperpolarization of TC cells. These data demonstrate that
frequency-dependent changes in neuronal excitability are
present in the thalamus of a decorticated hemisphere and
suggest that short-term plasticity processes in the gateway to
the cerebral cortex may decisively influence cortical excitability
during repetitive responses.
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Rhythmic (around 10 Hz) stimulation of dorsal thalamic nuclei
elicits responses in related neocortical areas that grow in size
during the first stimuli (Morison and Dempsey, 1943). The aug-
menting (or incremental) responses have also been obtained by
stimulating the white matter (Morin and Steriade, 1981; Ferster
and Lindström, 1985) or callosal pathways (Nuñez et al., 1993;
Steriade et al., 1993b) in thalamic-lesioned animals. Although the
patterns of incremental cortical responses to white matter stimu-
lation differed from those of thalamic-evoked potentials (Morin
and Steriade, 1981), it was generally assumed that the intrinsic
organization of the cerebral cortex subserves the frequency-
dependent augmentation. Recently, the spatiotemporal features
of augmenting responses have been investigated in rat motor
cortex, and it was proposed that the initiation of these responses,
related to short-term plasticity processes, depends on the intrinsic
properties and synaptic interconnections of layer V pyramidal
cells (Castro-Alamancos and Connors, 1996a–c).

Although there is as yet no study of cellular mechanisms un-
derlying intrathalamic augmenting responses, previous experi-
mental data would favor the possibility that augmenting potentials
are generated within the thalamus in the absence of cortex.
Spindles, an oscillation that marks the sleep onset in mammals,
display a pattern of initially growing field potentials very similar to

those of augmenting responses. In fact, the latter have been
investigated in an attempt to mimic spontaneously occurring spin-
dles (Morison and Dempsey, 1942). Sleep spindles are generated
in the thalamus after decortication (Morison and Bassett, 1945)
through interactions between thalamic reticular (RE) and
thalamocortical (TC) cells (Steriade and Deschênes, 1984; Ste-
riade et al., 1990). The initial waxing of spindles is a result of the
recruitment of thalamic cells (Andersen and Andersson, 1968)
resulting from RE-induced IPSPs in TC cells, followed by postin-
hibitory rebound spike bursts transmitted back to RE neurons as
well as to cortical neurons (Steriade and Llinás, 1988; Steriade et
al., 1993a; Bal et al., 1995a,b). The divergent projections of RE
neurons to the dorsal thalamus (Jones, 1985) succeed in recruiting
TC cells. Besides, corticothalamic neurons potentiate the genesis
and synchronization of spindles (Steriade et al., 1972; Contreras
and Steriade, 1996). However, the presence of spindles in the
thalamus of decorticated animals (Morison and Bassett, 1945;
Contreras et al., 1996; Timofeev and Steriade, 1996) and even in
thalamic slices with preserved RE–TC circuitry (von Krosigk et
al., 1993; Bal et al., 1995a,b) suggests that the thalamic machinery
is necessary and sufficient for the development of oscillatory
responses with incremental features.

Here we demonstrate augmenting responses of thalamic neu-
rons in decorticated cats, and we investigate their mechanisms by
means of intracellular recordings, including simultaneous impale-
ments of two TC cells. The results show two types of augmenta-
tion in TC cells, resulting from their progressive depolarization or
hyperpolarization. We relate these contrasting aspects to the
decremental or incremental responses in GABAergic RE neurons
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(Steriade and Timofeev, 1996) and to a subtle balance between
excitatory and inhibitory inputs acting on TC cells. Our results
indicate that the two different types of incremental responses in
thalamic neurons depend on their intrinsic properties, network
operations, and place in the circuitry formed by TC–RE synaptic
interactions. We suggest that augmenting responses play a role in
short-term thalamic plasticity processes.

MATERIALS AND METHODS
Experiments were conducted on adult cats of either sex (n 5 43), most of
them (n 5 40) anesthetized with ketamine and xylazine (10–15 mg/kg and
2–3 mg, i.m.); the remaining three animals were anesthetized with ure-
thane (1.8 gm/kg, i.p.). The tissues to be excised and the pressure points
(because of contention of animals in a stereotaxic apparatus) were
infiltrated with lidocaine (2%). The animals were paralyzed with gal-
lamine triethiodide and artificially ventilated by maintaining the end-tidal
CO2 concentration at 3.5–3.8%. The left cerebral cortex was ablated by
suction (Fig. 1). The depth of the anesthesia was ascertained by contin-
uously recording the cortical electroencephalogram (EEG) from the right
hemisphere and the left electrothalamogram (EThG) through coaxial
electrodes, and additional doses of anesthetics were administered at the
slightest tendency toward increasing the frequency and/or diminishing the
amplitudes of EEG and EThG waves. Rectal temperature (37–39°C) and
heart beat were also monitored. The stability of intracellular recordings
was ensured by bilateral pneumothorax, cisternal drainage, hip suspen-
sion, and by covering the left (decorticated) hemisphere with a warm agar
solution (4% in 1% saline).

Stimulation and intracellular recordings. A coaxial stimulating electrode
was inserted after hemidecortication in the left thalamus, within the
ventrolateral (VL) nucleus. Stimuli were delivered with variable dura-
tions (0.05–0.2 msec) and intensities (0.02–0.3 mA). Intracellular record-
ings of VL thalamic neurons were performed in the decorticated hemi-
sphere with glass micropipettes (tip, ;0.5 mm; resistance, 35–80 MV)
filled with K-acetate (3 M), K-acetate (1 M) plus KCl (2 M), or K-acetate
(2.5 M) plus KCl (0.5 M). The recorded cells were located 2–3 mm from
the stimulating electrode. A high-impedance amplifier with active bridge
circuitry was used to record the membrane potential (Vm) and inject
current into the cells. Intracellular activities were recorded, together with
field potentials, on an eight-channel tape with a bandpass of 0–9 kHz,
digitized at 20 kHz for off-line computer analysis.

Histology. At the end of experiments, the animals were given a lethal
dose of pentobarbitone and perfused intracardially with physiological
saline, followed by 10% formaldehyde. The extent of hemidecortication
and the callosal cut was verified on coronal sections (80 mm) stained with
thionine.

RESULTS
The results are presented as follows. First, we show data demon-
strating the progressive reduction in IPSPs of VL cells at stimuli
rates of $1 Hz, the progressive increase in their depolarizing
responses at rates of 10 Hz, and the frequency dependency of
these augmenting responses that develop at a Vm more positive
than 255 mV. Next, we present the other type of incremental
responses, built up by progressive hyperpolarizations in TC cells
(beyond 270 mV), leading to increasing low-threshold (LT)
postinhibitory spike bursts. Finally, we demonstrate the two types
of intrathalamic augmenting responses by means of simultaneous
intracellular recordings from two VL neurons.

Extent of hemidecortication, database, and
identification of TC neurons
The histological control of the decorticated hemisphere showed a
total ablation of areas that have connections with VL, as well as
with the adjacent dorsal thalamic nuclei and the related rostro-
lateral sectors of the RE nucleus. In fact, the hemidecortication
extended to virtually all sensory, motor, and association neocor-
tical fields (Fig. 1). The only region of the cerebral cortex that was
left intact on its ventral side belonged to perirhinal and entorhinal
cortices. In some experiments, we succeeded in removing even

those regions around the rhinal sulcus, thus leaving intact only the
prepiriform and periamygdaloid cortices, which do not have con-
nections with VL or other ventral nuclei. The lateral bank of the
rhinal sulcus projects to some thalamic nuclei (reuniens, supra-
geniculate, and medial geniculate) far away from the region
explored here, and the enthorhinal cortex receives afferents from
some midline nuclei, but this thalamic connection is not recipro-
cated (Room and Groenewegen, 1986; Witter et al., 1989).

The results are based on intracellular recordings of 187 neurons
from the VL nucleus of the decorticated hemisphere. Neurons
were recorded for 20 min to 2 hr. Their resting Vm was usually
more negative than 260 mV (mean, 264 6 2.2 mV). Only 15 cells
had a resting Vm more positive than 260 mV, and in 29 cells the
resting Vm was more negative than 270 mV. The action potentials
were overshooting. The apparent input resistance (Rin, measured
by applying short hyperpolarizing pulses) was 23.4 6 1.1 MV. The
typical response of a VL cell to single-shock stimulation within the
VL nucleus (Fig. 2) consisted of: (1) an early depolarization, with
an antidromic spike (the latency varied from 0.3 to 0.5 msec; see
also Figs. 4, 6), followed by an orthodromic excitation with one or
two action potentials at a latency of 1.5 to 6 msec (see also Fig. 4);
(2) a long-lasting hyperpolarization with two components, similar
to GABAA- and GABAB-mediated IPSPs described in vitro (Hir-
sch and Burnod, 1987; Crunelli et al., 1988) and in vivo (Paré et
al., 1991); and (3) a postinhibitory LT spike, often crowned by a
burst of fast Na1 action potentials (Fig. 2). Of 187 VL cells, 151
(81%) displayed augmenting responses.

All recorded VL cells belonged to the TC class. The following
features distinguished them from local circuit inhibitory interneu-
rons. First, the duration of action potentials (width at half ampli-
tude in antidromically elicited spikes) measured 0.8–0.9 msec
(see Figs. 2, 4, 6), whereas spikes generated by interneurons are
on average much shorter, about 0.35 msec (Pape and McCormick,
1995). Second, the rebound, high-frequency (.250 Hz) spike
bursts characterized all recorded TC cells (see Figs. 2, 4, 8),
whereas local interneurons do not exhibit such bursts (McCor-
mick and Pape, 1988), or when they do, bursts are sluggish, with
a maximum intraburst frequency of 130 Hz (Williams et al., 1996).
In vitro studies (Pape and McCormick, 1995) revealed that the
absence of robust rebound spike bursts in local thalamic interneu-
rons is a result of the masking of the Ca21-mediated LT response,
found in virtually all TC cells (Jahnsen and Llinás, 1984), by the
transient K1 current, IA. Third, the TC examined in the present
study oscillated intrinsically within the D frequency (1–4 Hz),
either spontaneously, at a Vm level more negative than 272 mV,
or evoked by thalamic stimuli, as demonstrated previously in
antidromically identified TC neurons (see Fig. 7 in Steriade et al.,
1991a). This clock-like oscillation, resulting from an interplay
between IH and IT (McCormick and Pape, 1990; Soltesz et al.,
1991), is characteristic for TC cells. Fourth, antidromic responses,
similar to those obtained by stimulating the thalamus (see Figs. 2,
4), have been elicited from the internal capsule (not shown).

Reduction in IPSP–rebound sequences and
augmenting responses from depolarized levels
Of 151 VL neurons that displayed augmenting responses to
rhythmic thalamic stimuli at 10 Hz, 94 neurons (62%) devel-
oped such responses at relatively depolarized levels (more
positive than 255 mV).

With thalamic stimuli at rates equal or higher than 1 Hz, the
amplitudes of IPSPs evoked in VL cells diminished by about
25–40%, and, correlatively, the full-blown postinhibitory spike
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Figure 1. The thalamus after ipsilateral removal of neocortex and cut of corpus callosum. Top, Dorsal view of the brain showing the extent of
hemidecortication. Right, Scheme with subcortical structures in the left (decorticated) hemisphere. CA, Caudate nucleus; CC, corpus callosum; F, fornix;
IC, inferior colliculus; SC, superior colliculus; TH, thalamus; LG and MG, lateral and medial geniculate nuclei. Bottom, Nissl-stained frontal section
showing the extent of hemidecortication. Note the cut of CC. AV, AM, CL, RE, VL, and VM, Anteroventral, anteromedial, central lateral, reticular,
ventrolateral, and ventromedial thalamic nuclei, respectively; Al and Abl, lateral and basolateral nuclei of amygdala; CLS, claustrum; GP, globus pallidus;
OT, optic tract; s.rh., rhinal sulcus (arrowhead).
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bursts were reduced to an LT response in isolation that eventually
disappeared at successive stimuli (Fig. 3A). A similar reduction in
IPSPs and rebound bursts was observed when, instead of using
single thalamic stimuli, two 100-msec-delayed stimuli were deliv-
ered at a frequency of 1 Hz (Fig. 3B). Close examination of
responses to the paired stimuli revealed a progressive increase in
the number of action potentials on a growing slow depolarization,
in parallel to the diminished inhibitory–rebound sequences (n 5
22). In the example of Figure 3B, from one and three orthodromic
spikes evoked by the first and second stimuli in the initial pair (the
first action potential was antidromic), the synaptic responses
reached three and four spikes to the first and second stimuli in the
last pair of testing stimuli. This was associated with an increase in
spike threshold, a consistent finding in all 22 neurons tested.

We used different stimulation protocols to observe, during a
sequence of pulse trains at different frequencies, the temporal
evolution of IPSPs and the degree of augmentation. At low rates
(0.5 Hz) of single stimuli, the successive IPSP and rebound bursts
remained unchanged or only slightly diminished (see first two

response sequences in Fig. 4). Repetitive stimuli (10 Hz) grouped
in sequences recurring at 0.5 Hz led to augmenting responses as
well as to the absence of IPSPs and rebound bursts, whereas
returning to the single-shock stimulation fully restored the IPSPs
and the postinhibitory rebound bursts (Fig. 4). Figure 4, panel 2,
depicting the expanded responses to five stimuli at 10 Hz seen in
the top record, demonstrates that, by increasing the number of
testing stimuli (compared with two stimuli, used in the previous
Fig. 3), the augmenting responses became even more dramatic. In
this VL neuron (that responded with an antidromic spike followed
by one or two orthodromic spikes to single-shock stimulation; see
Figure 4, panel 1), repetitive VL stimuli at 10 Hz induced a
progressive increase in the number of action potentials in re-
sponse to successive stimuli in the pulse train, leading to spike
inactivation ( panel 2).

The frequency dependency of thalamic augmentation was investi-
gated by comparing the amount of increment at stimulation rates of
3–10 Hz (n 5 27). At 1–3 Hz, excitatory responses did not signifi-
cantly change with successive stimuli. In Figure 5, the only change

Figure 2. Responses of TC cells to local thalamic stimulation. The diagram shows the location of two micropipettes in the VL nucleus (1, 2) and one
stimulating electode within the VL nucleus. Below, thalamic-evoked response of TC cell from the VL nucleus. The early part of the response is expanded
in the above inset showing an antidromic spike, followed by a synaptic response consisting of one or occasionally two action potentials. In this and following
figures, Vm is indicated.
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Figure 3. Progressive reduction in inhibition–rebound sequences of VL cell after repetitive thalamic stimulation at 1 Hz. A, Single VL stimuli at 1 Hz.
The amplitudes of IPSP diminished from 8.5 mV (first two stimuli) to 7.5 mV (third stimulus) and, thereafter, down to 6 mV (last stimulus). Such slight
changes led to transformation of full-blown rebound spike bursts (first two stimuli) into the LT spike in isolation (third stimulus) and, thereafter, absence
of postinhibitory rebound. B, Paired (100-msec-delayed) VL stimuli delivered at 1 Hz. Note same phenomenon (diminished inhibition and rebound) as
in A and, in parallel, progressively augmented responses to first and second stimuli in the three expanded paired stimuli (1, 2, 9).
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Figure 4. Decreased inhibition related to augmenting responses occurring at depolarized levels of Vm. Single and multiple (100-msec-delayed) pulses
were delivered every 2 sec to the VL nucleus. The response of VL cell to a single thalamic stimulus (expanded in 1) consisted of an antidromic spike
(latency, 0.35 msec), followed by an orthodromic response (latency, 6 msec) and a long-lasting (450 msec) hyperpolarization leading to a high-frequency
spike burst. 2, Progressive augmentation of the early orthodromic response to a train of five stimuli at 10 Hz.

Steriade and Timofeev • Short-Term Plasticity during Intrathalamic Augmenting J. Neurosci., May 15, 1997, 17(10):3778–3795 3783



Figure 5. Frequency-dependent augmentation. The same VL cell was tested with a six-shock train to the VL nucleus at 3, 5, and 10 Hz. Right, The
responses to all stimuli in a train are superimposed and expanded. Top, 1, 2, Responses to first and second stimuli in the train at 3 Hz; note that responses
to following stimuli (3–6 ) did not change, compared with the response to the first stimulus. Middle, 1, 2, 5, 6, Responses to the first, second, fifth, and
sixth stimuli in the train at 5 Hz. Bottom, 1, 2, Responses to the first and second stimuli in the train at 10 Hz; note progressive increase in firing threshold
and spike inactivation during repetitive stimulation.
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observed with 3 Hz stimulation was the abolition of the antidromi-
cally elicited action potential at the second stimulus, falling during
the hyperpolarizing phase produced by the first stimulus in the train.
Thereafter, the orthodromic responses constantly had one or two
action potentials. By raising the stimulation rate to 5 Hz, the increase
in the number of action potentials was obvious; from one or two
spikes in response to the first stimulus, there were four action
potentials at the fifth and sixth stimuli in the train. At 10 Hz, it was
a further increase in the number of action potentials, increase in
firing threshold, and spike inactivation.

Repeated trains of stimuli at 10 Hz, i.e., the optimal rate for
augmenting, produced persistent and prolonged changes in inhib-
itory responses (n 5 18). In Figure 6, the TC cell was depolarized
with 10.5 nA to enhance the amplitudes of IPSPs and pulse trains
with progressively increased number of stimuli (from one to nine
shocks) were delivered every 4 sec. By increasing the number of

stimuli, there was an increased duration of the hyperpolarization
outlasting the pulse trains and, consequently, an increased latency
of the postinhibitory rebound (Fig. 6, left panel, with stimuli
aligned on the last shock in the train). Comparing the IPSPs
evoked by the first stimulus in successive pulse trains revealed
their progressive decrease in amplitude, from pulse trains 1–9
(Fig. 6, top right panel). The plot in the bottom right panel of
Figure 6 shows that the amplitude of IPSPs measured at 30 msec
from the testing VL stimulus (occurring during the GABAA

component) diminished from about 10 mV at the single-shock
stimulation to about 6 mV at the first stimulus in the fifth pulse
train, to reach only 3.5 mV at the first stimulus in the ninth pulse
train. The IPSPs measured at 100 msec (during the GABAB

component) decreased from about 17 mV, initially, to 12 mV at
the first stimuli in the last pulse trains. At the same time, the
spontaneous Vm fluctuations did not exceed 3 mV. Together,

Figure 6. Diminished amplitudes of IPSPs by increasing the number of repetitive (10 Hz) VL stimuli. Left, Series of testing stimulations (from top to
bottom: one, two, three, and nine shocks). Sweeps are aligned on the last stimulus in pulse trains to show increased latency and progressive reduction in
the postinhibitory rebound. Below the nine-shock train, the antidromic response to the first shock and the augmented response to the ninth shock are
expanded (spikes truncated). Top right, Superimposition of responses to the first stimuli in all nine pulse trains. Note progressively diminished amplitudes
of IPSPs as a result of long-lasting processes elicited by the previous pulse trains. Bottom right, Amplitudes of IPSPs (ordinate) measured at 30 and 100
msec as a function of the number of testing shocks (one to nine).
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these data show a persistent and prolonged diminution in ampli-
tudes of both early and late components of IPSPs by preceding
repetitive stimulation.

The decreased inhibition induced by repetitive stimulation was
quantified by comparing the Rin drop associated with the IPSPs
evoked by the first and fifth thalamic stimuli in a train at 10 Hz
(n 5 7). Control Rin was estimated from the amplitude of the
voltage response to a long hyperpolarizing current pulse applied
at rest. The response of TC cells to such pulses reached an early
peak, followed by a depolarizing sag as a result of the activation of
IH (McCormick and Pape, 1990). The Rin during these two phases
of the response measured 24.3 6 1.2 and 12.9 6 1.1 MV, respec-
tively. The Rin associated with the IPSP (35 msec after the
stimulus) was estimated by calculating the slope resistance (the
reciprocal of the slope conductance; see Johnston and Wu, 1995).
The Rin dropped to 3.16 6 0.3 MV during the IPSP to the first
stimulus in the train but only to 7.5 6 1.1 MV during the IPSP to
the fifth stimulus in the train.

The intrathalamic incremental responses that arose from a
progressive depolarization were initiated immediately after the
early excitation represented by an antidromic spike and/or EPSP
(n 5 50; see Figs. 3, 4) or developed in two steps (n 5 44; Figs. 7,
8). The first step was the transformation of the early EPSP into an
LT response at a hyperpolarized Vm (more negative than 265 to
270 mV), as a result of the IPSP produced by the first stimulus in
the train at 10 Hz. In the second step, the LT response was
truncated by a secondary depolarizing response that developed at
a Vm more positive than 255 to 250 mV. These two steps are
indicated by two arrows in Figures 7 and 8.

In Figure 7, the incremental responses to a train of five stimuli
at 10 Hz are illustrated at three levels of Vm: under DC hyper-
polarization, without current, and under DC depolarization. The
Vm was 272 mV, 262 mV at rest, and 251 mV. Figure 7A
illustrates the responses to all five stimuli in the train, whereas
Figure 7B shows the expanded early (depolarizing) component of
augmented responses (superimposed responses were offset at the
initial Vm). The bottom arrow in Figure 7B (middle part) indicates
the inflection point where the EPSP gives rise to an LT response,
whereas the top arrow (15–16 mV more positive) indicates the
point where the LT gives rise to a secondary depolarizing re-
sponse. Note that under 10.8 nA, an early antidromic spike was
revealed, and the ripples (that were subthreshold at the resting
Vm) gave rise to action potentials. Overall, Figure 7A demon-
strates that augmenting responses develop over a progressive
depolarization at the expense of hyperpolarizing periods. By il-
lustrating the same incremental responses at the real Vm (Fig.
7C), it is evident that the response to the first stimulus in the train
occurred at a more depolarized Vm than all other subsequent
responses. As well, at the resting or more depolarized Vm, the
augmenting response exceeded by at least 10 mV the depolarizing
response elicited by the first stimulus in the train.

In Figure 8, the pattern of augmenting responses is opposed to
that of the LT spike that underlies the postinhibitory rebound
burst. A single VL stimulus evoked an antidromic spike, followed
by a typical biphasic (GABAA–B) IPSP leading to a rebound burst,
whereas a train of repetitive VL stimuli at 10 Hz progressively
induced augmenting responses. The expanded traces (Fig. 8, bot-
tom) illustrate the pattern of the LT-mediated high-frequency
burst (*), in contrast with the spike doublet that follows in the
augmented responses the EPSP–LT inflection ( first arrow) and
the following inflection (second arrow) at about 7–8 mV more
positive than the resting Vm.

The changes in augmented responses at different Vm values of
TC cells (n 5 16) essentially showed that hyperpolarization pro-
duced a decreased number of action potentials at the second
stimulus eliciting augmentation. Figure 9 shows that the aug-
mented response to the second stimulus in a pulse train at 10 Hz
decreased from four action potentials that followed the anti-
dromic spike at the resting Vm (270 mV) to two action potentials
under slight DC hyperpolarization (275 mV). This result further
emphasizes the depolarization dependency of augmentation in
this type of incremental responses.

Last, we investigated the persistent effects produced by pulse
trains at 10 Hz, repeated every 2–3 sec (n 5 8). Figure 10
illustrates the evolution of augmenting responses elicited by suc-
cessive pulse trains at 10 Hz, delivered every 2 sec, under steady
depolarization (10.5 nA, 260 mV; resting Vm was 272 mV).
Data demonstrate a progressive and persistent increase in the
area under the depolarizing response from the first to the fifth
stimuli in a train and from the initial to following pulse trains (Fig.
10, 1–4). The area of depolarization increased at the expense of
IPSPs, which eventually disappeared (Fig. 10, compare responses
in sequences 1,2 with those in sequences 3,4). This increase in the
depolarization area was of about 500% from the first to the fifth
stimuli in pulse train 1, 270% in train 2, and 150% in the last trains
(trains 3 and 4); also, the area of depolarization in the response to
the second stimulus in the last pulse trains 3 and 4 increased by
about 800% compared with the already augmented response
elicited by the second stimulus in pulse train 1.

Intrathalamic augmenting responses from low-
threshold rebound responses
In contrast to the majority of VL cells that showed augmentation
developing at relatively depolarized levels during decreasing in-
hibition, 57 neurons (38% of all intracellularly recorded VL
neurons) displayed incremental responses consisting of LT re-
sponses on a background of increasing hyperpolarization, reach-
ing 272 to 278 mV at the third to fifth stimuli in a pulse train at
10 Hz. Commonly, after the LT-type augmenting evoked by
thalamic stimuli, a spindle sequence (7–8 Hz) outlasted the pulse
train, with rhythmic IPSPs and LT responses occasionally leading
to high-frequency rebound bursts (see cell VL2 in Fig. 11).

The different features of augmenting responses in the two
groups of VL cells could also be demonstrated when two neurons
were recorded simultaneously. The dual, simultaneous impale-
ments illustrated in Figure 11 show different resting Vm values in
the two (VL1 and VL2) neurons. VL1 neuron, at a relatively
depolarized Vm, fired spontaneously before as well as after the
pulse train at 10 Hz that evoked augmenting responses consisting
of doublets with interspike intervals of 6.5–7.5 msec. The simul-
taneously recorded VL2 neuron was silent in periods free of
stimuli and displayed augmenting responses on a background of
increasing hyperpolarization that were eventually crowned by
spike bursts with interspike intervals shorter than 2.5–4 msec,
typical for LT-elicited bursts. And whereas the VL1 cell recovered
its prestimulation state quickly after the pulse train, the VL2 cell
oscillated for 1.5 sec, within the spindle frequency, after the pulse
train.

The similarity between the LT-type of intrathalamic augment-
ing and the spindle oscillations consisting of rhythmic IPSP–LT
sequences, as well as the demonstration that spindle-related hy-
perpolarizations are GABAA-dependent IPSPs (Deschênes et al.,
1984; Bal et al., 1995a), suggested that similar events underlie the
two phenomena (spindle and LT-type augmenting) and prompted
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us to study the effects of Cl2 infusion into neurons displaying
spontaneously occurring spindles and thalamic evoked augment-
ing responses in ipsilaterally decorticated animals (n 5 7). Imme-
diately after impalement with KCl-filled micropipettes, spontane-
ously occurring spindles or spindles evoked by single stimuli to the
VL nucleus consisted of hyperpolarizing IPSPs, whereas VL stim-
uli at 10 Hz elicited augmenting waves of the LT type, continuing
with a self-sustained spindle sequence formed by hyperpolarizing
IPSPs (Fig. 12, top trace). Eight and 30 min after intracellular
infusion of Cl2 (Fig. 12, middle and bottom traces), the spindle-
related IPSPs became depolarizing and eventually triggered bursts
of action potentials, and the augmenting responses as well as the
ensuing spindles were also depolarizing. Thus, both the evoked
augmenting responses and the self-sustained spindle sequences
displayed mirror images when examined before (2 min) and 8–30
min after Cl2 infusion (see expanded traces, 2 min and 8 min after
impalement; Fig. 12, arrows).

DISCUSSION
Three major findings come from our experiments: (1) augmenting
responses can be generated within the thalamus, without neces-
sarily involving reverberating corticothalamic loops; (2) the in-
trathalamic incremental potentials occur at relatively depolarized
levels in association with decreasing IPSPs, or alternatively, they
may develop as LT responses deinactivated by increasing mem-
brane hyperpolarization; and (3) by repeating the pulse trains,
augmenting responses progressively and persistently increase the
area of cell depolarization, whereas the IPSPs display a progres-
sive diminution in their amplitudes. The frequency-dependent
augmentation of intrathalamic responses is the first step toward
the demonstration of short-term plasticity at the thalamic gateway
to the cerebral cortex.

Structures activated by intrathalamic stimulation
By stimulating the VL nucleus, close to the impaled neurons,
we might have activated a series of fiber systems as well as local
GABAergic interneurons, which are present in virtually all
dorsal thalamic nuclei of cats and primates, including the VL
(Jones, 1985; Hunt et al., 1991; Spreafico et al., 1993). Among
many afferent systems to VL neurons, the cerebellothalamic
axons were most likely those that produced the EPSPs, giving
rise to action potentials and followed by a prolonged, biphasic
IPSP (Figs. 2– 4), because similar intracellular VL responses
were elicited by stimulating deep cerebellar nuclei; however,
repetitive stimulation of the cerebellothalamic pathway did not
produce augmenting responses (unpublished data). The activa-
tion within the VL nucleus of other excitatory fiber systems,
originating in the spinal cord and brainstem tegmentum (see
Jones, 1985) or more medial thalamic nuclei (Purpura, 1970) is
also possible. As to the involvement of corticothalamic fibers,
besides their possible degeneration after the removal of cortex

and white matter up to a few millimeters from the thalamus
(see Fig. 1), the state of TC neurons suggests that a few hours
after decortication, corticothalamic axons were no longer func-
tional. Indeed, the same VL neuron exhibited spindles shortly
after decortication, but 2 hr later the 7– 8 Hz rhythmic IPSPs
were changed into a hyperpolarization-activated delta oscilla-
tion (1– 4 Hz) as a result of the removal of the depolarizing
impingement from corticothalamic axons (see Timofeev and
Steriade, 1996, their Fig. 12). Even if corticothalamic axons
were still functional at the time of recording, augmenting
responses were fully expressed in the absence of intact
thalamocorticothalamic loops. The augmentation of cortico-
thalamic responses is inhibited by administration of ketamine,
thus leading to the conclusion that this synaptic increment is
mediated by the activation of NMDA receptors (Deschênes
and Hu, 1990). This is at variance with the resistance of
intrathalamic augmenting responses to ketamine anesthesia in
the present experiments.

The LT-type augmenting, resulting from increasing hyperpo-
larization during repetitive stimulation at 10 Hz, is probably a
result of activation of GABAergic inhibitory neurons, RE, and
local circuit cells. Despite the demonstration that prolonged,
biphasic (Crunelli et al., 1988), or triphasic (Paré et al., 1991)
IPSPs can be elicited in TC cells by local interneurons in the
absence of RE afferents, several points indicate that thalamic
stimulation elicited augmenting responses stemming from
postinhibitory rebound phenomena as a result of activation of
RE cells, rather than local circuit cells. The activation of local
interneurons by recurrent collaterals of TC axons is precluded
by the absence of such intranuclear collaterals in intracellularly
stained neurons of VL (Steriade and Deschênes, 1984; Sawyer
et al., 1994) and other principal nuclei of the dorsal thalamus
(Yen and Jones, 1983; Kita and Kitai, 1986; Liu et al., 1995).
Dual intracellular recordings from VL and lateroposterior (LP)
thalamic neurons in decorticated animals show that repetitive
stimuli applied to either the VL or LP nucleus may elicit
LT-type augmenting responses in simultaneously recorded VL
and LP neurons (unpublished data). This suggests that com-
mon pools of rostrolateral RE neurons, with divergent projec-
tions to the dorsal thalamus, underlie the IPSPs from which
incremental responses arise in VL and LP cells but discards the
direct activation of local circuit cells in these thalamic nuclei.
Because augmenting arising from LT responses looks similar to
spindle oscillations, we also mention that intracellular Cl2

infusion blocked augmenting as well as spontaneously occur-
ring and evoked spindles (Fig. 12). Whereas RE neurons have
a decisive role in the genesis and synchronization of spindles,
local circuit cells do not trigger spindle-related, rhythmic IPSPs
and rebound spike bursts in TC cells (Steriade et al., 1985; Bal
et al., 1995a).

4

Figure 7. Intrathalamic augmenting potentials developing in parallel with progressively decreased hyperpolarizations. A, A TC cell from a VL nucleus
was tested with trains of five stimuli at 10 Hz under steady hyperpolarizing current (20.8 nA) (left), at rest (0 nA) (middle), and under steady depolarizing
current (10.8 nA) (right). Superimposed responses were offset at the initial Vm (see real Vms in C). B, Superimposed and expanded early responses (at
the same Vm, as in A). The bottom arrow in the middle column tentatively indicates the level where the initial EPSP gave rise to an LT response, whereas
the top arrow marks the inflection where augmenting responses were initiated at a more depolarized level. Note action potentials triggered by the
augmented response under 10.8 nA (right column). C, The early responses were superimposed and expanded but shown at the real Vm. In all
superimpositions, the response to the first stimulus in the train is at the indicated Vm (272 mV under 20.8 nA, 262 mV without current, and 251 mV
under 10.8 nA). The next two traces illustrate the responses to the fifth and fourth stimuli, and the last traces represent responses to the second and third
stimuli. Note, under 10.8 nA, the antidromic spike immediately after the first stimulus in the train at 251 mV but its blockage at more hyperpolarized
levels.
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Figure 8. Augmenting responses on the top of LT responses. Top, Response to a single VL stimulus ( first trace) and responses to a nine-shock train
(second trace). The early, antidromic responses are expanded at right. Bottom, The postinhibitory rebound burst to the single stimulus (*) and the last three
responses to the nine-shock train (**) are expanded below. The first arrow in the bottom trace indicates the level where the EPSP gave rise to an LT
response, and the second arrow marks the inflection where the secondary component of the augmenting response arose at a more depolarized level. Note
the difference between the pattern of spike burst crowning the LT response in the postinhibitory rebound to the single stimulus (*) and the doublets in
the augmented responses (**).
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Genesis of intrathalamic augmenting responses
In the majority of neurons (62%), augmenting resulted from
responses evolving in parallel with progressively decreased IPSPs
(Figs. 3–5). About one-half of those TC cells gave rise to incre-
mental responses on the top of LT potentials produced during the
hyperpolarizing phase of the response triggered by the preceding
stimulus in the pulse train (see these steps illustrated by two
arrows in Figs. 7, 8). The synaptically induced progression in the
present experiments is reminiscent of a similar step resulting from
application of current pulses in thalamic slices (Jahnsen and
Llinás, 1984). This was not the exclusive mechanism for the
generation of incremental responses, because in the remaining TC
cells, augmentation of spike bursts occurred during the depolar-
ization produced by an antidromic action potential, without an
intermediate IPSP that would have promoted the deinactivation
of an LT response (Figs. 3, 4).

The augmented responses of TC cells occurring at a relatively
depolarized level may be ascribed, at least partially, to a high-
threshold (HT) Ca21 conductance in view of putative intradendritic
recordings in vitro (Jahnsen and Llinás, 1984) and in vivo (Roy et al.,
1984), revealing a voltage-dependent HT conductance triggering
all-or-none depolarizing responses, followed by the activation of a
gK(Ca). Some of the fast prepotentials (FPPs) in thalamic cells

(Maekawa and Purpura, 1967; Deschênes et al., 1984; Paré et al.,
1989; Steriade et al., 1991b) probably represent dendritic spiking that
dominates the behavior of the cell when somatic Na1 channels are
blocked by intracellular injections of QX-314 (Mulle et al., 1985). In
the present experiments, the progressive increase in presumed HT
responses during intrathalamic augmenting was associated with de-
creasing IPSPs of TC cells (Figs. 7, 10). Disinhibition also causes
enhanced signal transmission in the dentate gyrus when stimuli are
delivered between 2.5 and 10 Hz (Mott et al., 1993). In the auditory
cortex too, the enhancement of late EPSPs produced by paired-pulse
(200 msec intervals) stimulation was a result of release from
GABAergic IPSPs (Metherate and Ashe, 1994). Paired-pulse facili-
tation may be ascribed to decreases in GABA release by presynaptic
activation of GABAB receptors, as found in neocortical (Deisz and
Prince, 1994) as well as in TC and RE neurons (Soltesz and Crunelli,
1992; Uhlrich and Huguenard, 1996). Although in one-half of neu-
rons the augmenting developed in association with the depression of
IPSPs, in the remaining neurons this form of augmenting developed
immediately after the antidromic spike, which depolarized the cell to
the level required for the appearance of HT-augmented responses
without an intermediate step involving the IPSP, leading to an LT
response (Figs. 4, pulse train 2, and 10).

We interpret the two types of thalamic augmentation resulting

Figure 9. Reduction of the number of spikes in the second augmented response at hyperpolarized levels. Five stimuli at 10 Hz were applied at rest (270
mV) and under steady hyperpolarization (20.2 nA, 275 mV). Responses to first two stimuli in the train are expanded at right (responses consist of an
initial antidromic spike, followed by two to four orthodromic spikes). Note, at the hyperpolarized level, transformation of the full antidromic spike into
an initial segment spike.
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from factors related to membrane properties of TC cells and their
place in the synaptic circuitry of the thalamus. At a relatively
hyperpolarized levels, LT responses built up the increment. The
increased number of discharges of cells to the second thalamic
stimulus at a time interval of 100 msec, reported in extracellular
recordings (Schlag and Villablanca, 1968), is now explained by the
powerful IPSP produced by the first stimulus, thus deinactivating
LT Ca21 channels and promoting high-frequency bursting. As to
the augmenting responses elicited under depolarization (about
255 to 50 mV), at a Vm level at which the LT channels are largely
inactivated, we speculate that such responses partially represent
HT responses, although they probably represent an aggregate
resulting from the relative combination of EPSPs and LT and HT
responses. The following scenario is speculative, but it can be
tested in future in vitro and modeling studies. The increased
EPSPs, as a result of the hyperpolarization produced by the late
IPSP elicited by the first stimulus in the 10 Hz pulse train, gives

rise to an LT response; the latter, together with the EPSPs set into
action by local stimulation, may depolarize some sectors of the
dendritic arbor and thus activate an HT conductance. The vari-
able HT or LT responses of TC cells depend on the subtle balance
between the depolarizing impingement from different excitatory
afferent systems and the summated actions of inhibitory RE
neurons acting on TC cells. Data from parallel experiments in
which we performed dual intracellular recordings of TC cells from
LP and VL nuclei demonstrate that the closer the electrodes
activating TC cells, the greater the proportion of presumed HT
responses (unpublished observations). The predominant IPSPs,
giving rise to augmentation from LT responses, are presumably a
result of drives from pools of RE neurons that are implicated by
testing stimuli and overwhelm the excitatory afferents. In parallel
experiments (Steriade and Timofeev, 1996), we found two popu-
lations of RE neurons exhibiting incremental or decremental
responses, depending on the parameters of repetitive dorsal tha-

Figure 10. Progressive and persistent increase in the area of depolarization during augmenting responses by repeating the pulse trains. The VL cell was
recorded at different Vm values while pulse trains (10 Hz, same intensity) were applied to the VL every 2 sec. The cell was recorded under 10.5 nA (260
mV); at rest, Vm was 272 mV. Responses to four successive pulse trains (1–4 ) are illustrated (1 and 2 were separated by 2 sec; 3 and 4 were also separated
by 2 sec and followed 14 sec after 2). Note that, with repetition of pulse trains, IPSPs elicited by preceding stimuli in the train were progressively reduced
until their complete obliteration and spike bursts contained more action potentials with spike inactivation. The graph depicts the increased area of
depolarization from the first to the fifth responses in each pulse train as well as from pulse train 1 to pulse trains 3 and 4.
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Figure 11. Different features of augmenting responses at hyperpolarized and depolarized levels. Simultaneous dual intracellular recordings of TC cells
from VL nucleus. Cell 1 was recorded at a more depolarized Vm (256 mV) than cell 2 (266 mV). Accordingly, before and after augmenting responses
cell 1 discharged single spikes, whereas cell 2 displayed after augmenting responses a spindle sequence eventually leading to rebound spike bursts. Right,
Expanded responses to the five stimuli in the train at 10 Hz. The last three responses in the train (horizontal bar) are further expanded below (arrow).
Note short-latency incremental responses consisting of spike doublets in cell 1, the patterns of which are quite different from the longer latency LTSs
crowned by spike bursts in cell 2. Small deflections in each of two cells are a result of capacitive coupling from action potentials of the other neuron.
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lamic volleys. We propose that incremental responses in RE cells
produce augmenting that develops from LT responses as a result
of a progressive hyperpolarization in TC cells, whereas decremen-
tal responses in RE cells, attributable to intra-RE inhibitory
processes (see Huguenard and Prince, 1994; Uhlrich and Hugue-
nard, 1996), would lead to disinhibition in target TC cells.

Similarly to the thalamic augmentation in decorticated animals
reported here, a progressive depolarization occurs in cortical
neurons of athalamic animals in responses to rhythmic cortical
stimuli at 10 Hz, leading to continuously increased augmenting
responses (see Steriade et al., 1993b, their Fig. 14). More complex

pictures would be expressed in intact cortex preparations where
thalamic neurons are embedded within corticothalamic circuits.
Here, we have demonstrated progressive and persistent change in
the functional state of thalamic neurons, related to both excitatory
(Figs. 3, 10) and inhibitory (Fig. 6) processes that may subserve
short-term plasticity, influencing the processing of incoming sig-
nals. In vivo, the thalamic augmenting responses can play an
important role in the generation of late cortical EPSPs, the
enhancement of which is produced by paired stimuli within the
frequency range of 5–15 Hz (Metherate and Ashe, 1994; Castro-
Alamancos and Connors, 1996a–c). These changes are likely

Figure 12. Intracellular Cl2 infusion reverses spindle-related IPSPs and transforms LT-type augmenting into depolarizing incremental responses.
Recording with a micropipette filled with K-acetate (1 M) and KCl (2 M). Shortly (2 min) after impaling, a spontaneously occurring spindle (left) and
spindle evoked by single-shock VL stimulus (middle) consisted of rhythmic IPSPs, and augmenting responses evoked by a pulse train (10 Hz) to VL were
of the LT type, over a background of increased hyperpolarization. After Cl2 infusion (8 and 30 min), spindles and incremental responses were
depolarizing. Augmenting responses at 2 and 8 min are expanded (two arrows) to show the mirror images of spindles outlasting the pulse train at 10 Hz.
Right, Expanded augmenting responses to 5 VL stimuli (period marked by horizontal bar at 30 min; spikes truncated at 8 and 30 min).
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dependent on the behavioral state of vigilance. In the cortex,
augmenting responses in motor and somatosensory thalamocor-
tical systems are diminished during strong behavioral or
brainstem-induced arousal (Steriade et al., 1969; Steriade and
Morin, 1981; Castro-Alamancos and Connors 1996a). On the
other hand, TC neurons display an enhanced responsiveness after
a brief pulse train to the activating mesopontine cholinergic neu-
rons (Timofeev et al., 1996), and this brainstem–thalamic poten-
tiation may be prolonged up to 4 min (Paré et al., 1990).

We conclude that both the thalamus and the cerebral cortex
have the necessary equipment to develop augmenting responses,
but when these structures are interconnected the augmentation is
facilitated by thalamic-generated spike bursts transmitted to the
cortex, as well as by incremental potentials in the reciprocal
corticothalamic pathway. In intact cortex animals, augmenting
responses may develop into self-sustained seizures with spike–
wave complexes (SWs) at 2–4 Hz, lasting for 10–20 sec, occurring
in the motor cortex of monkeys (Steriade, 1974) and somatosen-
sory cortex of cats (Steriade and Yossif, 1974) after repetitive
stimulation of related thalamic nuclei. Also, self-sustained SW
seizures follow augmenting responses in the thalamus after appli-
cation of repeated pulse trains at 10 Hz to cortical areas (Steriade
et al., 1976). In the present experiments on decorticated animals,
we did not obtain such paroxysmal developments, thus suggesting
that plasticity processes underlying the transformation of incre-
mental responses into self-sustained seizures require the presence
of intact thalamocorticothalamic loops.
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