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Abstract

Relay neurons in sensory thalamus transmit somatosensory information to cerebral cortex and
receive sensory and feedback corticothalamic (CT) synaptic inputs.  Their duality of firing modes, in
bursts and continuous, underlies state dependence of thalamic information transfer, but the impact of
different firing patterns on synaptic plasticity was rarely explored.  To address this issue, we made
whole-cell recording from relay neurons in the ventrobasal nucleus (VBN) of rat thalamus and compared
synaptic plasticity induced by pairing CT-EPSP with two different types of burst spiking: low-threshold
spike (LTS)-burst spiking triggered at Vm~-70 mV, and high-frequency spiking induced at Vm~-55 mV.
The latter mimics natural burst spiking of relay neurons without activation of LTS.  We found that, while
backpropagating APs alone were not sufficient, low-threshold calcium spike was required for the
induction of spike-timing-dependent LTP at CT synapses.  Our results reveal a novel role of the calcium
spike plays in the induction of long-term plasticity of CT synapse.  Considering the dendritic origin of
LTS, this study also implies potential physiological regulations over synaptic plasticity in thalamus.  We
propose that this form of synaptic plasticity may be involved in the dynamic fine-tuning of thalamocortical
information relay.

Key Words: corticothalamic (CT) synapse, long-term potentiation (LTP), low-threshold calcium spike,
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Introduction

The ventrobasal nucleus (VBN) of thalamus
serves as a major gateway for relaying sensory infor-

mation from periphery to cerebral cortex (11).  VBN
relay neurons receive primary sensory inputs from
medial lemniscus (ml) and corticothalamic (CT)
feedback inputs from higher cortical areas (11, 17,
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31).  There are two types of CT fibers, arising from
cortical layer V and VI pyramidal neurons, respec-
tively, with the latter dominating the number of CT
projections to somatosensory thalamus in rodents (3,
12, 26, 27, 33).  Considering the predominance in the
number of synaptic contacts onto thalamic relay
neurons, CT input was regarded as an essential modu-
lator for the properties of thalamic spike transfer (4,
6, 11, 13, 24, 30).

Many efforts have been made to elucidate the
neuronal basis for information processing and transfer
operated within the thalamus, particularly on the
intrinsic firing properties of thalamic relay neurons
(1, 5, 10, 11, 13, 16, 20, 22, 28, 29, 36).  At hyper-
polarized membrane potential, low-threshold spike
(LTS) is initiated by T-type voltage-gated calcium
channels (T-VGCCs), which drives high-frequency
burst spiking (10, 11, 29, 36) and is proposed to
underlie the state dependence of thalamic relay (11,
16, 20, 28, 29).

Given that synaptic drive from CT feedback can
play critical roles in switching of firing mode and
modulation of thalamocortical functions (4, 6, 11, 13,
24, 30, 35), use-dependent change in the efficacy of
CT input could be a mechanism underlying dynamic
information processing and relay in thalamus.  In a
recent study, we systematically analyzed the fast
excitatory synaptic transmissions from cortex and ml
onto the VBN relay neurons of rat thalamus, and dem-
onstrated such a flexibility of CT feedback strength
(9).  We reported the differential expression of iono-
tropic glutamate receptor content, N-methyl-D-aspartate
receptor (NMDAR)-dependent long-term potentiation
(LTP) and L-type voltage-gated calcium channel (L-
VGCC)-dependent long-term depression (LTD)
between sensory and cortical inputs on thalamic relay
neurons in the VBN.  Furthermore, we found that L-
VGCC-dependent LTD of CT synaptic transmission
could be induced only with a specific type, namely the
continuous, firing mode.  These findings provide a
plausible neuronal basis on which CT synapses may
act as a detector for recent activities of thalamic relay,
and the corresponding modification of CT synaptic
input can exert a feedback influence on the thalamic
information transfer.  In this study, we investigated
whether CT synaptic input expresses spike-timing-
dependent LTP, a more physiologically relevant form
of Hebbian plasticity (2), and whether its induction
also depends on a specific firing mode of thalamic
relay neurons in the VBN.

Materials and Methods

Preparation of Thalamic Slices

The use of animals in this study was in accor-

dance with guidelines of the Ethical Committee for
Animal Research of National Taiwan University.
Sprague-Dawley rats aged 13~24 days were used.
The rats were decapitated, and their brains were
quickly removed and placed in ice-cold artificial
cerebrospinal fluid (ACSF), consisting of (in mM):
119 NaCl, 2.5 KCl, 1.3 MgSO4, 26.2 NaHCO3, 1
NaH2PO4, 2.5 CaCl2, and 11 glucose; the pH was
adjusted to 7.4 by gassing with 95% O2 and 5% CO2.
Coronal or horizontal slices of 300-μm thickness
containing the VBN and internal capsule (ic; Fig. 1A)
were cut using a vibroslicer (ZERO 1, D.S.K., Osaka,
Japan).  The slices were kept in oxygenated ACSF
(95% O2 and 5% CO2) at room temperature (24~25°C)
for 60~90 min to allow recovery before recording
commenced.

Electrophysiology

Slices were transferred to an immersion-type
recording chamber mounted to an upright microscope
(BX50WI, Olympus Optical, Tokyo, Japan) equipped
with an infrared-differential interference contrast
microscopic video.  The VBN and ic were clearly
identified under low magnification (Fig. 1A).  Neurons
in the VBN were recorded under visual guidance with
patch pipettes pulled from borosilicate glass (1.5-mm
outer diameter, 0.32-mm wall thickness; G150F-4,
Warner Instruments, Hamden, CT, USA).  The patch
electrodes had a resistance of 3~8 MΩ when filled with
a solution consisting of (in mM): 131 K-gluconate,
20 KCl, 10 HEPES, 2 EGTA, 8 NaCl, 2 ATP, 0.3 GTP,
and 6.7 biocytin; the pH was adjusted to 7.2 by KOH
and osmolarity to 300~305 mOsm.  Recordings were
made with an Axopatch 1D amplifier (Molecular
Devices, Union City, CA, USA) at room temperature.
For current-clamp recording, input resistance (Ri) was
constantly monitored by applying a current pulse of
-10~-30 pA, and the bridge was balanced by adjusting
the series resistance (Rs) compensation of the amplifier.
Rs was typically less than 25 MΩ.  Data were discarded
when Ri varied by more than 20% of its value during
the recording of baseline.  All signals were low-pass
filtered at the corner frequency of 2 kHz and then
digitized at 10 kHz using a Micro 1401 interface
(Cambridge Electronic Design, Cambridge, UK).  Data
were collected using Signal software (Cambridge
Electronic Design, Cambridge, UK).

The excitatory postsynaptic potential of CT
synapse (CT-EPSP) was evoked and characterized
based on previously reported criteria (9, 22).  Briefly,
slices were constantly perfused with ACSF containing
0.1 mM picrotoxin and 1 μM strychnine to isolate
pure excitatory activities.  A bipolar stainless steel
electrode (FHC, St. Bowdoin, ME, USA) was placed
locally in the VBN or ic (in horizontal slices); CT-
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EPSPs were evoked by electrical stimulation (4~100
μs square pulse with the amplitude of 30~800 μA at
0.1 Hz), and no significant differences were observed
between the responses evoked in these two conditions
(Fig. 1D).  Unless specified, the Vm of the recorded
thalamocortical (TC) relay neurons was held at -70
mV.  The estimated liquid junction potential was
~+10 mV and was left uncorrected.  For CT-EPSP
activity in the current-clamp mode, data were accepted

if the EPSP had a smooth rising phase and an ex-
ponentially decaying phase in the recording of
baseline; the data with signs of NMDAR-mediated
activity on the decay phase of EPSPs, characterized
by the appearance of a slow component (14), were
discarded.

For LTP experiments, a stable baseline was
recorded for at least 5 min, followed by at least 30 min
of recording after pairing CT-EPSP with LTS-burst
spiking or high-frequency spiking at 0.167 Hz for 100
times (Fig. 2, A2 and B2; Fig. 4, A2 and B2).  CT-
EPSPs were evoked at 0.1 Hz.  Time interval of
pairing (Δt) was defined by the average difference in
time between the onset of the CT-EPSP and the peak
of the 1st action potential (AP).  We referred to
“positive” (Δt > 0) pairing as by which the CT-EPSP
onset led the 1st AP, whereas “negative” (Δt < 0)
pairing as by which the CT-EPSP onset lagged the 1st
AP.  LTS-burst spiking was induced by one 1~2-ms or
200-ms somatic current injections with the Vm held at
~-70 mV.  There was no significant difference in
synaptic plasticity induced between these two
conditions and the data were pooled.  High-frequency
spiking was induced by five 1-ms somatic current
injections at 125 Hz (the average number and
frequency of AP spiking of a typical LTS-burst) with
the Vm held at ~-55 mV.

Drugs

The chemicals used for the ACSF and internal
solution were purchased from Merck (Darmstadt,
Germany).  DL-APV and mibefradil were purchased
from Tocris Cookson (Bristol, UK).  MgATP, NaGTP,
BAPTA, picrotoxin, strychnine and nickel chloride
were purchased from Sigma (St. Louis, MO, USA).

Data Analysis and Statistics

For the LTP experiments, the initial slope of
CT-EPSP was monitored and normalized to that of
the baseline average response, and the average CT-
EPSP slope recorded 25~30 min after pairing was
used for statistical comparison.  LTS depolarization
(Fig. 3, B3) was calculated as the difference between
the membrane potential before the current injection
and that just after the last AP of LTS-burst spiking,
which is a measure of LTS plateau and typically at
~40 ms following the 1st AP.  The membrane potential
following the last AP occasionally reached the
threshold and evoked an additional AP; however, it
was included for analysis as long as the additional AP
firing did not affect the measurement.  For residual
depolarization following high-frequency spiking, the
difference between the membrane potential before all
current injections and that just after the 5th somatic

Fig. 1. Identification of the ventrobasal nucleus (VBN) and
recording of corticothalamic (CT) EPSP.  A, A photo-
graph of a typical coronal slice used in this study. A
bipolar stimulating electrode was placed in the vicinity
of the recorded neurons for eliciting CT-EPSPs.  The
darker region in the VBN represents the recorded neu-
rons after histochemical visualization of the injected
biocytin.  ic: internal capsule; ml, medial lemniscus;
RTN, reticular nucleus; VBN: ventrobasal nucleus; D:
dorsal; L: lateral.  B, A biocytin-filled thalamic relay
neuron located in the VBN.  L: lateral; R: rostral.  C,
Voltage responses of a VBN relay neuron upon current
injections.  A depolarizing current pulse induced con-
tinuous spiking with the Vm held at ~-50 mV (C1, upper
trace), or a low-threshold spike (LTS, arrow head) with
high-frequency burst spiking with the Vm held at ~-75
mV (C2, upper trace); a hyperpolarizing current pulse
induced rebound LTS-burst spiking (both lower traces).
Note the voltage sag was induced at a more hyperpo-
larized Vm (C2, arrow).  D, Examples of CT-EPSPs
evoked by local (120 μA, 100 μs) and ic (40 μA, 100 μs)
stimulation with single (upper traces) and paired pulses
(lower traces).  The traces are the responses averaged
over 10 sweeps of recording.  Note that they showed
similar kinetics and short-term plasticity.
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Fig. 2. Spike-timing-dependent plasticity of CT-EPSP induced by pairing CT-EPSP with LTS-burst spiking.  A, Typical example of
the time course of CT-EPSP initial slope normalized with respect to the baseline (dots in A1), representative voltage trace
during the pairing (A2), and summarized time course (A3) of the experiments in which LTP was induced by pairing CT-EPSP
with LTS-burst spiking at positive intervals (Δt = 0~30 ms).  B, Typical example of the time course of normalized CT-EPSP initial
slope (dots in B1), representative voltage trace during the pairing (B2), and summarized time course (B3) of the experiments in
which CT-EPSP was paired with LTS-burst spiking at negative intervals (Δt = 0~-30 ms). The inset traces in A1 and B1 are the
responses averaged over 10 sweeps of recording during baseline (“1”) and 30 min after pairing (“2”).  The line drawings at the
bottom of A2 and B2 indicate the timing of extracellular stimulation (“Pre”; 530 μA, 50 μs in A2 and 238 μA, 50 μs in B2)
and somatic current injection (“Post”; 1.86 nA, 2 ms in A2 and 2 nA, 1 ms in B2), which were paired at 0.167 Hz for 100 times.
Note that the Vm during pairing was ~-70 mV, and a significant LTP was induced only with positive pairing (Fig. 2A).
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Fig. 3. The synaptic plasticity was blocked by APV and BAPTA in the internal solution. Moreover, it was independent of the average
spike number of a single LTS-burst, relative timing of CT-EPSP and individual AP spikes, amplitude of LTS depolarization,
and AP attenuation.  A1, Typical example of the time course of CT-EPSP initial slope normalized with respect to the baseline
(dots in A1) of the experiments in which LTP induced in positive-pairing condition was blocked in the presence of APV and
BAPTA.  The inset traces are the responses averaged over 10 sweeps of recording during baseline (“1”) and 30 min after pairing
(“2”).  A2, Summary of the experiments in Fig. 2A and 3A1.  B, The failure of plasticity induction by negative pairing (Fig. 2B)
was not related to the average spike number (B1), the temporal relationships of CT-EPSP and individual APs (B2), the amplitude
of depolarization mediated by LTS (B3) and the AP attenuation (B4) within LTS-burst spiking during the pairing process.
“EPSP-AP” and “AP-EPSP” correspond to the pairing conditions of Δt > 0 and Δt < 0, respectively.
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current injection (also at ~40 ms following the 1st
AP) was measured.  AP attenuation (Fig. 3, B4) was
calculated as the ratio of the amplitude of the 1st AP
to that of the last AP in LTS-burst spiking, both of
which were measured from the membrane potential
before the current injection.

All data were presented as means ± SEM.  For the
LTP experiments, statistical significance was assessed
with nonparametric Mann-Whitney-Wilcoxon U test
or Wilcoxon matched-pairs sign-ranked test.  For cor-
relation analysis, statistical significance was assessed
by nonparametric Spearman’s rank-order correlation
test.  The criterion for significance was P < 0.05.

Histochemistry

In all experiments, the recorded neuron was
filled by passive diffusion of biocytin from the patch
pipette.  After recording, the brain slices were fixed
with 4% paraformaldehyde in 0.1 M phosphate buffer
(PB, pH 7.4) at 4°C overnight.  They were rinsed with
PB several times and subjected to histochemical
staining procedures without further sectioning.
Briefly, slices were treated with 3% H2O2 in PB for 30
min and then with 0.03% Triton X-100 in phosphate-
buffered saline (PBST).  They were incubated with
2% bovine serum albumin (BSA) and 10% normal
goat serum (NGS) in PBST for 1 h at room temperature,
followed by incubation with avidin-biotinylated-
horseradish peroxidase complex in PBST (at a 1: 100
dilution; Vector Laboratories, Burlingame, CA, USA)
at 4°C overnight.  Finally, the cells were visualized
using 3,3’-diaminobenzidine (DAB) as the chromogen.
The staining results of the biocytin-filled neurons
were examined and photographed under bright-field
microscopy.

Results

Recording of CT-EPSP in TC Relay Neurons in the VBN

All the recorded neurons were located in the
VBN (Fig. 1A), as confirmed by post hoc histochem-
istry for visualizing the injected biocytin.  Previously
described morphological and physiological criteria
for identification of thalamic relay neurons were
adopted (9, 10, 22, 25).  Briefly, a thalamic relay
neuron has a polygonal soma, 6~10 large primary
dendrites with bushy appearance of arborization (Fig.
1B), and displays Vm-dependent dual firing modes
(continuous and in LTS-bursts) with the watershed
Vm for mode switching at ~-60 mV and a clear voltage
sag upon hyperpolarizing current injection at Vm <
-70 mV (Fig. 1C).  To evoke CT-EPSPs, a stimulating
electrode was positioned locally in the VBN or ic to
recruit CT synapses.  Synaptic activity was considered

as originating from the CT pathway, given that they
showed linear stimulus-response relationship, paired-
pulse facilitation (PPF; as shown in Fig. 1D) and
conduction supernormality (9, 14, 22) (Fig. 1D).

Spike-Timing-Dependent Plasticity of CT-EPSP Induced
by Pairing CT-EPSP with LTS-Burst Spiking

The burst spiking of TC relay neurons mediated
by T-type voltage-gated calcium channels (T-VGCCs)
was considered to be critically involved in state-
dependent information relay (1, 11, 16, 20, 28, 29);
however, the impact of this firing pattern on synaptic
plasticity in the thalamus remained unknown.  This
issue is important for the understanding of thalamic
information processing.  To address this question, we
examined the effect of pairing presynaptic stimula-
tion with postsynaptic LTS-burst spiking (induced by
somatic current injection with the Vm held at ~-70
mV) at 0.167 Hz for 100 times on CT-EPSPs.  As
shown in Fig. 2, this paired pre- and post-synaptic
activities resulted in LTP of CT-EPSPs, given that
application of presynaptic stimulation preceded that
of postsynaptic spiking and the timing difference was
within a window of 30 ms (Fig. 2A; LTP = 143 ± 10
% of the baseline, n = 11; P < 0.01).  Reversing the
temporal order of pre- and post-synaptic stimulations
with the timing difference constrained to a window of
30 ms did not result in a long-term plastic change of
CT-EPSPs to a significant level (113 ± 9% of the
baseline, n = 14; P > 0.05) (Fig. 2B).

The spike-timing-dependent LTP was blocked
by the addition of an NMDA receptor (NMDAR)
antagonist, APV (50 μM), into the bath medium com-
bined with a calcium chelator, BAPTA (10 mM), in
the internal solution (Fig. 3A) (Δt = 0~30 ms: LTP =
84 ± 5% of the baseline, n = 4; P < 0.05 compared
with the control condition shown in Fig. 2A), showing
that the induction of LTP was NMDAR-dependent.
Taken together, the above results showed that the
induction of LTP at CT synapses depended on the
timing and temporal order of correlated pre- and post-
synaptic activities, and the activation of NMDAR.

Carefully viewing the data, we noticed there
were trial-to-trial variabilities of LTS-burst spiking,
including the spike number (the range of average AP
number: 3.5~8) and the timing of burst spiking.  The
variability may be attributable to intrinsic variability
of neuronal properties, such as the biophysical states
of active conductances, which can result in the vari-
ability of pairing conditions (i.e., variability in the
total AP number and temporal relationship of CT-
EPSP and individual APs during the pairing).  In
order to examine if such kinds of variability obscured
the relation between Δt and synaptic plasticity, we
further tested the correlation between these factors
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and synaptic plasticity.  The results showed that the
plasticity was correlated neither to the average spike
number of LTS-burst spiking (Fig. 3, B1, P > 0.05 for
Δt > 0 and Δt < 0, separately or together) nor to the
timing of individual APs in terms of (average) EPSP
onset position with respect to AP spike number (Fig.
3, B2, P > 0.05 for Δt > 0 and Δt < 0, separately or
together), suggesting that failure of plasticity induction
by negative pairing could not be accounted for by the
confounding effect of the variability.

It has been shown that spike-timing-dependent
LTP is correlated with the amplitude of postsynaptic
depolarization (31).  Our results are consistent with
this observation: within a comparable time window,
LTP could be induced by pairing CT-EPSP with burst
AP spiking underlain by LTS (Fig. 2A; LTS depo-
larization: 32.8 ± 1.7 mV); on the contrary, no sig-
nificant LTP could be induced by pairing CT-EPSP
with high-frequency spiking which mimics the AP
spiking of an LTS-burst without the underlying LTS
(see Fig. 4A below; residual depolarization following
high-frequency spiking: 6.1 ± 0.6 mV).  A closer ex-
amination revealed that intrinsic variability of LTS
depolarization and AP attenuation within an LTS-
burst spiking existed, which were inversely correlated
with each other (LTS depolarization vs. AP attenua-
tion, P < 0.001); nevertheless, this variability did not
confound the results of synaptic plasticity, either,
since neither of them was correlated with plasticity
(Fig. 3, B3 and B4; P > 0.05 for Δt > 0 and Δt < 0,
separately or together).  Taken together, these analyses
showed that despite the existence of the variability of
LTS-burst spiking, it did not confound the results of
synaptic plasticity.  Furthermore, any single factors
discussed above could not account for the failure of
plasticity induction in the negative-pairing experi-
ments (Fig. 2B), supporting that the induction of
spike-timing-dependent LTP at CT synapses was
critically dependent on the timing of correlated pre-
and post-synaptic activities.

Spike-Timing-Dependent LTP of CT-EPSP Is Dependent
on LTS

Is the high-frequency spiking of APs alone
sufficient to induce the LTP of CT-EPSP?  Alter-
natively, low-threshold calcium spike might be neces-
sary for the induction.  To investigate the role of LTS
in the induction of spike-timing-dependent LTP at CT
synapses, we sought pharmacological agents to
specifically block T-VGCCs, the channels well-
established to underlie the initiation of LTS (10, 11,
29, 36).  However, we found that neither nickel (Ni2+)
nor mibefradil blocked LTS at a low micromolar
concentration at which selective blockade of T-VGCCs
was ensured (data not shown).  Therefore, we adopted

an alternative approach by pairing CT-EPSP with
high-frequency spiking, which was induced by five
brief somatic current injections at 125 Hz (the average
number and frequency of AP spiking of a typical
LTS-burst) with the Vm held at ~-55 mV, at 0.167 Hz
for 100 times (see Materials and Methods; Fig. 4, A2
and B2).  In this way, the high-frequency spiking
mimics the AP spiking but lacks the underlying LTS
of an LTS-burst.  In contrast to the case of pairing CT-
EPSP with LTS-burst spiking, we found that synaptic
plasticity could be induced neither by positive (Δt =
0~50 ms: 121 ± 23% of the baseline, n = 6; P > 0.05)
nor by negative pairing (Δt = 0~-55 ms: 112 ± 19% of
the baseline, n = 4; P > 0.05) (Fig. 4).  Our results
indicate that, for the induction of spike-timing-
dependent LTP of CT-EPSP, burst spiking of APs is
not sufficient, and the involvement of low-threshold
calcium spike during the pairing process is required.

Discussion

In this study, we reported that pairing CT-EPSP
with postsynaptic spiking induced a spike-timing-
dependent LTP at CT synapses on thalamic relay
neurons.  In particular, we for the first time demon-
strated that induction of this LTP critically depended
on the specific pattern of postsynaptic spiking: the
LTP was induced by pairing AP burst spiking driven
by LTS, but not by pairing ordinary high-frequency
APs alone.  Its induction was dependent on spike
timing, and could be blocked pharmacologically.  Our
novel finding is the first experimental account which
directly addresses the role of low-threshold calcium
spike in induction of LTP in thalamus.

Previous studies have suggested that backprop-
agation of AP into dendrites provides postsynaptic
depolarization and contributes to induction of synaptic
plasticity (2, 18, 34).  Moreover, it has been shown
that the frequency of postsynaptic spiking is a critical
factor for induction of LTP (18, 19, 30).  It could be
that a high spiking frequency can enhance the back-
propagation of APs (16, 32) and support their tempo-
ral summation better than a low spiking frequency,
thereby providing more postsynaptic depolarization
to facilitate NMDAR activation and LTP induc-
tion.  Although the LTP induction at CT synapses also
depended on NMDAR activation, it appears that high-
frequency spiking is not sufficient: the pairing of
postsynaptic spiking of thalamic neurons induced by
brief somatic current injections at 125 Hz with the Vm

held at ~-55 mV failed to induce LTP.  This spiking
pattern, including the AP number (five) and the high
frequency (125 Hz), was comparable to that of natural
LTS-burst spiking (elicited with the Vm held at ~-70
mV) with the only difference being the holding Vm

and, therefore, the availability of low-threshold
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Fig. 4. Pairing CT-EPSP with high-frequency spiking, which mimics the AP spiking but lacks the underlying LTS of a single LTS-burst,
could not induce synaptic plasticity of CT-EPSP.  A, Typical example of the time course of CT-EPSP initial slope normalized
with respect to the baseline (dots in A1), representative voltage trace during the pairing (A2), and summarized time course (A3)
of the experiments in which CT-EPSP was paired with high-frequency spiking at positive intervals (0~50 ms).  B, Typical
example of the time course of normalized CT-EPSP initial slope (dots in B1), representative voltage trace during the pairing (B2),
and summarized time course (B3) of the experiments in which CT-EPSP was paired with high-frequency spiking at negative
intervals (0~-55 ms).  The inset traces in A1 and B1 are the responses averaged over 10 sweeps of recording during baseline (“1”)
and 30 min after pairing (“2”).  The line drawings at the bottom of A2 and B2 indicate the timing of extracellular stimulation
(“Pre”; 580 μA, 50 μs in A2 and 30 μA, 50 μs in B2) and somatic current injections (“Post”; 1.7 nA, 1 ms in A2 and 1.1 nA,
1 ms in B2; both at 125 Hz), which were paired at 0.167 Hz for 100 times.  Note that the Vm during pairing was held at ~-55 mV.
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calcium spike, which can account for the significant
difference of the postsynaptic depolarization following
APs between LTS-burst spiking (Fig. 2, A2) and
high-frequency spiking induced by somatic current
injections (Fig. 4, A2).  For the above reasons, we
argue that while the high-frequency backprop-
agating APs alone are not sufficient, low-threshold
calcium spike is a critical factor for the LTP induction
at CT synapses.

Depolarization of membrane potential to -55
mV may induce several changes in intrinsic membrane
properties of neurons.  Since GABAA receptors and
glycine receptors were blocked, the lack of LTP can-
not be explained by an increase of chloride driving
force and the accompanying inhibitory drives onto
postsynaptic neurons during the depolarized pairing
condition.  Sensitive to this level of depolarization,
T-VGCCs, hyperpolarization-activated nonselective
cationic channels (h-channels) and A-type potassium
channels are candidate voltage-dependent conduc-
tances which could be involved in the induction
process.  Considering channel biophysics, however,
depolarization deactivates h-channels, which makes
dendrites less leaky (7), and inactivates A-type potas-
sium channels, which facilitates dendritic excitability
(8), it is less likely that change of these conductances
was responsible for the lack of LTP.  T-VGCCs are
well established in their subthreshold voltage de-
pendence and the role in mediating low-threshold
calcium spike of thalamic neurons (9-11, 30, 36),
and we, therefore, speculate potential involvement of
T-VGCCs in the induction of LTP.

In thalamic relay neurons, direct patch-clamp
recording, calcium imaging, computer modeling and
immunocytochemistry studies have indicated that T-
VGCCs are expressed throughout the dendritic arbor,
especially concentrated at proximal dendritic com-
partments (5, 21, 23, 24, 35, 36), and are critical for
generating and shaping the LTS response (5).  During
the pairing condition of LTS-burst spiking, it is
possible that the amplitude and duration of back-
propagating APs are enhanced by these dendritic T-
VGCCs on their arrival at activated synapses (15, 18,
32), thereby facilitating LTP induction.  Another
possibility for T-VGCCs to enhance spike-timing-
dependent LTP could be that additional calcium influx
flows into the postsynaptic neuron, which in turn
activates calcium-dependent signaling pathways
required for LTP induction at CT synapses.

In order to directly test the linkage between the
activation of T-VGCCs and induction of LTP, we have
carefully examined the specificity of some commonly-
used T-VGCC blockers, including nickel (Ni2+) and
mibefradil, in our experimental system.  Unfortunately,
it was found that neither of them could selectively block
T-VGCCs (9).  If specific T-type channel blockers

prevented LTP induction, it would be very helpful to
clarify the relationship between LTP and T-type channel
activation, which, however, cannot be achieved due to
the lack of a selective pharmacological tool.  Therefore,
we would rather emphasize at this point that our
speculation over the role of T-VGCCs aims to provide
a hypothetical mechanism underlying the induction
of LTP, and further experiments need to be done care-
fully to elucidate the molecular mechanisms of LTP
at CT synapses.

Considering the dendritic origin of low-threshold
calcium spike in relay neurons, where a variety of
sensory and modulatory inputs make contacts (11, 12,
17, 29, 31), the novel role of calcium spike in LTP
induction found in this study might implicate new
physiological regulation on synaptic plasticity of CT
pathway.  For example, medial lemniscal synapses
convey powerful sensory input onto proximal dendritic
compartments of VBN relay neurons, which could
exert significant influences over the generation of
dendritic calcium spike and, thus, the induction of
synaptic plasticity at CT synapses.

In conclusion, CT synapses on thalamic relay
neurons in the VBN can express spike-timing-
dependent LTP, and the activation of low-threshold
calcium spike appeared to be crucial for induction of
this form of LTP.  Taking our present and previous
findings (9) together, it seems that CT synaptic input
could undergo long-lasting, bi-directional plastic
change in their efficacy in a spiking-state-dependent
manner.  Wolfart and colleagues (35) have shown
that transfer function of thalamic relay neurons can
be modulated by background synaptic noise mostly
originating from the CT pathway.  As a consequence,
we suggest that the spiking-state-dependent plasticity
of CT synapses may respond to various physiologi-
cally relevant variables and dynamically fine-tune
thalamocortical information relay accordingly.
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