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Abstract Spontaneous action potential bursts associ-
ated with low threshold calcium spikes (LTS) occur in
multiple human lateral thalamic nuclei, each with
diVerent physiologic characteristics. We now test the
hypothesis that diVerent patterns of spontaneous LTS
bursting occur in these nuclei during awake surgery in
patients with essential tremor and the arm at rest. This
protocol was chosen to minimize the eVect of the
patient’s disease upon thalamic activity which is a
potential confound in a surgical study of this type. Neu-
ronal activity was studied in the human thalamic nuclei
receiving somatic sensory input (Vc, ventral caudal),
input from the deep cerebellar nuclei (Vim, ventral
intermediate), or input from the pallidum (Vo, ventral
oral). In each nucleus the burst rates were signiWcantly
greater than zero. Burst rates were higher in Vc than in
Vim, while Wring rates were lower. These Wndings sug-
gest that neurons in Vc are hyperpolarized and have
more frequent inhibitory events. Pre-burst inter-spike
intervals (ISIs) were signiWcantly longer in Vc, but
were signiWcantly shorter when corrected for the aver-
age ISIs between bursts (burst rate/inverse of the pri-
mary event rate). These results suggest that inhibitory
events in Vc are of lower magnitude relative to a
hyperpolarized resting membrane potential. Studies in
many species demonstrate that input from the pallidum
to the thalamus is inhibitory, suggesting that input to
Vo is predominantly inhibitory. However, neurons in

Vo have neither slower Wring rates nor more frequent
LTS bursts. Previous studies have found that spontane-
ous LTS is similar between classes of neurons within
Vc, as deWned by their response to thermal and painful
stimuli. The diVerences in spontaneous LTS between
human nuclei but not between functional classes within
a nucleus may be a basic organizing principle of tha-
lamic inhibitory circuitry.
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sensory nucleus · Ventral lateral nucleus · Low 
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Introduction

Bursts of action potentials have previously been
reported in the multiple nuclei of the human thalamus
(Lenz et al. 1989; Jeanmonod et al. 1996; Zirh et al.
1997; Radhakrishnan et al. 1999). These bursts are deW-
ned by pre-burst inhibition or silent periods and by
short inter-spike intervals within bursts (ISIs) which
become longer throughout the burst. These burst char-
acteristics are consistent with bursts associated with
low threshold calcium spikes (LTS) based on intracel-
lular recordings in old world monkeys and non-primate
species (Steriade et al. 1990; Ramcharan et al. 2000b).

Increased LTS bursting has been reported to occur
in the thalamus of patients with some types of chronic
pain (Lenz et al. 1994; Radhakrishnan et al. 1999; Jean-
monod et al. 1996), Parkinson’s tremor, dystonia, Par-
kinson’s disease, tinnitus, and psychiatric disease (Zirh
et al. 1997; Jeanmonod et al. 1996). These neuronal
spike trains have been recorded in medial or intralaminar
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nuclei, in Vc, in a cerebellar INPUT receiving nucleus
(Vim, ventral intermediate), and a pallidal INPUT
receiving nucleus (Vo, ventral oral). Each of these
studies examined LTS bursting in a diVerent thalamic
nuclei speciWc to the diagnosis.

DiVerent thalamic nuclei have diVerent anatomic
and physiologic characteristics. For example, Vim and
Vc receive excitatory input from the deep cerebellar
nuclei and the dorsal column nuclei/spinal cord,
respectively (Apkarian and Hodge 1989; Steriade et al.
1997; Sherman and Guillery 2001). Studies in non-
human species demonstrate that the pallidum sends an
inhibitory projection to pallidal INPUT receiving
nucleus which suggests that human Vo receives inhibi-
tory input from the pallidum (DeLong 1990; Steriade
et al. 1997; Sherman and Guillery 2001). The eVect of
the diVerences between nuclei upon LTS bursting is
lost in prior human studies since diVerent nuclei were
studied in each diagnosis. Therefore, we now test the
hypothesis that diVerent patterns of spontaneous LTS
bursting occur in diVerent lateral thalamic nuclei in
patients with essential tremor (ET) with the arm at rest
(see Discussion).

We studied subjects with ET because it is a mono-
symptomatic illness, without the complex clinical pat-
tern (Deuschl et al. 1998; Elble 2002) and anatomic/
physiologic abnormalities of PD and other neurologic
diseases treated with thalamic surgery (Elble and Kol-
ler 1990; Deuschl et al. 1996). We studied thalamic
activity with the arm at rest because of the absence of
tremor dependent activity in that state (Hua and Lenz
2005). The results of this study identify signiWcant,
complex, diVerences in spontaneous LTS bursting
between diVerent thalamic nuclei in awake humans.

Materials and methods

These studies were carried out at the Johns Hopkins
Hospital (1993–2005) during the physiologic explora-
tion of the thalamus which preceded implantation of
deep brain stimulation (DBS) electrodes in Vim or
Vim thalamotomy for treatment of ET (Koller et al.
2001). The diagnosis was conWrmed in each case by a
neurologist specializing in movement disorders. Exclu-
sions were patients with other diagnoses in addition to
ET, such as Parkinson’s tremor, torticollis, and cere-
bellar syndromes (Jankovic 2002). The protocol was
reviewed and approved annually by the Institutional
Review Board of the Johns Hopkins University. All
patients signed an informed consent for these studies.
All methods used here have been previously described
(Lee et al. 2005).

Intraoperative procedures

Thalamic exploration was performed as a stereotactic
procedure using the Leksell frame with patients oV
tremor medications for 18 h. First, the frame coordi-
nates of the anterior (AC) and posterior (PC) commis-
sures were measured by magnetic resonance imaging
or computed tomography. These coordinates were
used to estimate the nuclear locations. Physiological
corroboration of nuclear location was then performed
under local anesthesia without sedation (i.e., subject
fully conscious) by single unit recording and microsti-
mulation through a microelectrode. We used a plati-
num–iridium electrode etched to a tip of 3–4 �m and
coated with solder glass to give an impedance of
approximately 2.5 M�, which was reduced to approxi-
mately 0.5 M� by microstimulation (50 �A) in the
brain. The electrode was advanced toward the Vc as
localized by pre-operative imaging. Microstimulation
was delivered in trains of 1s duration at 300 Hz by
using a biphasic pulse consisting of a 0.2-ms anodal
pulse followed in 0.1 ms by a cathodal pulse of the
same duration and magnitude. Stimulation was initially
carried out at 40 or 50 �A at sites located 2 mm apart
along the trajectory. When a response was evoked,
then a threshold was established.

The signals recorded on magnetic tape (Model 4000,
Vetter Corp., Rebersberg, PA, USA) during the proce-
dure included: the foot pedal indicating events during
the examination, the microelectrode signal, electromy-
ograms (EMGs), and the audio channel describing
instructions to the patient, application of stimuli, etc.
Additional digital recording of a foot pedal and of
microelectrode signal was made with a Cambridge
Electronic Design (CED) 1401 interface at 500 and
50 KHz, respectively.

The initial trajectories were always focused on Vc
because the response of neurons in this area to cutane-
ous and deep mechanical stimulation provides the most
reliable estimate of the boundaries of the adjacent tha-
lamic nucleus Vim, (Lenz et al. 1995; Garonzik et al.
2002; Lee et al. 2005).

Study of thalamic activity

When a neuron was isolated, spontaneous activity was
Wrst recorded. The activity of the isolated neuron was
then studied to identify neurons responding to cutane-
ous stimuli such as light touch, tapping or pressure to
skin (cutaneous sensory neurons), or to deep stimuli
such as pressure to muscles or ligaments and passive
joint movement (deep sensory neurons). These neu-
rons were also characterized by their receptive Weld
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(RF). The activity of neurons was also examined as
patients carried out movements such as making a Wst,
Xexing or extending the wrist and elbow, pointing, etc.
We carried out microstimulation along each trajectory,
as previously described (Ohara and Lenz 2003).

The anterior and inferior borders of Vc were identi-
Wed by the most anterior and inferior deep or cutane-
ous neuron in the region where the majority of neurons
responded to either deep or cutaneous stimuli (Lee
et al. 2005). These points and the location of the AC
PC line were used to overlay the map of the recording
data with a sagittal thalamic atlas map (Schaltenbrand
and Bailey 1959). The nuclear location of any recorded
neuron was inferred from this overlay.

Data analysis

Post-operatively, the spike train was digitized at
20 kHz and stored on a PC, together with the foot
pedal signals at 200 Hz. Digitally recorded spike train
signals were analyzed using Spike2 software (CED,
Cambridge, UK) that allowed for template-matching
of waveforms. Subsequent analyses of spike character-
istics (e.g., Wring rate, ISI) including burst detection
were carried out using MATLAB (Mathworks, Natick,
MA). Analysis of bursting was carried out on sponta-
neous activity with eyes open and with the arm at rest.
The absence of tremor was conWrmed by visual inspec-
tion of both the limbs and the EMG signal.

Analysis of burst activity

Low threshold calcium spike bursts were identiWed by
the criteria used in the studies of awake monkeys which
were based on intracellular conWrmation in a cynomol-
ogous monkey thalamic slice (Ramcharan et al. 2000a,
b). The criteria (50-6-16) to select these bursts were as
follows: the inter-spike interval (ISI) preceding the Wrst
action potential in the burst had a duration of >50 ms,
the ISI following the Wrst action potential in the burst
had a duration of <6 ms, and all following action poten-
tials are considered as part of the burst if their ISI was
less than 2 ms longer than the preceding ISI, up to max-
imum ISI of 16 ms. We have repeatedly illustrated the
use of these techniques and burst criteria (for example,
Lee et al. 2005; Lenz et al. 1998).

A pre-burst inhibition of 100 ms is required to pro-
duce a maximal LTS burst (Jahnsen and Llinas 1984a).
Therefore, the 50 ms pre-burst ISI criterion may select
submaximal LTS bursts or non-LTS bursts. Therefore,
we examined the null hypothesis that the bursts identi-
Wed by these criteria were not maximal LTS bursts.
This hypothesis was rejected when the conWdence

interval of the mean pre-burst ISI was signiWcantly less
than 100 ms.

We also measured the primary event rate which
includes all spikes not in bursts plus the Wrst spike in
each burst and so is a measure of the rate of spikes
occurring between bursts (McCarley et al. 1983; Cox
and Lewis 1966). As an indicator of the relationship
between bursting and average neuronal depolarization,
we calculated burst rate/primary event rate. If the
diVerence in burst rates between two neuron types is
lost when this ratio is calculated, then the diVerence in
bursting is relatively dependent on the primary event
rate. All Wring indexes including bursts were compared
by nuclear locations in the thalamus.

Statistical analysis

All spike train and burst indices were compared
between thalamic nuclei (Vo, Vim and Vc) using one-
way ANOVAs by nucleus. Post hoc analysis was car-
ried out by Tukey’s honestly signiWcant diVerence
(HSD). The conWdence interval (CI) for a given index
of neuronal Wring by nucleus was determined based on
Bonferroni corrected experiment-wise estimate of
error. SpeciWcally, we estimated the 95% CI by the
mean § 2.39 SEM which was indicated by the lower
and upper limits of this interval, i.e. (CI lower–upper).
The null hypothesis was rejected at P < 0.05 for all
tests.

Results

These results were carried out in 19 patients with ET
undergoing implantation of Vim-DBS (N = 5) or Vim-
thalamotomy (N = 14). These patients included ten
men (50 to 79 years old) and nine women (41 to
87 years old). Surgery was carried out on the right thal-
amus in 3 patients, and on the left in 16 patients. For
each patient, one to six trajectories were explored
(mean 3.3). A total of 142 neurons were studied with
nuclear locations as follows: Vo 21, Vim 97, and Vc 24.

Firing rates

As suggested by Fig. 1, Wring rates of neurons were sig-
niWcantly diVerent between neurons in diVerent nuclei
(F = 7.0, df = 2, P = 0.001, one-way ANOVA, Fig. 2a).
Post hoc testing (Tukey’s HSD) demonstrated that
Wring rates in Vc were signiWcantly lower than those in
Vo (P < 0.001) (Fig. 2). Theoretical studies suggest that
the neuronal Wring patterns will not respond to inhibi-
tory inputs unless the baseline Wring rate is greater than
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50 Hz (Smith and Sherman 2002). For neurons in Vo
the average Wring rates were signiWcantly less than
50 Hz (CI 8.5–33.2 s¡1), suggesting that inhibitory
events do not dominate their activity.

We next examined the primary event rate (see
Methods). Primary event rates were signiWcantly diVer-
ent between nuclei (F = 7.2, df = 2, P = 0.001, Fig. 2b).
This measure of basal Wring rates was signiWcantly
lower (P < 0.001, Tukey’s HSD) in Vc than in Vim.
The primary event rates in Vo were signiWcantly less
than 50 Hz (CI: 15.2–25.4 s¡1). The lower Wring rates
(Wring rate and primary event rate) suggest that neu-
rons in Vc are relatively less depolarized than neurons
in the other nuclei.

Bursting rates

Neurons in all three nuclei had burst rates greater
than zero (CI: Vo 0.17–0.39 s¡1, Vim 0.36–0.58 s¡1, Vc

0.34–0.90 s¡1). Burst rates were signiWcantly diVerent
between nuclei (F = 3.2, df = 2, P = 0.044, one-way
ANOVA, Fig. 3a). Burst rates were signiWcantly higher
in Vc than in Vo (P = 0.031, Tukey’s HSD). This diVer-
ence in the burst rate might be a result of higher Wring
rates leading to more frequent individual and grouped
short ISIs. In that case burst rates would be dependent
upon the basal Wring rate, and the ratio of burst rate to
primary event rate would not conWrm the inter-nuclear
diVerences identiWed by the burst rate.

The ratio of burst rate/primary event rate was sig-
niWcantly diVerent between nuclei (F = 12.2, df = 2,
P < 0.001, one-way ANOVA, Fig. 3b). The ratio was
signiWcantly higher in Vc than in either Vim
(P < 0.001, Tukey’s HSD) or Vo (P = 0.018). The
burst rates and ratios in Vc were higher than in the
other nuclei (Fig. 3). Therefore, the higher burst rate
in Vc does not depend upon the basal Wring rate,
which is lower in Vc.

Fig. 1 Spontaneous (eyes 
open) spike trains of a single 
neuron in Vo, Vim, and Vc. 
Each vertical tic indicates the 
occurrence of an action poten-
tial and each dot above the 
spike train indicates the 
occurrence of a burst, as iden-
tiWed by the criteria given in 
the Methods section: ‘Analy-
sis of Burst Activity’. The low-
est trace shows the raw Vc 
spike train which includes the 
burst between 4 and 5 s; 
shapes of the discriminated 
spikes are shown to the left. 
The calibrations are as indi-
cated
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Fig. 2 Firing rates for neurons in thalamic nuclei Vc, Vim, and
Vo. a The overall Wring rate for all action potentials occurring in
the spike train. b The primary event rate for all action potentials
not included in bursts except the Wrst action potential in each
burst. The plots are the mean with error bars of 2.39 £ SEM
(Bonferroni corrected experiment-wise error rate). See text
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Fig. 3 Burst rates for neurons in thalamic nuclei Vc, Vim and Vo.
a The burst rate. b The burst rate/primary event rate. This ratio
corrects for the tendency of spike trains with high Wring rates to
include groups of action potentials with short ISIs which might be
confused with LTS bursts. Other conventions as in Fig. 2 
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Pre-burst inhibition

The pre-burst ISI or silent period is a deWning property
of thalamic LTS bursts which we studied in order to
characterize thalamic bursts. We examined whether
pre-burst ISIs were signiWcantly diVerent from 100 ms
because a pre-burst inhibition of 100 ms is required to
produce a maximal LTS burst (Steriade et al. 1990).
The pre-burst ISIs were signiWcantly longer than
100 ms for all three nuclei (CI: Vo 118–329 ms, Vim
111–213 ms, Vc 174–650 ms). The pre-burst ISI was sig-
niWcantly diVerent between nuclei (F = 7.9, df = 2,
P < 0.001, one-way ANOVA, Fig. 4a). Post hoc testing
revealed that pre-burst ISIs were signiWcantly longer in
Vc than in Vim (P < 0.001, Tukey’s HSD). These
longer ISIs might result from slower Wring rates in Vc
as shown in Fig. 2. In that case the ratio of the pre-
burst ISI to the average ISI between bursts (inverse of
primary event rate) would not be signiWcantly diVerent
from 1.

We next tested whether this ratio was signiWcantly
diVerent between nuclei. The ratio of pre-burst ISI/
inverse of primary event rate was signiWcantly greater
than 1 for all neurons (CI: Vo 1.2–3.1, Vim 2.3–2.9, Vc
1.2–2.0). Therefore, we conclude that the pre-burst
inhibition for all nuclei was consistent with maximal
spontaneous LTS bursts.

The magnitude of the ratio of pre-burst ISI/inverse
of primary event rate may reXect the magnitude of the
pre-burst hyperpolarization (Jahnsen and Llinas
1984a). This ratio was signiWcantly diVerent (F = 6.4,
df = 2, P = 0.002, one-way ANOVA, Fig. 4b) between
nuclei. The post hoc testing revealed that the ratio of

pre-burst ISI/inverse of the primary event rate was
signiWcantly smaller in Vc than in Vim (P = 0.001,
Tukey’s HSD), although the pre-burst ISI was longer.
Therefore, the longer pre-burst ISIs in Vc (Fig. 4a) are
a reXection of the lower basal Wring rates in Vc perhaps
resulting from a greater level of hyperpolarization.

The number of action potentials in a LTS burst is a
function of the size of the underlying LTS (Jahnsen
and Llinas 1984a). The average number of action
potentials was not signiWcantly diVerent (F = 1.0,
df = 2, P = 0.377, one-way ANOVA) between neurons
in the diVerent nuclei. Therefore, the signiWcant inter-
nuclear diVerences in the pre-burst ISI and the ratio
did not result in signiWcant diVerences in the number of
action potentials per burst (Steriade et al. 1997; Sher-
man and Guillery 2001).

Discussion

The present study demonstrates that spontaneous
LTS bursting and signiWcant pre-burst inhibition
occur in human thalamic nuclei Vc, Vim and Vo. Neu-
rons in Vc had lower Wring rates. The LTS burst rate
and burst/primary event rate are higher in Vc while
the pre-burst ISI/inverse of primary event rate is
smaller in Vc. These results suggest that Vc neurons
are more hyperpolarized, while pre-burst inhibitory
events are more frequent but of lower magnitude.
Although Vo receives inhibitory (pallidal) inputs, it
has signiWcantly higher Wring rates and lower LTS
burst rates. These results demonstrate that the prop-
erties of spontaneous LTS bursting in Vc, Vim and
Vo of awake humans are characterized by complex
inter-nuclear diVerences.

Methodologic concerns

There are no human intracellular studies of spike burst
Wring patterns. Therefore we relied on the only primate
intracellular studies available which were carried out in
cynomologous monkey thalamic slice (Ramcharan
et al. 2000a, b). This study employed the 50-06-16 crite-
ria for identifying LTS bursting in primates (see Analy-
sis of Burst Activity in Methods section) (Ramcharan
et al. 2000a)

Most human studies have used the 20-6-15 criteria
(Lenz et al. 1994; Radhakrishnan et al. 1999; Jeanmo-
nod et al. 1996; Lenz and Dougherty 1998). Other cri-
teria have also been used to identify LTS bursting in
primates, such as the 100-4-4 and the present 50-06-16
criteria (Ramcharan et al. 2000a, b). These diVerent
criteria may have minimal eVect on the results since

Fig. 4 Indicators of pre-burst inhibitory events. a Pre-burst ISI. b
ratio of pre-burst ISI/inverse of the primary event rate which indi-
cates the extent to which the pre-burst ISI is shorter than non-
burst ISIs in the spike train. The ratio is an indicator of the
strength of inhibition. Conventions as in Fig. 2
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frequencies of LTS bursting are not signiWcant between
diVerent monkey thalamic neuron types and behav-
ioral states (Ramcharan et al. 2000b).

In the human literature LTS bursting was studied in
diVerent nuclei for each diagnosis, complicating the
interpretation of the eVect of inter-nuclear diVerences
in LTS bursting (Jeanmonod et al. 1996; Lenz et al.
1994). Therefore, we studied patients with an uncom-
plicated diagnosis of ET. Uncomplicated ET was cho-
sen because of the absence of symptoms other than
tremor, and the lack of complex abnormalities of the
central nervous system, unlike other diagnoses in
patients undergoing thalamic surgery (Deuschl et al.
1998; Elble 2002). Nevertheless, the higher basal Wring
rates in Vim may be consistent with the increased cere-
bellar ouXow in ET, although ET dependent activity in
Vim is minimal with the arm at rest, as in the present
study (Jenkins et al. 1993; Hua et al. 1998; Hua and
Lenz 2005; Molnar et al. 2005).

The thalamic Wring rates in patients with chronic
pain are very similar to those in patients ET, and both
patient groups were studied with the arm at rest. Fir-
ing rates, but not burst rates, of neurons in Vc, Vim
and Vop in patients with chronic pain are indistin-
guishable from the present rates in the corresponding
nuclei of patients with ET with the arm at rest (Lenz
et al. 1994, 2002). The Wring rates of neurons in Vim
and Vop in patients with chronic pain are not signiW-
cantly diVerent from each other, and are greater than
those in Vc of patients with chronic pain (Lenz et al.
2002), as in the present results. All these results
strongly suggest that Wring rates in Vim of patients
with ET are in the normal range when the arm is at
rest.

Mechanism of bursting activity

To test whether these bursts are the result of LTS we
examined the spike train for evidence of pre-burst inhi-
bition by measuring by the ratio of the pre-burst ISI/
inverse of the primary event rate. Neurons in all three
nuclei had average ratios signiWcantly greater than 1
which demonstrates signiWcant pre-burst inhibition
(Fig. 4). Maximal LTS occurs following a pre-burst
inhibition of 100 ms (Jahnsen and Llinas 1984a). In the
present study, bursts were selected by criteria which
required a pre-burst interval of greater than 50 ms.
Nevertheless, neurons in all nuclei had pre-burst silent
periods signiWcantly greater than 100 ms. This result
demonstrates the presence of pre-burst inhibition con-
sistent with maximal LTS in spontaneous LTS bursts
recorded in Vo, Vim and Vc (Jahnsen and Llinas
1984b; Ramcharan et al. 2000a).

DiVerences in LTS bursting between diVerent thalamic 
nuclei

Firing rates were lower in Vc than in Vim (Fig. 2) in
patients with ET with the arm at rest (Hua and Lenz
2005). In these patients Wring rates in Vim are said to
be approximately equal to those in Vop, consistent
with the present results (Fig. 2) (Molnar et al. 2005).
The present Wring rates might have been higher in Vim
with posture than with the arm at rest (Hua and Lenz
2005). The present results demonstrate that with the
arm at rest Wring rates are lower in Vc, perhaps as a
result of a hyperpolarized membrane potential.

As noted above, neurons in Vc have lower Wring
rates, and higher LTS burst rates, even after correction
for primary event rates (Fig. 2). This is consistent with
the Wnding that higher burst rates were found in mon-
key ventral posterior lateral nucleus of thalamus, cor-
responding to human Vc (Hirai and Jones 1989), than
in the lateral geniculate (Ramcharan et al. 2000b).
These results suggest that Vc is an outlier among tha-
lamic nuclei characterized by lower Wring rates, higher
LTS burst rates, and lower ratio of pre-burst ISI/
inverse of the primary event rate. Therefore, the higher
LTS burst rates in Vc may be the result of more fre-
quent, smaller, inhibitory events against a background
of hyperpolarization. The rate of bursting may also
vary between diVerent thalamic nuclei as a result of
inter-nuclear diVerences in the composition of proteins
mediating the properties of LTS conductances, such as
thresholds (Perez-Reyes 2003).

The most striking physiologic diVerence between the
nuclei studied in many species is the diVerence in non-
cortical inputs to Vo as compared with Vim and Vc
(Steriade et al. 1997). Based upon studies in a range of
non-human species, Vim and Vc receive excitatory
input from the deep cerebellar nuclei, and from the
dorsal column nuclei/spinal cord, respectively (Steri-
ade et al. 1997;Sherman and Guillery 2001). To the
contrary, primate and non-primate studies demon-
strate that the analogs of human Vo receive GABAer-
gic inputs from the internal pallidal segment.
Therefore we expected to Wnd lower Wring rates, higher
rates of LTS bursting and stronger pre-burst inhibition
in Vo versus Vim and Vc. However, we observed the
opposite.

Firing rates were higher and burst rates in Vo
(Fig. 3a) were lower than in Vc, even when corrected
for the primary event rate (Fig. 3b). The pre-burst ISI
and ratio of pre-burst ISI/inverse of the primary event
rate of neurons in Vo were not signiWcantly diVerent
from the other nuclei. These results suggest that activ-
ity in Vo is driven by dense excitatory cortico-thalamic
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inputs, while inhibitory pallidal inputs are modulators
(Steriade et al. 1997; Sherman and Guillery 2001).

Studies in behaving animals have examined baseline
Wring rates and behaviorally signiWcant activity in the
pallidal INPUT receiving zone in monkey VLa corre-
sponding to human Vo (Hirai and Jones 1989). The
results demonstrate that neither baseline Wring rates
nor movement-related activity is dominated by inhibi-
tory input (Anderson and Turner 1991). Modeling
studies have also demonstrated that inhibitory inputs
to the thalamus, like those from the internal pallidal
segment to Vo, will not inXuence the neurons with
Wring rates of less than 50 Hz (Smith and Sherman
2002). Firing rates in the neurons of Vo were signiW-
cantly less than 50 Hz, again suggesting that inhibitory
input does not drive neuronal activity in Vo.

SigniWcance of bursting

The present results contrast prior studies of the charac-
teristics of spontaneous LTS bursts between functional
classes within Vc. These classes were deWned by the
neuronal response to painful and non-painful, mechan-
ical and thermal stimuli (Lee et al. 2005). There were
no signiWcant diVerences between LTS burst rates or
between LTS bursts/principal event rates in diVerent
functional classes. Neither were there diVerences
between the characteristics of spontaneous LTS associ-
ated inhibitory events in diVerent functional classes
(Lee et al. 2005). In all functional classes, the pre-burst
ISIs were signiWcantly greater than 100 ms, and the
ratio of pre-burst ISI/inverse of the primary event rate
were signiWcantly greater than 1. Therefore, none of
these measures of spontaneous inhibitory events was
signiWcantly diVerent between functional classes in Vc.
In contrast, the present study showed signiWcant diVer-
ences in these same measures between nuclei. DiVer-
ences in LTS between human nuclei but not between
neuronal functional classes within one nucleus may be
a basic organizing principle for inhibitory circuitry and
events within and between thalamic nuclei.
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