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Slow Oscillation in Non-Lemniscal Auditory Thalamus

Jufang He
Department of Rehabilitation Sciences, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong, China

In the present study, we investigated the oscillatory behavior of the auditory thalamic neurons through in vivo intracellular and extra-
cellular recordings in anesthetized guinea pigs. Repeated acoustic stimulus and cortical electrical stimulation were applied to examine
their modulatory effects on the thalamic oscillation. The time course of the spike frequency over each trial was obtained by summing all
spikes in the onset period and/or the last time period of 100 or 200 msec in the raster display. Spectral analysis was made on the time
course of the spike frequency. A slow-frequency oscillation ranging from 0.03 to 0.25 Hz (mean � SD, 0.11 � 0.05 Hz) was found in the
medial geniculate body (MGB) together with a second rhythm of 5–10 Hz. The oscillation neurons had a mean auditory response latency
of 17.3 � 0.3 msec, which was significantly longer than that of the non-oscillation neurons in lemniscal MGB (9.0 � 1.5 msec, p � 0.001,
ANOVA) and similar to the non-oscillation neurons in the non-lemniscal MGB (17.6 � 5.4 msec, p � 0.811). They were located in the
non-lemniscal nuclei of the auditory thalamus. Cortical stimulation altered the thalamic oscillation, leading to termination of the
oscillation or to acceleration of the rhythm of the oscillation (the average rhythm changed from 0.07 � 0.03 to 0.11 � 0.04 Hz, n � 8, p �
0.066, t test). Acoustic stimulation triggered a more regular rhythm in the oscillation neurons. The present results suggest that only the
non-lemniscal auditory thalamus is involved in the slow thalamocortical oscillation. The auditory cortex may control the oscillation of the
auditory thalamic neurons.

Key words: corticofugal modulation; medial division of the medial geniculate body; electrical stimulation; in vivo intracellular recording;
dorsal division of the MGB; stimulus-induced oscillation

Introduction
Several commonly observed rhythms are related to the thalamo-
cortical loops: � wave, spindles, delta oscillation, and the slow
oscillation of 0.2– 0.5 Hz (Steriade et al., 1993a– d; Steriade,
2001a; Steriade and Timofeev, 2003). The spindle and slow oscil-
lations have been shown in neurons in the dorsal lateral genicu-
late body and in the ventroposterior nucleus of the thalamus,
respectively, with slice preparation (von Krosigk et al., 1993; Gol-
shani and Jones, 1999). Both the cortex and the thalamus have an
intrinsic capacity to generate oscillations of different frequencies
(Steriade et al., 1993e; Destexhe et al., 1993; Golshani and Jones,
1999; Bal et al., 2000), but the slow-wave oscillations in the EEG
are more likely to involve the corticothalamocortical loop (Ste-
riade et al., 1993a-d). Cortical feedback controls the thalamic
oscillation via the thalamic reticular nucleus (TRN) (Huntsman
et al., 1999; Bal et al., 2000; Blumenfeld and McCormick, 2000;
Golshani et al., 2001).

In the auditory system, Galambos and colleagues (1981) re-
ported a 40 Hz (�-band) oscillation from the human scalp, which
was suggested to be generated by recurrent corticothalamic oscil-
lation (Ribary et al., 1991) and was involved in novel stimulus
processing (Haenschel et al., 2000) and in speech and non-speech

discrimination (Palva et al., 2002). High-frequency oscillation
can be generated spontaneously in the cortex and evoked or in-
duced by acoustic stimuli (Galambos et al., 1981; Barth and Mac-
Donald, 1996; Brosch et al., 2002). They also can be modulated by
thalamic stimulation (Barth and MacDonald, 1996; Brett and
Barth, 1997). A 10 Hz (5–20 Hz) tone-evoked oscillation that
time-locked to tone onset was reported in the auditory cortex, the
medial geniculate body (MGB), and the TRN (Shosaku and
Sumitomo, 1983; Sally and Kelly, 1988; Eggermont, 1992; Bordi
and LeDoux, 1994; Cotillon et al., 2000). The slow oscillation has
been described in some dorsal thalamic nuclei, but not in the
auditory thalamus (Steriade et al., 1993b,c; Hughes et al., 2002).

The phenomenon of a single neuron responding to a repeated
stimulus with either no spike or a burst of discharges has been
reported previously in the auditory thalamus and cortex (Suga
and Horikawa, 1986; Hu et al., 1994; Hu, 1995; He and Hu, 2002).
After a prolonged period of observation with an extracellular
recording, we found a very slow rhythm of oscillation in sponta-
neous firings. An intracellular recording of thalamic neurons in
an in vivo preparation enabled us to examine the neuronal mem-
brane potential during acoustic stimulation, whereas the cortico-
thalamic pathway was activated by electrical stimulation of the
auditory cortex (Yan and Suga, 1996; He, 1997; Zhou and Jen,
2000). In the present study, we also investigated the repeated
auditory response and the corticofugal interaction of the auditory
thalamic neurons, in relation to the slow oscillation.

Materials and Methods
Animal preparation for extracellular recordings. Eighteen adult guinea pigs
served as subjects of the present study. Of them, seven had also been used
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in a previous study to investigate the corticofugal modulation of ascend-
ing information on the thalamus (He et al., 2002; He, 2003), nine had
been used in a study of OFF responsive properties (He, 2001, 2002), and
two had been used for both studies. Anesthesia was induced and main-
tained with ketamine/xylazine (40 and 10 mg/kg initially, 10 and 2.5
mg/kg/hr thereafter, i.m.) during the surgical preparation and recording.
The methodology has been described in detail previously (He, 2001; He
et al., 2002). Briefly, the subject was mounted in a stereotaxic device after
the induction of anesthesia. A midline incision was made in the scalp, and
craniotomies were performed to enable us to map the auditory cortex
and implant stimulation electrodes into it, and to access the MGB verti-
cally in the left hemisphere (He, 1997, He et al., 2002). The head was fixed
with two stainless steel bolts to an arm extended from the stereotaxic
frame using acrylic resin. The right ear was then freed from the ear bar, so
that the subject’s head remained fixed to the stereotaxic device without
movement.

Acoustic stimuli were generated digitally by a MALab system (Kaiser
Instruments, Irvine, CA), which was controlled by a Macintosh com-
puter (Semple and Kitzes, 1993; He, 1997). Acoustic stimuli were deliv-
ered to the subject via a dynamic earphone (Bayer DT-48; Bayer, Wup-
pertal, Germany) mounted in a probe. The sound pressure level (SPL) of
the earphone was calibrated over a frequency range of 100 Hz to 35 kHz
under computer control using a condenser microphone (0.25 inch; Brüel
and Kjær, Norcross, GA). The calibration was saved in the computer and
used to compensate for the output intensity for each frequency (Semple
and Kitzes, 1993). The subject was placed in a double-walled soundproof
room (NAP Silentflo, Clayton, Australia). Repeated noise bursts and
pure tones with a 5 msec rise/fall time were used to examine the neuronal
responses.

The MGB was accessed by a vertical approach with tungsten micro-
electrodes (9 –12 M�) in the stereotactically positioned subject, accord-
ing to a guinea pig brain atlas (Rapisarda and Bacchelli, 1977). The ver-
tical coordinate of the electrode was determined at a point slightly above
the cortical surface at the first penetration, and was kept throughout the
recording session. A single electrode was used for each experiment, so
that not only the mediolateral and the rostrocaudal, but also the depth
coordinates could be kept consistent over different penetrations during
the experiment. In other words, a single coordinate system applied to all
recording sites. This technique enabled us to reconstruct the physiolog-
ical map of the whole frontal or sagittal auditory thalamic plane contain-
ing multiple penetrations, and to superimpose it with Nissl staining (He,
2001). We could record from 17 frontal planes and five parasagittal
planes with an average of seven penetrations on each plane. Two planes
each were recorded from five subjects, one plane each from 12 subjects,
and only one penetration from one subject.

Animal preparation for intracellular recording. Ten guinea pigs served
as subjects for intracellular recording. Anesthesia was initially induced
with pentobarbital sodium (Nembutal 35 mg/kg, i.p.; Abbott Labs, Irv-
ing, TX) and maintained by supplemental doses of the same anesthetic
(�5–10 mg/kg/hr) during the surgical preparation and recording. The
procedures for the head fixation and the craniotomy of the subject were
the same as those for extracellular recording.

CSF was released through an opening on the back of the neck at the
medulla level. Artificial respiration was applied to the animal, both sides
of the animal’s chest were opened, and its body was hung up to reduce
vibrations of the brain caused by intrathoracic pressure.

We used a glass pipette as the recording electrode, filling it with 0.5 M

KCl (pH 7.6, 0.05 M Tris HCl buffer). The resistance of the electrode was
between 40 and 90 M�. The electrode was advanced vertically from the
top of the brain by the stepping motor. After the electrode was lowered to
a depth of 4 –5 mm, the cortical exposure was sealed using low-melting-
temperature paraffin. When the electrode was near or in the targeting
area, it was slowly advanced 1 or 2 �m per step.

The electrode recorded a negative value in the membrane potential
when it penetrated the membrane of a cell. After amplification, the mem-
brane potential as well as the auditory stimulus and the electrical stimu-
lation signals were stored on the computer with the aid of commercial
software (AxoScope; Axon Instruments, Foster City, CA) (Fig. 1 A,B). In

the present study, no current injections were made into the recorded
neurons.

Electrical stimulation. The tonotopic organizations of the auditory cor-
tex (the anterior and dorsocaudal auditory fields) were roughly mapped
for extracellular recording over nine subjects to identify the electrical
stimulation sites. To characterize the auditory cortex, we used 50 msec
tone pips (5 msec rise/fall time, �400 msec interval) and most often
recorded spikes from cell clusters rather than single cells. [The results
have been published previously (He et al., 2002; He, 2003).] An electrode
array consisting of three parallel electrodes was then implanted into the
auditory cortex. We used electrical current pulse trains of 0.1 msec width,
200 Hz frequency, and 30 pulses to activate the already mapped auditory
cortex (Edeline et al., 1994; He, 1997; He et al., 2002). Electrical currents
of 50 –200 �A were applied to the auditory cortex, ipsilaterally to the
recording thalamus through either a monopolar or bipolar low-
impedance electrode array. After a delay interval of 100 msec, a sound
stimulus was delivered to the contralateral ear of the recording hemi-
sphere after the end of the cortical stimulation (He, 1997, 2003).

Anatomical confirmation. Of 18 extracellular subjects, 12 were used for
the purpose of anatomical confirmation. We failed in perfusions or ter-
minated the experiments in the middle of the physiological study for the
remaining six subjects. In the present study, we did not confirm the
anatomical locations of recorded neurons with intracellular preparation.

For anatomical confirmation, a small lesion was made by passing a
current of 1.0 �A (20 sec) through the recording electrode (9 –12 M�) at
the end of the last recording penetration. The subjects were deeply anes-
thetized with sodium pentobarbital and perfused transcardially with
0.9% saline followed by a mixture of 2.5% paraformaldehyde and 0.4%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.3. The brains were dis-
sected free and stored overnight in a 0.1 M phosphate buffer containing
30% sucrose. The thalami were cut transversely using a freezing
microtome.

All sections of the 12 subjects were stained using the Nissl method. The
sections were superimposed on the physiology map, using the electrode
penetration tracks and the lesion for guidance. There was some shrinkage
of the sections after the Nissl procedure. Enlargements of 10 –13% of the
Nissl images were made to match them to the physiology maps.

Statistical analysis. Because the oscillation in the present study was very
slow, it required a long observation time. We set a long time window
(�80 sec) to monitor the neuronal activities in the present study. Raster
displays were used to show the long-time oscillation of the neuronal
spontaneous firing and their responses to auditory stimulus. We used
100 msec noise bursts (5 msec rise/fall time, �400 msec interval) as the
stimulus in testing the auditory responses of the oscillation neurons. The
temporal functions of the ON responses, as shown to the left of the raster
display in Figure 2 A, were drawn for all of the tested neurons. The ON
function in Figure 2 A was obtained by counting all of the spikes in the
first 100 msec peristimulus time for each trial and drawn as a function of
time. We also examined the temporal functions of the neuronal firing
rate of the last 200 msec (for those neurons with a stimulus interval �500
msec) or the last 100 msec (for those neurons with a stimulus interval of
400 msec), as an example shown to the right of Figure 2 A. The spikes
occurring during the last 200 msec of each trial were called after-stimulus
activities.

The spectra of the oscillation frequencies were calculated from the
neuronal firing rate over the long time course, using a fast-Fourier-
transform (FFT) algorithm, as shown in the bottom panel of Figure 2 A.
Because the FFT algorithm required a data set with data points of the nth
power of 2, we used either the first 64 or 128 data points in the present
study.

The cross-correlation of the temporal functions of the ON responses
and the after-stimulus activities was calculated over 14 neurons. An ex-
ample was shown in Figure 2 B, in which the cross-correlation was calcu-
lated over the lag time between the two temporal functions along the
y-axis in Figure 2 A.

The latency of the first spike of auditory response was calculated using
MALab software. Because many slow-oscillation neurons often showed
burst responses and no spikes to repeated auditory stimuli, we set a time
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window of between 5 and 50 msec to eliminate the error in detecting the
first spike to each trial of the stimulus.

ANOVA was performed to examine whether there were differences
among the latencies of oscillation neurons and the latencies of non-
oscillation neurons in various divisions of the auditory thalamus. Post hoc
tests of least significant difference were performed to detect the differ-

ences between the mean latency of the oscilla-
tion neuron and each of the mean latencies of
the responses in the various divisions. A paired
Student’s t test was performed to compare the
mean oscillation rhythms of the same group of
neurons without corticofugal alteration and
with corticofugal alteration. An unpaired Stu-
dent’s t test was performed to examine the dif-
ference in oscillation frequencies between neu-
rons in ketamine/xylazine-anesthetized animals
and in pentobarbital sodium–anesthetized ani-
mals. The results were considered significant at
the 95% confidence level ( p � 0.05).

Results
Slow oscillation
We studied the slow oscillation of 122 au-
ditory thalamic neurons, of which 62 were
adopted in the analysis for the oscillation
rhythm, being from 0.03 to 0.25 Hz
(mean � SD, 0.11 � 0.05 Hz). The neu-
rons in Figure 1A–D showed rhythms of
0.11, 0.06, 0.2, and 0.22 Hz, respectively.
The intracellular recordings showed that a
membrane oscillation is associated with
the change in spike frequency (Fig. 1A,B).
In the normal situation of the auditory
thalamic neurons, when the resting mem-
brane potential was between �55 and �70
mV, the firing frequency was always posi-
tively associated with the membrane po-
tential. When membrane was depolarized,
neurons showed an increased spontaneous
firing rate (Fig. 1) and an increased re-
sponse to the auditory stimulus (Xiong et
al., 2001). It was common to see another
oscillation rhythm of 5–10 Hz on the peak
phase of the slow oscillation wave (Fig.
1A,C,D, bottom rows).

Figures 2 and 3 show six more slow-
oscillation neurons. The raster display
shows the neuronal responses to a noise-
burst stimulus of 200 repeats and a 500
msec interstimulus interval. The slow os-
cillation can be seen only along the y-axis
of the raster display. Fluctuations in spike
frequency along the x-axis were beyond
the slow rhythm. The temporal functions
of the ON responses and the responses af-
ter a 300 msec peristimulus time are
shown to the left and right of the raster
display. FFT analyses were carried on the
temporal functions. The neuron in Figure
2 had an oscillation frequency of 0.11 Hz.
The neurons in Figure 3 had an oscillation
frequency range between 0.1 and 0.16 Hz.
All of the neurons in Figures 2 and 3 re-
sponded to auditory stimulation.

The spectrum analyses of the oscilla-
tion neuron in Figure 2 are shown below the raster display. The
response to the acoustic stimulus was either no spike or a burst of
spikes. The rhythmic oscillation was obvious in the temporal
functions for the ON responses and for the after-stimulus activ-
ities, shown on the left and right of the raster display, respectively.

Figure 1. Slow oscillation of auditory thalamic neurons. A, B, Intracellular recordings show a slow membrane oscillation of two
auditory thalamic neurons. A, The top row shows a rhythm of 0.11 Hz and the traces in the bottom row show stretched time traces
at two phases in the oscillation rhythm. The membrane potential and the scale of the potential are shown to the left of the traces.
C, D, Spontaneous firing rates of two neurons were recorded from the non-lemniscal MGB. Data were obtained through a MALab
software package from extracellular recording. The firing rates were calculated over the spike sequences over 10 msec bins. The
top traces show the slow oscillation and the bottom traces show the expanded time axis and a faster rhythmic oscillation with
burst firings. The scales of the firing rates are shown to the left of traces. The time scales are shown below the traces. The neurons
in C and D were located in the shell and in the rostromedial nuclei of the non-lemniscal MGB, respectively.
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The ON responses and after-stimulus activities of the oscillation
neurons showed a good cross-correlation, with a mean cross-
correlation efficient, r � 0.55 � 0.13 (n � 14, all with a confi-
dence level of 95%), as seen in Figure 2B, for which r � 0.66.

Response latency of the oscillation neurons
We have randomly sampled 29 auditory responsive neurons with
a clear slow oscillation, examples of which are shown in Figure
3A. Figure 3A, right, shows the raster displays of the first 50 msec
of the neuronal responses to auditory stimuli of the correspond-
ing neurons. All of the neurons in the figure had a relatively
longer latency than the average lemniscal neuron, which was �10
msec (He, 2002). The mean latency of the first spikes of the au-
ditory responses calculated was 17.6 � 5.4 msec (n � 29; range,
12.4 – 40.4 msec). The shortest latency was �12 msec. The audi-
tory response latency of the oscillation neurons was compared
with that of the non-oscillation neurons in the lemniscal and
non-lemniscal nuclei of the MGB, as shown in Figure 3B. The
data on the non-oscillation neurons were sampled from data
presented elsewhere (He, 2002). They were collected from the
same group of subjects used in the present study.

The latency of the oscillation neurons showed a significant
difference of 8.6 msec ( p � 0.001, ANOVA) with that of the
neurons sampled from the central core of the lemniscal MGB
(central MGv) and a significant difference of 4.5 msec ( p � 0.01,
ANOVA) with that of the neurons from the border region of the
MGv. However, the difference of the latencies of the oscillation
neurons and of the non-oscillation neurons sampled from the
non-lemniscal MGB was very small and statistically not signifi-
cant (0.3 msec, p � 0.811).

Location of the oscillation neurons
As mentioned in Materials and Methods, the extracellular re-
cordings were obtained from the experimental subjects, the re-
sults for other purposes of which have been published previously
(He, 2001, 2002, 2003; He and Hu, 2002; He et al., 2002). Neu-
rons recorded from the 12 subjects could be localized with ana-
tomical confirmation of multiple penetration lesions and/or elec-
trical lesions. Neurons from two subjects, for which physiological
results were carefully mapped over 13 and 24 penetrations, were
estimated based on the physiological maps (one of which is
shown in Fig. 4 of He, 2001).

Of a subset of the oscillatory neurons (n � 106), whose loca-
tions could be examined using their physiological map and/or
anatomical map, 29 were located in the shell nucleus (MGs), 23 in
the caudomedial nucleus (MGcm), 15 in the rostromedial nu-
cleus (MGrm), 23 in the dorsal nucleus (MGd), and 16 on the
border between the ventral nucleus (MGv) and other nuclei. No
oscillation neurons were found in the central region of the MGv.
Figure 4 shows the spatial locations of the oscillation neurons in
three subjects. In summary, all of the oscillation neurons were
located in the non-lemniscal nuclei or on the border regions
between the lemniscal and non-lemniscal nuclei of the MGB. The
raster display shown in Figure 4B was an ON–OFF neuron, which
typically appeared on the border of the lemniscal and non-

Figure 2. The extracellular recording of a slow-oscillation neuron. A, The raster display
shows the neuronal response to a repeated noise-burst stimulus of 100 msec duration, a 500
msec interval, and 200 trials. The raster display (i.e., the time of the occurrence of the spike
relative to delivery of the stimulus) was stored in the computer used as the stimulus controller
by the MALab software. The number of spikes of the ON responses acoustically evoked during
each trial is shown as a function of the trial (temporal function) on the left of the raster display.
The number of spikes occurring during the last 200 msec of each trial (after-stimulus activities)
is shown on the right. The time windows during which the spikes in the temporal functions were

4

counted are shown with arrowheads below the raster display. The spectral analyses of the ON
responses and the after-stimulus activities are shown below the raster display. The spectra were
calculated with an FFT algorithm over the temporal functions. The acoustic stimulus was a
repeated noise burst 100 msec in duration and an SPL 60 dB in intensity. The neuron was located
in the shell nucleus of the non-lemniscal MGB. B, Cross-correlation between the temporal func-
tion of the ON response and that of the after-stimulus activities.
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lemniscal nuclei, or in the non-lemniscal nuclei (He, 2001, 2002).
The neuron in the lowest row of Figure 3A was also an ON–OFF
neuron. Some oscillation neurons showed a very weak auditory
response, as seen in Figure 3A, fourth row.

Corticofugal alteration of the thalamic oscillation
The slow oscillation of the thalamic neuron can be altered by the
activated corticofugal pathway, as seen in the examples shown in
Figure 5A and B. Electrical stimulation of the primary auditory
cortex produced slow EPSPs or slow IPSPs in some thalamic
neurons or TRN neurons (Fig. 5A). The slow EPSPs depolarized
the oscillating neuron while it was in the hyperpolarized phase
(Fig. 5A, bottom). Of 17 neurons examined, the oscillations of
seven were disrupted (Fig. 5A) and the oscillations of eight were
altered, whereas the auditory cortex was stimulated with trains of
stimulus pulses. Of these eight neurons, the frequencies of oscil-
lation of six increased (Fig. 5B) and two decreased. Their average
rhythm changed from 0.07 � 0.03 to 0.11 � 0.04 Hz (n � 8, p �
0.066, t test) after stimulation of the auditory cortex.

Repeated acoustic stimulus induces a better
oscillation rhythm
Acoustic stimulation can also modulate the frequency of oscilla-
tion. All four of the neurons examined showed such changes,
with a more regular rhythm, after repetitive acoustic stimulation.
An example is shown in Figure 6. The spontaneous firing of the
neuron (Fig. 6, left) shows an oscillation in the raster display,
whereas the rhythm became clearer in the Figure 6, right, where a
repetitive acoustic stimulus was applied. It is not difficult to iden-
tify a better oscillation rhythm in Figure 6, right, than in Figure 6,
left, in the time course of the spike-number traces for the last 100
msec of the stimulus interval, shown on the right of each raster
display. Spectral analyses of the spike-number traces as indicated
in Figure 6 revealed a narrower peak after the induction of the
acoustic stimulus, suggesting a more regular rhythm. However,
its main rhythm (0.20 Hz) did not seem to change.

Anesthetic effect on the oscillation rhythm
There was a significant frequency difference (0.058 Hz, p � 0.001,
t test) between neurons in the ketamine/xylazine-anesthetized
animals (0.122 � 0.046 Hz, n � 49 neurons) and in the pento-
barbital sodium–anesthetized animals (0.065 � 0.024 Hz; n � 13
neurons).

Tone-evoked �- and �-oscillation lasts for a period of �1 sec
(Cotillon et al., 2000; Haenschel et al., 2000). However, the slow
oscillation of 0.03– 0.25 Hz was observed in the present study to
have lasted for over 13 min.

4

Figure 3. Auditory responses and the mean latency of thalamic oscillation neurons. A, The
raster displays of 50 sec each of five neurons in the left panel were sampled from their responses
to a repeated noise-burst stimulus. The right panel shows the auditory responses of the first 50
msec for each corresponding neuron in the left panel. The duration of the noise burst shown
under the lowest raster display applies to all the neurons above. The time scale shown below the
lowest raster displays and on the left likewise applies to all. The neurons in up– down order
were sampled from the caudomedial, caudomedial, shell, shell, and rostromedial nuclei of the
non-lemniscal MGB, respectively. B, Mean latency of the first spikes of 29 oscillation neurons
compared with the mean latency of the non-oscillation neurons in the lemniscal and non-
lemniscal MGB. The data of the non-oscillation neurons were sampled from data presented
previously (He, 2002). They were collected from the same group of subjects. The numbers in the
bars show the mean latencies. n, Sampling size. *p � 0.01 (ANOVA); **p � 0.001; n.s., not
significant ( p � 0.811).
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Discussion
Slow oscillation
The slow oscillation frequencies of between 0.1 and 1 Hz (mostly
between 0.5 and 0.9 Hz) that have been reported previously (Ste-
riade et al., 1993a– d) are related to slow-wave sleep and are also
affected by anesthetic. A lower rhythm has been reported for

urethane anesthesia compared with ketamine (Steriade et al.,
1993b). In the present study, the oscillation frequency was even
lower, from 0.03 to 0.25 Hz; it was also dependent on the anes-
thetic. The frequency slowed down when we shifted the anes-
thetic from ketamine/xylazine to sodium pentobarbital. The os-
cillations were then believed to be slow-wave oscillations.

In the auditory system, � (20 – 80 Hz) and � (5–20 Hz) oscil-
lations have been reported and could be either spontaneously
generated or auditorily evoked/induced (Galambos et al., 1981;
Shosaku and Sumitomo, 1983; Sally and Kelly, 1988; Ribary et al.,
1991; Eggermont, 1992; Bordi and LeDoux, 1994; Barth and
MacDonald, 1996; Cotillon et al., 2000; Brosch et al., 2002; Palva
et al., 2002; for detailed definitions of varied oscillations,
see Castro-Alamancos and Connors, 1997). Recently, Cotillon-
Williams and Edeline (2003) observed a stimulus-evoked oscilla-
tion of 5–15 Hz in an anesthetized rat and a non-stimulus-locked

Figure 4. Spatial locations of the oscillation neurons in the auditory thalamus. A–C, Maps of
multiple penetrations of physiological recordings were superimposed with the Nissl staining of
frontal sections. Ovals indicate the locations of oscillation neurons. Electrode tracks and the
lesions were used as landmarks to match the physiological map with the Nissl staining. In A and
C, the lesion indicated with the arrowheads was made at the last recording penetration. Four-
teen penetrations were made on the same frontal plane shown in A. Because the subject was
also used for other purposes and the method has been described previously (Fig. 3 of He, 2001),
we superimposed only the minimum amount of physiological information onto the Nissl section
here. In B, three penetrations were made on the frontal plane (partial results were presented in
Fig. 5B of He et al., 2002). In C, the lesion was made after we recorded an oscillation neuron in
the first penetration. Only one penetration was made on this subject. A raster display of the
auditory response of an oscillation neuron to a repetitive auditory stimulus was sampled from
each of subjects B and C and shown on the right side of the maps. The auditory stimulus for the
raster display in B and C was a noise burst of 100 msec duration and 60 dB SPL intensity.
Numbers represent the best frequencies. W, Weak auditory response; N, no response; B after a
number, broad tuning; OFF, OFF response; ON-OFF, ON-OFF response; ML, mediolateral; RC,
rostrocaudal; M, medial; D, dorsal. Scale bar, 0.5 mm.

Figure 5. Thalamic oscillation altered by the corticofugal modulation. A, An intracellular
recording shows that the thalamic oscillation was terminated, whereas the electrical stimula-
tion of the auditory cortex was turned on. The bottom panel shows the time-axis expanded from
when electrical pulses were applied to stimulate the cortex. Arrowheads indicate the pulse
trains of the electrical currents applied to the auditory cortex. The electrical stimulation current
was 200 �A. B, Raster displays show the neuronal responses to a repeated auditory stimulus.
The neuron was located in the caudomedial nucleus of the non-lemniscal MGB. Left, Only
auditory stimulus was given to the subject; right, the auditory cortex was activated 100 msec
before the auditory stimulus was delivered to the subject. The rhythm became faster when the
cortex was stimulated. The ellipses indicate the peak phases of the slow oscillation waves. The
electrical stimulation current was 100 �A.
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oscillation in a slow-wave-sleep rat, but no oscillations in waking
and paradoxical sleep animals. Together with the present finding
and that of Steriade and colleagues (1993b), the results suggest
that the frequency of oscillation is anesthesia- and state-
dependent. Slow oscillation characterizes slow-wave sleep and
fast rhythms occur during waking and REM sleep (Steriade and
Timofeev, 2003). However, this is the first report of a slow oscil-
lation in the auditory system.

The slow oscillation is believed to be generated in the neocor-
tical network (Steriade et al., 1993d,e). The thalamus not only
participates in the slow oscillation, but also actively shapes the
sleeping oscillation (Steriade et al., 1993b, c; Contreras and Ste-
riade, 1995; Contreras et al., 1996). A recent in vitro study by
Hughes and colleagues (2002) showed that a slow oscillation can
be obtained intrinsically from the thalamocortical neurons by
activating the metabotropic glutamate receptors. The activation
of the corticothalamic pathway can modulate thalamic firing
through metabotropic glutamate receptors (McCormick and von
Krosigk, 1992). The observation that cortical neurons continue
to generate sustained periods of action potentials during sleep
supports the view that the metabotropic glutamate receptors are

substantially activated (Steriade et al.,
2001; Hughes et al., 2002). The present
study has shown that the thalamic slow os-
cillation can be terminated by cortical ac-
tivation. Combined with the in vitro and in
vivo results, we may speculate that the cor-
tex initiates the slow oscillation, the thala-
mus participates and further develops it to
a global attribute (Contreras and Steriade,
1995; Contreras et al., 1996; Hughes et al.,
2002), and the cortex terminates it.

The TRN neurons are supposedly in-
volved in the tone-evoked oscillation (Co-
tillon et al., 2000) and in slow and spindle-
like oscillations (Steriade et al., 1993b,c;
Contreras et al., 1996; Grenier et al., 1998;
Golshani and Jones, 1999; Steriade,
2001a). In a slice experiment of GABAA-
receptor �3 knock-out mice, Huntsman
and colleagues (1999) found that the oscil-
latory synchrony had dramatically intensi-
fied, suggesting that the reticular nucleus is
very much involved in the regulation of
the oscillation.

The peak amplitude of corticothalamic
EPSCs is �2.5 times higher in the TRN
neurons, compared with thalamocortical
neurons (Golshani et al., 2001; Liu et al.,
2001). This indicates that the corticofugal
fibers to the TRN neurons have a stronger
control over the excitability of the TRN
neurons (Steriade, 2001b). The TRN neu-
rons extend dendrites within the thin re-
ticular sheet, which enable them to receive
projections from a wide cortical region,
and project to widespread areas in the
ventroposterior nucleus of the thalamus
(Liu et al., 1995). These, together with
the results of other studies, lead to the
reasonable conclusion that the control
of the thalamus via the TRN is wide-
spread (Jones, 1975, 1985; Ohara et al.,

1980; Yen et al., 1985; Liu et al., 1995; Bourassa et al., 1995;
Cox et al., 1997; Crabtree, 1998; Crabtree and Isaac, 2002).

Oscillation in the non-lemniscal MGB
A major finding of the present study was the localization of the
oscillation neurons in the auditory thalamus. All of the oscillation
neurons whose locations could be confirmed anatomically were
located in the non-lemniscal MGBs or on the border region of the
lemniscal and non-lemniscal MGBs.

All randomly sampled, oscillation neurons had a long latency
of auditory response (�12.4 msec). The mean latency of the os-
cillation neurons was significantly longer than that of the non-
oscillation neurons in the lemniscal MGB and similar to that of
the non-oscillation neurons in the non-lemniscal MGB. It has
been well documented that non-lemniscal MGBs show a greater
latency than lemniscal MGBs (Calford, 1983). The result of the
longer responsive latency of the oscillation neurons would agree
with the anatomical location in the non-lemniscal MGBs.

Some oscillatory auditory neurons showed burst-like patterns
(Figs. 2, 3, and 4). Burst-firing patterns can be observed in both
lemniscal and non-lemniscal MGBs but are more often seen in

Figure 6. The rhythm of the thalamic oscillation improved by a repeated auditory stimulus. Top, Raster displays of the spon-
taneous firing (left) and the responses to repeated acoustic stimulus of a noise burst of 100 msec duration and 60 dB SPL intensity
(right). The time courses of the firing rate of the last 100 msec duration (spike-trial function), as indicated below the raster
displays, are shown to the right of the displays. The lower panel shows the frequency analyses of the spike-trial functions for both
conditions. The neuron was located in the rostromedial nucleus of the non-lemniscal MGB.
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the non-lemniscal nuclei and on the border region between the
lemniscal and non-lemniscal nuclei of the MGB (Hu, 1995;
Mooney et al., 1995; He and Hu, 2002). The present result ex-
plains the previous observation that these neurons may show
either no spike or a burst of spikes in response to auditory stimuli
(Suga and Horikawa, 1986; Hu et al., 1994; Hu, 1995; He and Hu,
2002).

Because OFF/ON–OFF neurons are located only in non-
lemniscal MGBs and the border regions between the lemniscal
and non-lemniscal MGBs (He, 2001), that some oscillation neu-
rons in the present study showed an ON–OFF response (Figs. 3, 4,
and 6) would strengthen our finding that the oscillation neurons
are located in non-lemniscal MGBs and the border regions be-
tween the lemniscal and non-lemniscal MGBs.

It has been suggested that the parallel pathways via the lem-
niscal and non-lemniscal nuclei of the MGB are functionally seg-
regated. The non-lemniscal MGB neurons show long latency,
burst firing, broad/non-frequency-tuning, non-tonotopic orga-
nization, OFF responses, interaction with the limbic system, and
multimodal responses (de Ribaupierre and Toros, 1976;
Andersen et al., 1980; Calford 1983; Calford and Aitkin, 1983;
Imig and Morel, 1983, 1984, 1985; Hu, 1995; Kosaki et al., 1997;
He et al., 1997; Rauschecker et al., 1997; He and Hashikawa, 1998;
He, 2001; He and Hu, 2002). Our recent study showed that cor-
tical activation switched off the ON responses of the non-
lemniscal MGB neurons and facilitated the responses of lemnis-
cal MGB neurons in the guinea pig (He et al., 2002; He, 2003).

The frequency of the second rhythm in Figure 1 is similar to
that of the tone-evoked 10 Hz oscillation in the auditory cortex,
MGB, and TRN (Shosaku and Sumitomo, 1983; Sally and Kelly,
1988; Eggermont, 1992; Bordi and LeDoux, 1994; Cotillon et al.,
2000), and to that of the spindle oscillation (7–14 Hz) found in
other parts of the thalamus (Hu et al., 1989a,b; Huguenard and
Prince, 1992; Contreras and Steriade, 1996; Terman et al., 1996).
Spindle oscillation, which is believed to be generated at the tha-
lamic level, can be triggered and controlled by cortical and brain-
stem stimulations (Mulle et al., 1986; Hu et al., 1989a; Huguenard
and Prince, 1992, 1994; Contreras and Steriade, 1996; Terman et
al., 1996; Blumenfeld and McCormick, 2000). However, the
mechanism of the second rhythm needs additional investigation.

Possible functional implications
Although no major differences in intrinsic membrane features or
synaptic responses between the lemniscal and non-lemniscal nu-
clei of the MGB were observed in in vitro slice preparations (Bar-
tlett and Smith, 1999), the dorsal division of the non-lemniscal
MGB receives many GABAergic giant axon terminals, whereas
the lemniscal MGB is void of those terminals (Huang et al., 1999;
Winer et al., 1999). The giant GABAergic axons are probably
from the RTN neurons (He, 2003). In comparison, the lemniscal
MGB receives a much stronger direct corticothalamic projection
than does the non-lemniscal MGB (Winer and Larue, 1987).

The medial division (MGm) of the non-lemniscal MGB
projects to all auditory fields and other sensory cortical fields,
whereas the lemniscal nucleus projects only to the primary audi-
tory field (Winer et al., 1977; Andersen et al., 1980; Winer and
Morest, 1983; Imig and Morel, 1983, 1984). The MGm also
projects to and receives input from the amygdala and the basal
ganglia (Wepsic and Sutin, 1964; LeDoux et al., 1990; Cruikshank
et al., 1992; Shinonaga et al., 1994). The cortical projection of the
lemniscal MGB is mainly to cortical layers IV and IIIb, whereas
the MGm projects primarily to layer I of the auditory cortex
(Sousa-Pinto, 1973; Jones and Burton, 1976; Mitani et al., 1984;

Niimi et al., 1984; Winer, 1992; Hashikawa et al., 1995). Layer I
consists of mainly neuropil development and few neurons
(Winer, 1992). Of the neurons, �90% are GABAergic, and no
pyramidal neurons are found (Winer and Larue, 1989; Prieto et
al., 1994). Many dendritic profiles in layer I are from the pyrami-
dal neurons in layers II–V, suggesting that possible direct facili-
tation and/or indirect inhibition (via the layer I GABAergic neu-
rons) from layer I may reach most of the other layers of the cortex
(Winer, 1992). The MGm consists of large and deeply Nissl-
stained cells that project diffusely to layer I of the entire auditory
cortex, hinting at a power to adjust the total activity of the audi-
tory cortex (Winer and Morest, 1983; Redies et al., 1989; He,
2003).

The present results suggest one more function of the non-
lemniscal MGB, the involvement of the global alertness of the
auditory cortex or an even wider region of the brain, because the
slow oscillation was associated with drowsiness and slow-wave
sleep (Steriade et al., 1993a). The in vivo intracellular recording of
the slow-oscillation neurons of the present study showed that the
oscillation could be terminated by cortical stimulation. We also
confirmed that positive interactions of the corticofugal pathway
could either terminate or accelerate the oscillation. In conclu-
sion, only the non-lemniscal MGB is involved in the slow
thalamocortical oscillation and can thus control the global alert-
ness of the auditory and related cortices.
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