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Slow oscillations at frequencies ⬍1 Hz manifest in many brain regions as discrete transitions between a depolarized up state and a
hyperpolarized down state of the neuronal membrane potential. Although up and down states are known to differentially affect sensoryevoked responses, whether and how they are modulated by sensory stimuli are not well understood. In the present study, intracellular
recording in anesthetized guinea pigs showed that membrane potentials of nonlemniscal auditory thalamic neurons exhibited spontaneous up/down transitions at random intervals in the range of 2–30 s, which could be entrained to a regular interval by repetitive sound
stimuli. After termination of the entraining stimulation (ES), regular up/down transitions persisted for several cycles at the ES interval.
Furthermore, the efficacy of weak sound stimuli in triggering the up-to-down transition was potentiated specifically at the ES interval for
at least 10 min. Extracellular recordings in the auditory thalamus of unanesthetized guinea pigs also showed entrainment of slow
oscillations by rhythmic sound stimuli during slow wave sleep. These results demonstrate a novel form of network plasticity, which could
help to retain the information of stimulus interval on the order of seconds.

Introduction
Slow oscillations of neuronal membrane potential between the
up and down states at frequencies ⬍1 Hz have been observed in
various regions of the brain during slow wave sleep (Steriade et
al., 1993a; Timofeev et al., 2001) or under anesthesia (Steriade et
al., 1993b,c; Wilson and Kawaguchi, 1996; Anderson et al., 2000;
Petersen et al., 2003; Sachdev et al., 2004). Even in awake animals,
similar membrane potential fluctuations have been observed
(Timofeev et al., 2001; Kitano et al., 2002; Petersen et al., 2003),
but the durations of the up and down states tend to be shorter,
typically on the order of tens of milliseconds (Steriade et al.,
1993a; Timofeev et al., 2001; Destexhe and Sejnowski, 2003).
Slow oscillations in many brain regions interact strongly with
sensory-evoked responses (Arieli et al., 1996; Petersen et al., 2003;
Sachdev et al., 2004). For example, recordings from anesthetized
or awake rats showed that whisker stimulation evoked larger depolarizing postsynaptic potentials and more spikes in cortical
cells in the down state than in the up state (Petersen et al., 2003;
Sachdev et al., 2004). In anesthetized cat V1, however, visual
stimuli evoked larger depolarizations and more spikes in the neuReceived Dec. 2, 2008; revised March 8, 2009; accepted April 2, 2009.
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rons that were already depolarized (Azouz and Gray, 1999). Thus,
slow membrane potential oscillations can significantly affect sensory information processing, in a manner that varies among different sensory circuits. Conversely, sensory stimulation can also
affect the temporal pattern of slow oscillations. For example, visual stimulation increased the duration of the up state in cat
cortical neurons (Anderson et al., 2000), and air-puff stimulation
of the rat vibrissae evoked either up-to-down or down-to-up
membrane potential transition in cerebellar Purkinje cells (Loewenstein et al., 2005; Schonewille et al., 2006). In the auditory
thalamus, slow oscillations of neuronal activity have been observed in anesthetized animals, and extracellular recordings
showed that repetitive sound stimulation could elicit regular oscillations of thalamic neurons (He, 2003). Although the interactions between sensory stimulation and ongoing network oscillations are likely to play important roles in various brain functions,
experimental characterization of these interactions remains
incomplete.
In the present study, we performed in vivo recordings in both
anesthetized and unanesthetized animals to examine the effect of
rhythmic sound stimuli on slow oscillations of auditory thalamic
neurons. Intracellular recordings from nonlemniscal thalamic
neurons in anesthetized guinea pigs showed that the transition of
membrane potentials from up to down state could rapidly timelock to the rhythmic sound stimuli with interstimulus intervals
(ISIs) on the order of seconds. Extracellular recordings showed
that such entrainment of slow oscillations also occurred in the
auditory thalamus of unanesthetized guinea pigs during slow
wave sleep. Furthermore, we found that after termination of the
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sound stimulation, the regular up/down transitions at the entrained interval persisted for tens of seconds, and the efficacy of
sound stimuli in evoking up to down membrane potential transitions was enhanced specifically at the entrained interval for at
least 10 min. These findings suggest that slow oscillations in the
auditory thalamus may help to retain the information of rhythmic stimulus intervals on the order of seconds.

Materials and Methods
Animal preparation. Adult guinea pigs (8 –10 weeks, 350 –700 g) were
used in this study. For intracellular recordings, animals were initially
anesthetized with pentobarbital sodium (Nembutal, 40 mg kg ⫺1, i.p.;
Abbott Laboratories) and maintained by the same anesthetic (5–10 mg
kg ⫺1 h ⫺1) during the surgical procedure and recording. The animal was
then paralyzed with Gallamine triethiodide (initially 50 mg kg ⫺1, maintained at 5–10 mg kg ⫺1 h ⫺1, i.m.) and artificially ventilated with a respirator. After mounted in a stereotaxic device, a craniotomy was performed to enable access to the medial geniculate body (MGB) in the right
hemisphere, and CSF was released at the medulla level. Throughout the
intracellular recording experiment, the core body temperature
(37–38°C), heart rate, and electroencephalogram (EEG) were continuously monitored to assess the level of anesthesia.
For extracellular recordings, adult guinea pigs were anesthetized with
a mixture of ketamine (40 mg/kg, s.c.) and xylazine (10 mg/kg, s.c.) for
the surgical implantation of tetrodes on a stereotaxic apparatus (Narishige). A small craniotomy was made on top of the MGB in the right
hemisphere [Bregma coordinate (⫺5.6, ⫹4.0)], followed by removal of
the dura. The tetrode was slowly lowered with a microdrive (Narishige)
into the MGB, and neural activity was monitored to help ensure proper
placement of the tetrode. Sterile agar (4% in saline) and dental cement
were applied onto the craniotomy and the electrode socket to fix the
electrode with two screws on the left parietal skull. Two other stainless
screws were implanted in the left frontal and left parietal skull to record
EEG. An electromyogram (EMG) wire was implanted in the dorsal neck
muscles. After the surgery, the guinea pig was transferred to a recovery
cage, and buprenorphine (0.15 mg/kg s.c. every 8 h) was administered, if
necessary. The animal use protocol was approved by the Animal Use
Committee of Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences.
Intracellular recordings in anesthetized animals. Intracellular recordings from auditory thalamic neurons were performed with sharp glass
micropipettes. In the majority of experiments, the pipettes were filled
with 3.0 M K ⫹ acetate (KAc, 3.0 M, pH 7.6); in a subset of experiments for
examining ionic mechanisms of membrane potential oscillations, cesium
acetate (CsAc, 3.0 M) or K ⫹ chloride (KCl, 1.0 M) was used. The electrode
(resistance, 40 –90 M⍀) was advanced vertically with a motorized manipulator (Narishige). 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 target area, it was slowly
advanced at 1 or 2 m per step. The electrical signals were amplified by an
Axon 2A amplifier (Molecular Devices), digitalized by DIGIDATA converter board (1322A; Molecular Devices), and then stored in the computer with the AxoScope software. Data from neurons with resting membrane potential below ⫺50 mV and spontaneous spike amplitude ⬎50
mV were included in the study.
Extracellular recordings in unanesthetized animals. A tetrode made
from nichrome microwires (California Fine Wire) was implanted in the
MGB of the right hemisphere for extracellular recording of neuronal
activity in free-moving adult guinea pigs (see above). After 5–7 d of
accommodation, extracellular recordings of MGB neurons were performed in a soundproof box, where the guinea pig could move freely. In
some experiments, multiunit spiking activities and local field potentials
(LFPs; with a 0.1–200 Hz band filter) were recorded simultaneously. The
electrical signals (including EEG and EMG) were amplified by a TuckerDavis Technologies (TDT) Medusa multichannel amplifier (TuckerDavis Technologies), digitalized, and analyzed with the pClamp software
(Molecular Devices).
Data analysis. To determine the mean membrane potentials of the up

and down states for each thalamic cell, histograms of membrane potential distribution over a randomly selected 25 s recording period were
constructed, and the two peaks in the distribution were used as the mean
membrane potentials for the up and down states. The transitions between the up and down states were detected using a method described
previously (Loewenstein et al., 2005). In brief, two thresholds were set at
one-fourth and three-fourths of the distance between the mean membrane potentials. When the membrane potential rose above the lower
threshold, a down-to-up transition was registered; when the membrane
potential fell below the upper threshold, an up-to-down transition was
registered. The duration of each state was defined as the time between
each pair of consecutive transitions. The mean up- and down-state durations of each cell were computed by averaging over a continuous recording of 25–940 s.
Data are presented as mean ⫾ SEM, unless otherwise indicated, and
statistical significance was tested with paired t test in most cases. For data
with abnormal distributions, statistical significance was tested with Wilcoxon signed-rank test instead.
Sound stimulation. Sound stimuli were generated digitally by a TDT
system (Tucker-Davis Technologies) and delivered either to the left ear
of the anesthetized animal through an ear bar containing a drilled hole or
to the open field speakers in the box for the awake animal. The sound
pressure level (SPL) was calibrated with a condenser microphone (Center Technology) over the frequency range of 100 Hz to 35 kHz. Noise
bursts (over the entire frequency range, duration 200 ms) were used as
experimental stimuli. The experiments were performed in a soundproofed room or box.
Anatomical studies. To confirm the location of the recorded neuron,
the recording electrode was filled with 1–2% neurobiotin (VectorLaboratories) in 3.0 M KAc. Neurobiotin was injected into one or two neurons
in each animal by passing depolarizing pulses (2 nA, 150 ms/pulse at 3.3
Hz for 1– 4 min) after the recording. A total of nine animals were used for
anatomical confirmation. After the tracer injection, the animal was
deeply anesthetized with sodium pentobarbital (40 mg kg ⫺1) and perfused transcardially with 0.9% saline followed by a mixture of 4% paraformaldehyde in a 0.1 M phosphate buffer, pH 7.3. The brains were removed and postfixed in 4% paraformaldehyde overnight, then
transferred to a 0.1 M phosphate buffer containing 30% sucrose. The
thalamus and the brainstem were cut transversally using a freezing microtome (Leica) at a thickness of 50 m. Serial sections of the thalamus
were collected in 0.01 M potassium PBS (KPBS), pH 7.4, and incubated in
0.1% peroxidase-conjugated avidin-D (Vector Laboratories) in KPBS
with 0.5% Triton X-100 for 4 – 6 h at room temperature. After detection
of peroxidase activity with 3⬘, 3⬘-diaminobenzidine (DAB), sections were
examined under the microscope and photographed. Those sections containing labeled neurons were mounted on gelatin-coated slides and
counterstained with Neutral Red (1%; Sigma).

Results
Bistable membrane potentials of auditory thalamic neurons
in vivo
Neuronal activity in the auditory thalamus of anesthetized adult
guinea pigs was recorded intracellularly with sharp electrodes.
Approximately two-thirds of the 174 recorded neurons exhibited
spontaneous slow membrane potential oscillations between the
up and down states (Fig. 1 B), resulting in a bimodal membrane
potential distribution (Fig. 1C) (Wilson and Kawaguchi, 1996;
Timofeev et al., 2001; Petersen et al., 2003). Spiking occurred
primarily at the up state (Fig. 1 B). Neurobiotin labeling (Fig. 1 A)
indicated that 2 of 4 cells recorded in the ventral division (lemniscal nucleus) and 4 of 5 cells in the dorsal and caudomedial
divisions (nonlemniscal nucleus) of the MGB showed up and
down states, suggesting that slow oscillations are more prominent in the nonlemniscal nucleus. Similar to that reported previously (He, 2003), we found that the auditory response latency of
the nonlemniscal neurons (29.0 ⫾ 15.7 ms, SD, n ⫽ 5) was longer
than that of the lemniscal cells (15.2 ⫾ 3.8 ms, n ⫽ 4) in the
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1993b; Timofeev et al., 2001; Petersen et
al., 2003), cerebellar Purkinje cell (Loewenstein et al., 2005), and neostriatal
spiny neurons (Wilson and Kawaguchi,
1996). The average interval between the
onset times of two adjacent down states
(equivalent to the sum of the mean durations of up and down states) was 10.1 ⫾
5.7 s (SD, n ⫽ 121; range, 2 to 30 s) (Fig.
1 E), consistent with the frequency of previously observed slow oscillations in auditory thalamic neurons (He, 2003). For
each given cell, the interval was highly
variable (Fig. 1 E, inset). Most of this variability resulted from the variable duration
of the up state (6.2 ⫾ 5.0 s, SD, n ⫽ 121),
whereas the duration of the down state was
more narrowly distributed (3.9 ⫾ 2.2 s)
(Fig. 1 F).
Auditory stimuli evoke
up-to-down transitions
Previous studies showed that the responses of cortical neurons to sensory
stimuli depend on whether the neuron is
in the up or down state (Petersen et al.,
2003), and the transition between the two
states can be modulated by sensory inputs
(Anderson et al., 2000; Loewenstein et al.,
2005). We, therefore, tested the effect of
auditory stimuli on the membrane potential of thalamic neurons. We found that
the presentation of a brief sound stimulus
(noise burst with a duration of 200 ms)
triggered an up-to-down transition when
the neuron was in the up state (Fig. 2 A)
but had no effect in the down state (Fig.
2 B). Repetitive sound stimulation at a
fixed ISI caused periodic downward tranFigure 1. Spontaneous slow oscillation of auditory thalamic neurons between up and down states. A, Image of a DAB-stained sitions in phase with the onset of sound
section of guinea pig thalamus containing a recorded neuron labeled with neurobiotin. Subdivisions of thalamus: MGv, ventral stimuli (Fig. 2 A), a process referred to as
nucleus of MGB; MGd, dorsal nucleus of MGB; LGN, lateral geniculate nucleus. Boxed region is shown at a higher resolution. Scale
“entrainment.” The average durations of
bars: left, 500 m; right, 20 m. B, Example recording of spontaneous up/down transitions in an MGB neuron. The segment in
both up and down states increased with
gray rectangle is expanded and shown on the right. Calibration: 20 mV, 10 s (left), 1 s (right). C, Distribution of membrane
potentials over a 25 s recording period for the neuron shown in B, binned at 1 ms. Arrows, mean membrane potentials in up (⫺58 the ISI, although the duration of the up
mV) and down (⫺69 mV) states. For a population of cells, the average membrane potentials of up and down states were state was more strongly affected (Fig. 2C)
⫺58.3 ⫾ 5.0 mV (SD) and ⫺69.4 ⫾ 5.5 mV, respectively. D, Difference between the average membrane potentials in up and (n ⫽ 14). When sound stimuli with varidown states for 121 neurons. E, Distribution of mean intervals between consecutive down states (arrow in inset) for the same 121 ous ISIs were presented, we found signifineurons. Inset, Distribution of intervals for the neuron shown in B. Arrow, mean value. F, Distribution of durations of up and down cant entrainment within the range of 3 to
states for the same 121 neurons.
12 s (Fig. 2 D) (n ⫽ 14). The amplitude of
the downward transition increased with
population of neurobiotin-labeled neurons. We thus used rethe sound intensity, reaching saturation at ⬃30 dB SPL (Fig.
sponse latency as a criterion to select two groups of cells from the
2 E, F, sound pressure level).
recorded pool: lemniscal cell-like (with latency ⬍10 ms) and
nonlemniscal cell-like (with latency ⬎20 ms). We found that 3 of
Ionic basis of down-state hyperpolarization
25 lemniscal-like cells and 30 of 34 nonlemniscal-like cells exhibSlow oscillations in the thalamus involve activity of the recurrent
ited slow oscillations. Thus, slow oscillation is indeed more
network between the neocortex and the thalamus (Steriade et al.,
prominent in nonlemniscal than lemniscal neurons.
1993a,c). In particular, thalamic reticular nucleus (TRN), a thin
For each cell exhibiting slow oscillations, we determined the
network that provides strong inhibitory inputs to thalamocortimean membrane potentials at the up and down states by identical projection neurons, is known to modulate thalamic oscillafying two distinct peaks in the membrane potential distribution
tions (Huntsman et al., 1999; Bal et al., 2000; Steriade, 2001;
(Fig. 1C, arrows). The difference between them ranged from 4 to
Timofeev et al., 2001). To test the idea that GABAergic inhibitory
20 mV (mean ⫾ SD, 11.1 ⫾ 3.4 mV; n ⫽ 121 cells) (Fig. 1 D),
synaptic inputs from TRN are responsible for the down state of
similar to that found in neocortical neurons (Steriade et al.,
MGB neurons, we examined the ionic basis of the thalamic
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down-state hyperpolarization. When the
normal intrapipette KAc solution was replaced with KCl solution, which shifts the
reversal potential of Cl ⫺ current to a more
positive level, 13 of 18 (72%) of the MGB
neurons recorded exhibited a marked shift
of the down-state membrane potential to
more depolarized levels under both spontaneous (Fig. 3 A, C,G) and soundstimulated (Fig. 3 B, D,H ) conditions,
leading to reversal of the up/down polarity. Thus, the down state was strongly affected by the internal Cl ⫺ concentration.
In contrast, the down state of these thalamic neurons was much less affected
when the pipette was filled with a high
concentration of Cs ⫹ (Fig. 3 E, F ), a nonspecific intracellular blocker of K ⫹ channels. This differs from the down state of
cortical neurons, which depends strongly
on K ⫹ channel activity (Timofeev et al.,
2001). Figure 3, G and H, summarizes the
up-to-down membrane potential changes
for all the cells recorded with pipettes filled
with KAc, KCl, or CsAc. Compared with
that for KAc, significant positive shifts
were found for the KCl but not for the
CsAc condition. Thus, the down state associated with slow oscillations of the nonlemniscal thalamic neurons is caused by
inhibitory synaptic inputs, presumably
from the TRN or local GABAergic neurons
within the MGB.
Entrainment of slow oscillations in
unanesthetized animals
To determine whether the entrainment of
thalamic activity by rhythmic sound stimulation depends on anesthesia, we performed in vivo tetrode recordings from
MGB of unanesthetized guinea pigs. Dur- Figure 2. Up-to-down transitions induced by sound stimulation. A, An example recording of membrane potentials in response
ing the recording sessions, the animals un- to sound stimuli (noise bursts, intensity 75 dB SPL, duration 200 ms, indicated by lines below) at intervals of 5, 7, and 9 s. Note that
each sound stimulus reliably induced an up-to-down transition. Calibration: 20 mV, 7 s. B, Another example recording showing
derwent natural sleep/awake circles, as in- that sound stimuli did not cause down-to-up transitions when given in the down state. Gray arrow indicates the time of the first
dicated by EEG and EMG. As shown by the stimulus. Calibration: 20 mV, 2 s. C, Mean duration of each state plotted against the interval between sound stimuli. D, Mean
sample recordings in Figure 4 A1, slow interval between consecutive down states versus ISI of sound stimuli. Gray lines represent data from individual neurons. Black line
wave sleep is characterized by EEG activity represents average across all neurons. Error bars indicates SEM. E, Membrane potential responses to 50, 30, 15, and 10 dB SPL
of higher amplitude and lower frequency noise bursts of an example cell. Each trace was averaged from seven trials. Calibration: 5 mV, 150 ms. F, Amplitude of response
and EMG activity of lower amplitude than (measured by area over 1 s, shaded area in E) evoked by different sound intensities (n ⫽ 3). Each symbol represents one cell. Error
bars indicate SD. The cell depicted by triangles appeared to be a fast-spiking interneuron based on its spiking characteristics,
those observed in the awake state.
Power spectral analysis of MGB spiking whereas the other two were regular-spiking neurons.
activity (Fig. 4 A2) and LFP (supplemental
though the effect is more prominent during slow wave sleep
Fig. 1, available at www.jneurosci.org as supplemental material)
than in the awake state.
showed that spontaneous activity during slow wave sleep was
entrained by the entraining stimulation (ES) with an ISI of 3 s, as
Effect of entrainment on spontaneous up/down transition
indicated by the sharp peak at the ES frequency (0.33 Hz). Similar
We next examined the effect of entrainment by rhythmic sound
entrainment was induced by repetitive sound stimuli at ISIs
stimuli on subsequent spontaneous up/down transitions of the
within the range of 1– 4 s (Fig. 4 A2,B, arrows). In the awake
nonlemniscal neurons in anesthetized animals. As shown by an
state, we did not observe entrainment of the MGB activity by
example recording in Figure 5, A and B, ES with an ISI of 8 s
the ES at an ISI of 3 s, in either multiunit activity (Fig. 4 A2) or
resulted in a gradual change of up-to-down transitions from
LFPs (supplemental Fig. 1, available at www.jneurosci.org as
highly variable intervals (4 to 14 s) to a narrow range around the
supplemental material). Together, these results indicate that
entrained ISI. After termination of the ES, the spontaneous tranthe entrainment of neural activity in the auditory thalamus by
sitions occurred with intervals close to the entrained ISI for tens
rhythmic sound stimuli was not caused by anesthesia, al-
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Figure 3. Ionic basis of down-state hyperpolarization. A–F, Intracellular recording of membrane potentials and histograms of membrane potential distributions in the spontaneous
(A, C, E) and sound stimulation (B, D, F) periods from the neurons recorded by a micropipette filled with three different solutions. Calibration: 20 mV, 4 s. G, H, Summary of mean
membrane potential changes in the spontaneous (G) and sound stimulation (H) periods for the neurons recorded using three different pipette solutions. Each circle represents data from
one recorded neuron. Error bars indicate SD.

of seconds before it became highly variable again (Fig. 5B). When
we divided the neurons into two groups (Fig. 5C), those with ISI
of ES longer (n ⫽ 7, solid triangles) or shorter (n ⫽ 14, open
triangles) than the mean interval of spontaneous transitions before the ES, we found that the ES prolonged or reduced, respectively, the intervals of spontaneous transitions for several cycles
after termination of the ES. This is also shown by the changes in
the mean interval of individual neurons in these two groups (Fig.
5D). Within seven cycles after the ES, the variability of the intervals, as measured by the coefficient of variation (CV; defined as
SD/mean), was significantly reduced (Fig. 5E) (n ⫽ 21, p ⬍ 0.05).
Thus, the ISI of sound stimuli was retained in the spontaneous
up/down transitions of these thalamic neurons for a period of
tens of seconds after the entrainment. The retention of the ES
interval in the spontaneous oscillatory activity after the cessation
of rhythmic sound stimuli was also found in the thalamus of
unanesthetized guinea pig brain (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material).
Interval-specific potentiation of responses to weak stimuli
In addition to the brief retention of the ES interval in the spontaneous up/down transitions, we also examined the effect of ES
on the efficacy of subsequent sound stimuli in triggering the upto-down transitions. The efficacy of each weak test stimulus (20
dB weaker than the ES) was measured by the mean amplitude of
the down response within 1 s after the stimulus (Fig. 2 E). When

the efficacy for test stimuli at various intervals (test-ISI, from a
pool of 2, 3, 5, 7, or 9 s presented at a random sequence in each
trial) was compared before and after five blocks of ES (five strong
stimuli per block at ES–ISI of 5 s) (Fig. 6 A), we found that the
efficacy was increased at the test interval of 5 s but not at 2, 3, 7, or
9 s (Fig. 6 B2). Interestingly, when the efficacy was plotted as a
function of residue time (shortest interval between the test stimulus and an anticipated ES) (Fig. 6 B1) rather than the test-ISI, we
found no temporal specificity in the potentiation (Fig. 6 B3). This
indicates that for the timing-specific potentiation, time was not
counted by a fixed clock set by the ES. Instead, each test stimulus
resets the timing mechanism. Such interval-specific potentiation
was also observed for ES with an ISI of 8 or 10 s (supplemental
Fig. 3, available at www.jneurosci.org as supplemental material).
Finally, we examined the persistence of the interval-specific potentiation by measuring the efficacy at 0, 5, 10, 15, and 20 min
after ES termination (Fig. 6 A, decay time test). We found that the
effect decayed slowly over a period of 20 min (Fig. 6C,D), suggesting that slow oscillation in these auditory thalamic neurons is
capable of retaining the information of stimulus interval for a
period of at least 10 min.

Discussion
In the present study, using intracellular recording from anesthetized guinea pigs, we found that rhythmic sound stimulation at
an interval of a few seconds can entrain up-to-down transitions of

6018 • J. Neurosci., May 6, 2009 • 29(18):6013– 6021

Gao et al. • Entrainment of Slow Oscillation in Auditory Thalamus

Figure 4. Entrainment of slow oscillations in unanesthetized guinea pigs. A, An example extracellular recording and power spectrum of auditory thalamic neurons during sleep/awake circles. A1,
Sample EEG and EMG recordings, spiking activity, and LFPs in the auditory thalamic neurons recorded by implanted tetrode before (spontaneous) and during (evoked) repetitive sound stimulation
(ISI ⫽ 2 s), during slow wave sleep and in the awake state. Calibration: 2 s. A2, Power spectrum analysis of spiking activity shown in A1. The spectra were calculated from the spike rates with an fast
Fourier transform algorithm, and the arrows mark the expected frequencies of the entrained oscillation. B, Power spectrum analysis of the spiking activity recorded during slow wave sleep in five
different experiments before (spont) and during (evoked) repetitive sound stimuli at different ISIs (1, 3, 4, 5, and 7 s). The results are presented in the same manner as in A2.

the membrane potential of nonlemniscal auditory thalamic neurons. Moreover, post-ES spontaneous transitions occurred at the
entrained interval for a few cycles, suggesting a short-term memory
in the neural network. Further studies revealed a longer-lasting effect, in which the efficacy of weak sound stimuli in evoking up-todown transitions was potentiated specifically at the entrained interval for at least 10 min. Importantly, extracellular recording in
unanesthetized animals showed a similar entrainment of slow oscillations by rhythmic sound stimulation during slow wave sleep, indicating that the effect does not depend on anesthesia.
Entrainment of slow oscillations
Rhythmic stimulation-induced entrainment of neuronal oscillations has been observed in the cortex of human and nonhuman
primates during behavioral tasks (Lakatos et al., 2005, 2008; Ding
et al., 2006), a process thought to play a role in attentional modulation (Lakatos et al., 2008). Earlier studies using extracellular
recordings have shown that sound stimulation can modulate the
frequency of slow oscillations in nonlemniscal MGB neurons of
anesthetized guinea pigs (He, 2003). Intracellular recordings
from anesthetized animals in the present study further demonstrate that sound stimulation can entrain the up-to-down transi-

tions of the membrane potential of these neurons. Moreover, our
results indicate that the sound stimulus is effective in triggering a
response only when these MGB neurons are in the up state. This
differs from the bidirectional transitions of cerebellar Purkinje
cells in response to air-puff stimulation of the vibrissae (Loewenstein et al., 2005) and the increased up-state durations of cortical
cells induced by visual stimulation (Anderson et al., 2000). Note
that in our extracellular recording experiments, sound stimuli
increased the multiunit spiking activity (Fig. 4; supplemental Fig.
2, available at www.jneurosci.org as supplemental material). Reconstruction of the tetrode track suggests that these multiunit
responses were recorded from the lemniscal neurons. These observations suggest that although both the nonlemniscal and lemniscal neurons can be entrained by the sound stimuli, their entrained oscillations may have the opposite phase. Thus, the
entrainment of slow oscillations by sensory inputs varies among
different sensory circuits.
Mechanism underlying entrainment
Experimental studies (Sanchez-Vives and McCormick, 2000;
Timofeev et al., 2000, 2001) and computational modeling (Bazhenov et al., 2002; Compte et al., 2003; Destexhe and Sejnowski,
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Figure 5. Short-term effect of periodic sound stimulation on spontaneous up/down transitions. A, An example recording of membrane potentials before, during, and after periodic noise stimuli
at 8 s interval. Calibration: 20 mV, 5 s. B, Intervals between consecutive down states before, during, and after sound stimuli at an ISI longer than the average interval of spontaneous transitions before
stimulation, for the cell shown in A. Dashed line, mean interval between down states before stimulation. Rectangle marks the period of stimulation. Note that after the stimulation, the interval of
spontaneous transitions remained longer than the average for several cycles (arrows). C, Summary of intervals between down states, for experiments with sound ISI longer (filled symbol) or shorter
(open symbol) than the mean interval. Transition intervals for each cell were normalized by the mean before stimulation. Note that after stimulation, the mean transition interval was biased toward
the sound ISIs for ⬃7 cycles. Error bar represents SD. D, Comparison between mean spontaneous transition intervals before (Pre) and after (Post) the periodic stimulation, for experiments with sound
ISI shorter (D1) or longer (D2) than the mean spontaneous interval before (Pre) stimulation. Inset, ISI of the periodic stimuli indicated by number (in seconds) for each experiment, indicated by
corresponding color. Changes in the mean transition interval were significant ( p ⫽ 0.004 in D1 and p ⫽ 0.03 in D2, Wilcoxon signed-rank test). E, Comparison between CV of seven spontaneous
transition intervals before and after periodic sound stimulation. The reduction in CV after stimulation was significant ( p ⫽ 0.01, Wilcoxon signed-rank test).

2003) have shown that thalamic oscillations depend on the interplay between intrinsic membrane conductances and synaptic activity. In the thalamocortical network, the slow oscillation involves a cortico–thalamo– cortical loop (Steriade et al., 1993a,c).
The neocortex can generate slow oscillations spontaneously, depending on both the intrinsic neuronal excitability and intracortical inhibitory interactions (Steriade et al., 1993a; Sanchez-Vives
and McCormick, 2000), whereas oscillations in the thalamus are
triggered or terminated by corticothalamic feedback control,
mainly through the activation of TRN (Huntsman et al., 1999; Bal
et al., 2000; Steriade, 2001; Timofeev et al., 2001). Early studies
using intracellular recordings have shown that the down state of
neocortical neurons results from the absence of excitatory synaptic activity and was dominated by the K ⫹ currents (Steriade et al.,
1993b; Timofeev et al., 2001). In contrast, our results suggest that

the down state of nonlemniscal neurons is mainly mediated by
Cl ⫺ currents (Fig. 3), presumably attributable to inhibitory inputs from the TRN or from the local interneurons in the MGB.
The dependence of up/down transitions in neocortical and thalamic neurons on synaptic inputs is distinct from that found in
cerebellar Purkinje cells, where membrane potential bistability is
attributed entirely to intrinsic membrane properties (Williams et
al., 2002; Loewenstein et al., 2005).
The mechanism underlying the entrainment of slow oscillations remains widely unknown. A recent study has shown that the
aggregate locomotion behavior of a unicellular organism Physarum polycephalum can be entrained by periodic changes in environmental temperature and humidity with an ISI on the order of
tens of minutes (Saigusa et al., 2008). The entrained behavior
persists for 2–3 cycles after termination of the ES (a short-term
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effect), and a single pulse of stimulation
could trigger several cycles of behavioral
oscillation at the entrained interval several
hours after the ES (a long-term effect).
These short- and long-term effects are
analogous to those shown in Figures 5 and
6, respectively. Interestingly, both the
short- and long-term effects can be explained by a simple dynamics model, in
which periodic stimulation induces synchronization of multiple intrinsic oscillators within the aggregate. In neural circuits, both intrinsic neuronal properties
(e.g., pace-maker activity) and synaptic interactions among neurons may give rise to
entrainable oscillators. It would be of great
interest to identify these entrainable oscillators in the thalamocortical loop and to
elucidate the cellular mechanisms for retaining the information of the entrained
ISI after conditioning.
Functional implications
The nonlemniscal thalamic neurons located in the nonprimary projection pathway are thought to be involved in temporal
pattern recognition (Kraus et al., 1994; He
et al., 1997), sound localization (Rauschecker, 1998), and some forms of
learning-related plasticity (Steriade and
Timofeev, 2003; Weinberger, 2004). Recent studies have also suggested that single
nonlemniscal thalamic neurons can encode the timing of anticipated reward
(Komura et al., 2001). Since slow oscillations of the membrane potential can regulate spiking responses to sensory inputs
(Arieli et al., 1996; Azouz and Gray, 1999;
Petersen et al., 2003; Sachdev et al., 2004),
the entrainment effects reported here may
provide a mechanism for modulating the Figure 6. Effects of periodic sound stimulation on up-to-down transitions evoked by weak stimuli. A, Schematic diagram of
processing of periodic sensory inputs, dur- experimental procedure (top) and an example recording of responses to ES stimulation (5 s ISI, 20 dB stronger than test stimuli)
ing both the entrainment process and the and test stimulation (2, 3, 5, 7, and 9 s ISIs; the temporal order of these ISIs was randomized in each trial). Calibration: 20 mV, 3 s.
post-ES period. Indeed, we found that the Long gray bar, ES. Short white bar, test stimulus. B, Potentiation of the efficacy of the weak test stimulus at the entrained ISI. B1,
efficacy of weak sound stimulus in trigger- Definition of the test-ISI and the residue. Dashed gray bar, anticipated time of the ES after termination of the ES block. Test-ISI is
ing MGB responses was significantly en- defined as the interval between two consecutive test stimuli (short white bars). Residue is defined as the shortest interval between
hanced at the entrained interval for at least a given test stimulus and an anticipated time of the ES. B2, Amplitude of response evoked by the weak test stimulus (measured by
10 min after ES. Although in this study the area of down state over 1 s period, same as in Fig. 2 F) immediately after ES as a function of test-ISI. For each cell, the response
amplitude was normalized by that before ES at the same ISI. Error bars indicate SEM. The responses to test stimuli at the entrained
entrainment effect was observed primarily ISI (5 s) was significantly higher than 100% ( p ⫽ 0.0004, paired t test) and than the amplitudes at 3 s ( p ⫽ 0.005) and 7 s ( p ⫽
under anesthesia and during slow wave 0.003). B , Amplitude of response evoked by the weak test stimulus as a function of the residue. No significant difference was
3
sleep but not during passive wakefulness, found between the amplitudes at ⫺1 and 0 s ( p ⫽ 0.43, paired t test) or between 1 and 0 s ( p ⫽ 0.25). C, Same as B, at different
it would be interesting for future studies to times after ES. D, Normalized response amplitude as a function of time after ES for the entrained ISI (triangle) and the average of
explore whether similar entrainment can all other ISIs (circle). The increase in amplitude for entrained ISI was significant at 0 ( p ⫽ 0.02), 5 ( p ⫽ 0.02), and 10 ( p ⫽ 0.02)
be induced during certain behavioral min after ES.
tasks. Analogous entrainment effects by
In summary, our study showed that slow oscillations of neuperiodic sensory stimulation have recently been reported in zeronal activity are prevalent in the nonlemniscal thalamic nuclei,
brafish larvae (Sumbre et al., 2008), where conditioning visual
which can be entrained by periodic sensory stimuli. This may
stimulation at an interval of a few seconds induced rhythmic
facilitate processing of rhythmic sensory inputs. In addition, we
neuronal ensemble activity in the optic tectum that persisted for
found that the entraining stimuli have significant effects on subup to 20 s after termination of the visual stimulation. In this case,
sequent spontaneous slow oscillations and the efficacy of sensory
the entrained neuronal activity appears to have a direct behavstimuli in evoking responses. Such effects may help retain the
ioral consequence: it is correlated strongly with the zebrafish’s
information of the time interval of rhythmic sensory events.
visuomotor escape behavior after conditioning.
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