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Abstract. Since the beginning of the 90’s several lines of research have

brought new insights concerning the temporal aspects of sensory processing.

Initial observations showing that sensory stimuli can trigger evoked, or

induced, oscillations has generated a large number of studies where, explicitly

or implicitly, the large-scale rhythmic activity of thalamo-cortical neurons

was viewed as a key factor to synchronize neurons responding to different

dimensions of a given stimulus, and therefore to solve the so-called "binding

problem" (for reviews see Eckhorn 2000, Singer 1990, 1999). This line of

research contrasts with the rate coding concept which has been used over the

last 40 years to describe the functional properties of neurons in sensory

systems and the plasticity of sensory systems both during development and in

adulthood. We review here results obtained in the thalamo-cortical auditory

system. After a characterization of the oscillatory events, we determined their

origins by inactivating each component of the thalamo-cortical loop. Then we

compared, within the same animals, the oscillations obtained in anesthetized

and unanesthetized conditions. Our data strongly suggest that to clarify the

functional roles of evoked oscillations, and more generally of any aspects of

temporal coding, we need to study them on awake animals.
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FIRING RATE AND TOPOGRAPHIC
MAPS: TWO CORNERSTONES IN
SENSORY PHYSIOLOGY

Since the very first studies performed in the early six-

ties, the firing rate was usually considered as the unique

code for the transmission of information within the cen-

tral nervous system. According to the rate coding de-

scription, the more a neuron is firing action potentials at

presentation of a given stimulus, the more efficiently it is

suspected to process information concerning this stimu-

lus. This rational has been used to unravel the functional

properties of neurons in all sensory modalities. Using

modulation of firing rate as metric, ocular dominance and

orientation selectivity were described in the visual sys-

tem (Hubel and Wiesel 1962, 1963), frequency tuning in

the auditory system (Erulkar et al. 1956, Hind et al. 1960)

and the selectivity of cortical neurons for precise zones of

the somatosensory epithelium (Powell and Mountcastle

1959). In addition, analyzing the distribution of neuronal

selectivity across cortical and subcortical areas revealed

the topographic organization maintained from the pe-

riphery up to primary sensory cortices in the visual, audi-

tory and somatosensory modality.

Subsequently, rate coding was used to describe sen-

sory plasticity, both at the single cell and at the map

level. At the single cell level, an increased firing rate at

presentation of a given stimulus was always considered

as unambiguous signature of a more efficient process-

ing for this stimulus. At the map level, it was assumed

that the larger is the number of neurons responding to a

stimulus in a given brain region, the more efficient is the

processing of that stimulus over the whole region.

Therefore, extensions of topographic maps were always

considered as benefit for processing a particular stimu-

lus. In a way, this view is justified when looking at evo-

lution. When a species makes extensive use of a

particular region of the sensory epithelium for its daily

behavior, the amount of cortical tissue responding to

this peripheral region is dramatically expanded. Ro-

dents make extensive use of their vibrissae in their daily

behavior, and the rodent barrel cortex, whose counter-

part is the hand representation in primates, extend on

large territories. In the auditory system, the cortical area

responding to the bat vocalization frequency occupies

50% of its primary auditory cortex, whereas the human

auditory cortex contains large territories responding to

500-2,000 Hz, the frequency range the most represented

in speech. However, considering that experience-in-

duced plasticity replicates, in a short-time scale, the

adaptive selection operating through evolution, is a se-

ductive but may be a too simplistic view. Without deny-

ing the importance of cortical maps in sensory

processing (Kaas 1997), an important literature stresses

the fact that other factors than the firing rate and the size

of cortical areas underlie the neural code and ultimately

behavioral performance.

THE MULTIPLE FACETS OF
NEURAL CODING: TEMPORAL
ASPECTS OF NEURONAL
DISCHARGES

No doubt that, today, most of the neuroscientists will

accept the idea that firing rate is only one of the actors al-

lowing information to be encoded in the central nervous

system. It is not possible to develop here the various fac-

ets by which neurons might code information (for re-

views see Eggermont 1998, 2001), but a large number of

studies, particularly in the auditory system have pointed

out that important aspects of sensory coding might be

missed by focusing exclusively our attention on firing

rate. However, it is first necessary to consider that behind

the words "temporal coding" several non-exclusive lev-

els of temporal organization can be envisioned. These

different levels correspond to "who" is considered as

sender and receiver of information: a single neuron, a

small group of neurons, or a large population of cells.

At the single cell level, temporal coding can mean

that the exact time of occurrence of the action potentials,

and/or the succession of the interspike intervals, give an

accurate representation of a stimulus. At the level of

small cell assemblies, temporal coding can be expressed

by the short-time scale coordinations of neuronal dis-

charges as assessed by cross-correlograms. At the level

of large populations of cells, synchronization of

neuronal populations that respond to different parame-

ters of a given stimulus (the carrier frequency, the fre-

quency modulation, the first- and second-order

amplitude modulation of a sound) can also be part of the

neural code. As oscillations triggered at presentation of

acoustic stimuli are, probably, the easiest way to syn-

chronize large neuronal populations, oscillations might

help solving the "binding" problem, i.e., the integration

of different sensations in a single percept (for reviews

see Engel et al. 2001, Kreiter and Singer 1996). In the

following paragraphs, we will review results on large

scale oscillations in the thalamo-cortical auditory sys-
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tem and we will emphasize the fact that looking at these

aspects of temporal coding in anesthetized animals

gives very little, if any, information on how sensory

processing operates in awake animals.

EVOKED OSCILLATIONS IN THE
THALAMO-CORTICAL AUDITORY
SYSTEM

Since their original description (Eckhorn et al. 1988,

Freeman and Van Dijk 1987, Gray and Singer 1989),

stimulus-evoked neuronal oscillations have been an in-

tense field of research. Initially, these oscillations have

been studied in the visual system where their frequency

was often found to be in the gamma range (30-90 Hz). In

the visual cortex, they were mostly described as non

stimulus-locked ("induced oscillations"). Originally,

these high-frequency oscillations were obtained under

anesthesia (mainly under NO/O2 anesthesia: Eckhorn

and Obermueller 1993, Engel et al. 1990, 1991a,b,

Ghose and Freeman 1992, Gray et al. 1989, 1990) and

their presence in undrugged animals was questioned

when some laboratories failed to detect them in these

conditions (Bair et al. 1994, Tovée and Rolls 1992,

Young et al. 1992). Nonetheless, several subsequent

studies performed in awake animals described oscilla-

tions in proportions equal or superior to those obtained

in anesthetized animals (Friedmann-Hill et al. 2000,

Gray and Viana Di Prisco 1997, Kreiter and Singer

1992, Maldonado et al. 2000).

In the auditory modality, relatively few studies have de-

scribed evoked oscillations, and among them, a clear di-

chotomy exists between those using spiking activity

(multiunit or single unit recordings) and those using local

field potentials (LFP). Most of the studies using unit activ-

ity reported low frequency oscillations. For example in au-

ditory cortex, long latency responses, or "afterdischarges",

with an inter-burst frequency of about 10 Hz were ob-

served at presentation of tones (Maldonado and Gerstein

1996, Sally and Kelly 1988) or of trains of clicks

(Eggermont 1992) under various anesthetic conditions

(urethane, ketamine, pentobarbital). Also, rhythmic dis-

charges of about 8-12 Hz have long been described in the

auditory thalamus: they were named "cyclical activity" by

Galambos and colleagues (1952), "reverberatory re-

sponses" by Aitkins and colleagues (1966), and more re-

cently "rhythmic responses" by Bordi and Ledoux (1994).

Lastly, in the auditory sector of the reticular nucleus, both

acoustic stimuli and electrical stimulation of the inferior

colliculus can trigger rhythmic bursts discharges at about

8 Hz (see Figs. 1 and 3 in Shosaku and Sumitomo 1983). In

contrast, LFP recordings performed by Barth and col-

leagues systematically revealed high frequency "induced"

gamma oscillations in the auditory cortex of halothane an-

esthetized rats (Barth and MacDonald 1996, Franowicz

and Barth 1995, MacDonald and Barth, 1995). These os-

cillations were already present during spontaneous activity

and had a complex temporal decay after a brief (1 ms) click

presentation: they disappeared at stimulus presentation,

re-appeared 300 ms later and intensified 600-800 ms after

stimulus onset. High frequency induced oscillations were

also recently reported from LFP recordings obtained in au-

ditory cortex of ketamine anesthetized monkeys (Brosch

et al. 2002).

In a set of experiments, we have studied the oscilla-

tions triggerred in the thalamo-cortical auditory system

by acoustic stimuli. Multi-unit activity was simulta-

neously recorded in auditory cortex, auditory thalamus

(medial geniculate body, MGB) and in the auditory sec-

tor of the reticular nucleus (auditory RE). Both stimu-

lus-locked oscillations and non stimulus-locked

oscillations were detected under anesthesia, but, as the

stimulus-locked ones were the most prominent, experi-

ments were designed to provide a better description of

this particular type of oscillations. After assessing some

of the factors that influence their occurrence and their

characteristics (Cotillon et al. 2000), we have looked for

their origins by inactivating each component of the

thalamo-cortical loop (Cotillon and Edeline 2000). Fi-

nally, we have compared, in the same animals, the oscil-

lations (stimulus locked and non stimulus-locked)

observed under various anesthetics conditions and those

obtained during waking, slow-wave sleep and paradoxi-

cal sleep (Cotillon-Williams and Edeline 2003). All ex-

perimental procedures were performed in conformity

with national (JO 887-848) and European (86/609/EEC)

legislations on animal experimentation, which are similar

to those described in the "Guidelines for the Use of Ani-

mals in Neuroscience Research of the Society of Neuro-

science".

CHARACTERISTICS OF RELIABLE
STIMULUS-LOCKED
OSCILLATIONS

From a database of 265 recordings obtained under

urethane anesthesia and exhibiting clear "on" evoked re-

sponses, we observed reliable evoked oscillations in
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28% of the cases in the auditory cortex, in 16.5% of the

cases in the auditory thalamus and 42% in the auditory

RE. Fig. 1 provides examples of multiunit recordings

exhibiting such oscillations under two different anes-

thetics. The term "reliable" refers to the fact that evoked

oscillations were obtained for at least 50% of the stimu-

lus presentations over periods of about 60 minutes. In

contrast, "labile" oscillations correspond to recordings

exhibiting oscillatory patterns in less than 50% of the

stimulus presentations (see Cotillon et al. 2000 for de-

tails). All subsequent descriptions of tone-evoked oscil-

lations correspond to data obtained from recordings

exhibiting reliable oscillations.

As shown in Fig. 2, stimulus-locked oscillations were

so reproducible at stimulus presentation that they can be

directly observed on peri-stimulus time histograms

(PSTHs). Analyzing the frequency of these evoked os-

cillations revealed that, in the three investigated struc-

tures, the frequency range was between 5 and 15 Hz;

only a few recordings obtained in the auditory RE ex-

hibited oscillations above 15 Hz (Fig. 3). Interestingly,

we observed that the oscillation frequency was clearly

function of the animal’s temperature. For a set of record-

ings (n = 8), tone-evoked oscillations were obtained at

physiological temperature (37-38°C), then at lower

temperature (35-36°C). As illustrated in Fig. 4, lower-

ing the temperature reduced the frequency and in-

creased the duration of these oscillations, but it did not

change their probability of occurrence. In contrast, the

interstimulus interval was a key factor controlling the

occurrence of these oscillations (Fig. 4E1-E4): they

were never observed for inter-tone intervals (ITI)

shorter than 1 second, and only one case was obtained

with an ITI of 1second (Cotillon et al. 2000).

As in many cases, at least two recordings were col-

lected within the same structure, and at least in two

structures, we were able to determine whether these os-

cillations occurred simultaneously in the thalamo-corti-

Fig. 1. Examples of oscillations obtained from the auditory sector of the reticular nucleus (A) and from the auditory cortex (B

and C) under urethane anesthesia (A and B) and pentobarbital anesthesia (C). In (A), (B) and (C), the traces (50 kHz sampling

rate) display the raw neuronal activity. Note that the "on" tone-evoked response (bars of 100 ms below the traces) is followed by

rhythmic discharges for several hundreds of milliseconds. Scale bars = 100 ms, 150 µV
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Fig. 2. Peri stimulus time histograms (PSTHs) and corresponding power spectra of "reliable" tone-evoked oscillations. Left: the

PSTHs (10 ms bin size) present evoked responses averaged over 70 tone presentations. The horizontal bar under the histograms

indicates the tone period (1 second). The first large peak in PSTHs is the "on" evoked response. It is followed by regular peaks

which are separated by about 100 ms and occurred for several hundreds of milliseconds ((A) 800 ms, (B) 650 ms, (C) 1,100 ms).

The rasters show that the oscillations result from a precise timing of the discharges after tone onset, which is very reproducible

from one trial to another. Right: each corresponding power spectrum exhibits a clear main peak which gives the oscillation fre-

quency ((A) 11.5 Hz, (B) 10 Hz, (C) 11 Hz). The area of the main peak delimited by a filter (black area) quantifies the oscillation

strength (Ppeak).
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cal loop and if they displayed the similar frequencies.

Within a given structure, pairs of neighboring elec-

trodes (200-300 µm apart) displayed simultaneous os-

cillations with similar frequency (± 0.5 Hz). In contrast,

the probability of observing oscillations from pairs of

electrodes located in two different structures was not

above the chance level (see Table IV in Cotillon et al.

2000), in particular we never found simultaneous oscil-

lations while recording in the two auditory cortices

during binaural stimulation.

ORIGINS OF STIMULUS-LOCKED
OSCILLATIONS

Surprisingly, whereas the origins of spontaneous os-

cillations have been the subject of a large literature (for

reviews see McCormick and Bal 1997, Steriade et al.

1993, 1994), the origins of stimulus-evoked oscillations

remain still largely unexplored. A set of experiments

was carried out to determine the implication of each

structure of the thalamo-cortical auditory system (audi-

tory cortex, MGB and auditory RE) in the generation of

stimulus-locked oscillations. In separate experiments,

each structure was inactivated and its involvement in the

generation of evoked oscillations was inferred from the

evolution of oscillations in the two other structures. In-

activation was performed by injection, or local applica-

tion, of muscimol (0.1 or 0.05 µl), a GABAA agonist

which has been shown to have effects lasting up to sev-

eral hours (Hikosaka and Wurtz 1985). As it is known

(but not always recognized) that injection of inactivat-

ing agents could lead to uninterpretable results, special

care were taken to make sure that the obtained results re-

flected physiological effects and not potential artifact

because of extensive drug diffusion. For example,

autoradiographic studies (involving both classical mea-

sures by optical density and also direct quantification of

the radioactivity by a �-imager) were conducted to de-

termine the extent of muscimol diffusion after injection

of various volumes in the auditory reticular nucleus

(Edeline et al. 2002). We also showed, in these pilot ex-

periments, that abrupt decreases in spontaneous activity

in the MGB were good indicators of drug diffusion at

the recordings locus. These experiments, and modeling

of muscimol diffusion (Dubois and Edeline, unpub-

lished results), allowed to define periods during which

observation of modifications in oscillatory patterns can-

not be suspected to result from diffusion of the drug at

the recording locus.

Fig. 3. Frequency range of stimulus-locked oscillations. Each

histogram represents the distribution of the main peak fre-

quency obtained from the power spectra (bin width = 1 Hz).

(A) In auditory cortex, the frequency range of stimu-

lus-locked oscillations is 5-13 Hz (mean frequency = 10.7 Hz,

median = 11 Hz). (B) In auditory thalamus, the frequency

range of stimulus-locked oscillations is 5-13 Hz (mean fre-

quency = 8.8 Hz, median = 9 Hz). (C) In auditory RE, the fre-

quency range of stimulus-locked oscillations is 7-20 Hz

(mean frequency = 11.1 Hz, median = 11 Hz), but most of the

oscillations are between 7 and 12 Hz.
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Fig. 4. Factors controlling the occurrence of stimulus-locked oscillations. (A) At 37.5°C, the PSTH presents only 3 peaks after

the "on" evoked response (oscillation duration = 700 ms, oscillation frequency = 12.8 Hz). (B) At 35.5°C, PSTH presents at

least 7 peaks. The duration of the oscillation is longer than in A (1,000 ms) and the oscillation frequency is lower (10 Hz). X axis

ticks 100 ms. (C), (D) Scattergrams showing that lowering the animal’s temperature affects the frequency and the duration of

tone-evoked oscillations. For each recording (n = 8), acoustic stimuli were delivered with a 10 s inter-tone interval, both at phys-

iological temperature (37-38°C) and at lower temperature (35-36°C). (C) Except for two recordings, the frequency of the oscil-

lations was higher at physiological temperature than at lower temperature (t7=2.61, P=0.03). (D) Each recording exhibits

shorter oscillations duration at physiological temperature than at lower temperature (t7=4.07, P=0.004). (E1-E4) PSTHs ob-

tained in the auditory thalamus with different intertone intervals: 10 s, 2.5 s, 1 s, 0.5 s. For each ITI, the PSTHs (bin width = 10

ms) and the corresponding rasters were from 11 tone presentations. The horizontal bar under each histogram represents the tone

period (100 ms). Both on the PSTHs and on the corresponding rasters, "reliable"oscillations can be observed for ITIs of 10 s and

2.5 s. Oscillatory patterns are no longer present for ITIs of 1 s and 0.5 s.
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Once all ambiguous data were eliminated, the follow-

ing set of results was obtained (for details see Cotillon

and Edeline 2000). First, inactivation of the auditory sec-

tor of the reticular nucleus totally abolished evoked oscil-

lations in the auditory thalamus and auditory cortex.

Second, inactivation of auditory cortex did not affect the

oscillatory patterns in the auditory RE. Third, inactiva-

tion of the auditory thalamus suppressed the oscillatory

responses evoked in the auditory RE by electrical stimu-

lation of auditory cortex (Fig. 5). Thus, we came to the

conclusion that the stimulus-locked oscillations detected

at three different levels of the thalamo-cortical loop in-

deed results from the interactions between thalamus and

reticular nucleus. This singularity suggests that these

low-frequency evoked oscillations share some functional

properties with spontaneous spindle waves (see below

for details).

EVOKED OSCILLATIONS IN
DRUGGED AND UNDRUGGED
ANIMALS

To the best of our knowledge, whatever the sensory

modality, no study has ever tried to determine (and to

quantify) to what extent oscillations obtained in a given

state (e.g., anesthetized state) can also be observed in an-

other state (unanesthetized and under a different anes-

thetic). We took advantage of the fact that our laboratory

has long been using chronically implanted restrained ani-

mals to follow the oscillatory patterns obtained from the

same recording sites under different natural states (wak-

ing, slow-wave sleep, paradoxical sleep) and under dif-

ferent drugs (pentobarbital, urethane and diazepam).

During several weeks, multiunit activity was col-

lected from recording sites in auditory thalamus, audi-

tory cortex and auditory RE. Data were analyzed only

during unambiguous periods of waking (W), slow-wave

sleep (SWS) or paradoxical sleep (PS). Several striking

features emerged when comparing the data obtained in

undrugged and drugged states. First, out of a total of 689

tests (i.e., groups of trials with an Inter-tone interval of

2.5 or 10 seconds), we could not detected a single case

of stimulus-locked oscillations in undrugged condi-

tions. In contrast, when the same recording sites were

tested under pentobarbital, urethane or diazepam,

evoked oscillations ranged from 24% to 66% depending

on the conditions (see Table II in Cottillon-Williams

and Edeline 2003). Figure 6 shows examples of stimu-

lus-locked oscillations in auditory cortex and in audi-

tory RE detected under pentobarbital, urethane or diaze-

pam that were not detected in undrugged state. Second,

analyzing the spike trains with autocorrelograms re-

vealed that under the three drugs used in our study

(pentobarbital, urethane and diazepam), the oscillatory

patterns could be either stimulus-locked or non stimu-

lus-locked (see Fig. 7A,B). In contrast, only non stimu-

lus-locked were found during natural states of vigilance.

Third, the non stimulus-locked oscillations obtained in

undrugged state were exclusively observed during

SWS, never during W and PS (see Fig. 7C).

Several interesting features also emerged from our

analyses. Both in drugged and undrugged conditions,

oscillations were present during periods of spontaneous

activity in the same proportions as the proportions of

non stimulus-locked oscillations (see Fig. 8A,B). When

analyzing the relationships between spontaneous and

evoked oscillations, we discovered that: (i) the power

intensity of stimulus-locked and non stimulus-locked

oscillations was always larger (Fig. 8C) than those of

spontaneous oscillation; (ii) the power of stimu-

lus-locked oscillations was larger than the one of

non-stimulus locked oscillation; but (iii) frequency

range of the 2 types of oscillations was similar to that of

spontaneous oscillations (Fig. 8D). From these results,

one can conclude that non stimulus-locked oscillations

show characteristics that are quite similar to those ex-

hibited by spontaneous oscillations: they can be de-

tected in the same proportion of recordings, under the

same physiological conditions (anesthesia and SWS)

and exhibited the same frequency range. In drugged

conditions, stimulus-locked oscillations are present in

much higher proportions than non-stimulus locked os-

cillations. Their total absence in natural states (W, SWS

and PS) indicates that they are unambiguously the

signature of anesthetized or "drugged" states.

COMPARISONS WITH FINDINGS
OBTAINED IN THE AUDITORY
THALAMO-CORTICAL SYSTEM

As previously noted, tone-evoked oscillations in the

low frequency range (about 10 Hz) have long been men-

tioned from single unit recordings in MGB (Aitkin et al.

1966, Galambos et al. 1952). Similar oscillations have

been reported in the auditory sector of the reticular nu-

cleus (Shosaku and Sumitomo 1983) and at the cortical

level (Dinse et al. 1997, Maldonado and Gerstein 1996).

Thus, the dominant frequency range observed here is
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Fig. 5. Origins of stimulus-locked oscillations. (A), (B) Effect of auditory RE inactivation: in control situation, oscillations

were detected from simultaneous recordings in auditory cortex and in auditory thalamus (A1, B1). After inactivation of the au-

ditory RE by 0.05 µl of muscimol, the oscillations which normally follow the "on" phasic responses totally disappeared. (C) Ef-

fect of auditory cortex inactivation: oscillations, detected from recordings collected in the auditory RE, were still present after

inactivation of auditory cortex. (D) Effect of auditory thalamus inactivation: oscillations, triggered in the auditory RE by corti-

cal stimulation disappeared after inactivation of auditory thalamus.
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Fig. 6. Comparison of stimulus-locked oscillations in drugged and undrugged conditions. (A), (B) For this recording obtained

in auditory cortex, stimulus-locked oscillations were clearly observed both under pentobarbital anesthesia and under large

doses of diazepam (A1, A2). In contrast, when the same recording site was tested during waking or slow-wave sleep, no oscilla-

tion could be detected (B1, B2). (C), (D) For this recording obtained in auditory RE, stimulus-locked oscillations were clearly

observed both under pentobarbital and urethane anesthesia (C1), (C2). In contrast, when the same recording site was tested dur-

ing waking or slow-wave sleep, no oscillation could be detected (D1, D2).
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largely in agreement with previous studies performed in

anesthetized animals.

In contrast with the results described here with

multi-unit recordings, high frequency oscillations have

been described in the auditory cortex of halothane anes-

thetized rats using LFP recordings (Barth and MacDon-

ald 1996, Franowicz and Barth 1995, MacDonald and

Barth 1995). However, it is crucial to mention that 40 Hz

oscillations were detected only with trains of clicks pre-

sented at 40 Hz (Franowicz and Barth 1995), but not

with single clicks. In fact, presentation of a single click

suppressed the spontaneous 40 Hz oscillations which

re-appeared few hundreds of milliseconds later

(Franowicz and Barth 1995, MacDonald and Barth

1995). Observation of oscillations in LFP does not guar-

antee their presence in multi-unit or single-unit record-

ings. For example, in the visual cortex Gray and Singer

(1989) described 97% of oscillations based on LFP re-

cordings, but only 47% based on multi-unit recordings.

Nonetheless, in auditory cortex Brosch et al. (2002) re-

ported about the same percentage (76% and 60%) of

high frequency oscillations using LFP and multi-unit re-

cordings in ketamine anesthetized monkeys. These os-

cillations differ from those observed in rat by their

frequency (40 Hz in rat vs. 45-80 Hz in monkey) and

their latency (350 ms in rat vs. 100 ms in monkey). Ob-

viously, methodological factors have to be considered

when comparing the results obtained among studies.

For example, Barth and colleagues as well as Brosch et

al. (2002) used anesthetic agents that were not utilized

in our experiments (halothane and ketamine). Also, it is

important to remind that the criteria used to determine

what is an oscillatory recording can lead to different re-

sults (see Young et al. 1992 for discussion).

Fig. 7. Non stimulus-locked oscillations were detected in drugged conditions and during SWS. In drugged conditions (A), (B)

both stimulus-locked oscillations (A1, B1) and non stimulus-locked oscillations (A3, B3) could be detected. During SWS, only

non stimulus-locked oscillations were triggered at tone presentation (C1, C2). (Modified from Cotillon-Williams and Edeline

2003)

Thalamocortical oscillations in auditory system 263



Fig. 8. Comparison of spontaneous and evoked oscillations obtained in drugged and undrugged conditions. (A), (B) Propor-

tions of the different types of oscillations during evoked (A) and spontaneous activity (B) under drug conditions (A1, B1) and

during SWS (A2, B2). (A) During evoked activity, there was a higher proportion of stimulus-locked than of non stimu-

lus-locked oscillations under drugged conditions (A1), and only non-stimulus-locked oscillations were present during SWS

(A2). Mixed "groups of trials" were composed of "trials" showing stimulus-locked and of "trials" showing non-stimulus locked

oscillations. (B) During spontaneous activity, the percentage of oscillations was similar under drug conditions and SWS. (C),

(D) Scattergrams illustrating the relationships between the characteristics of spontaneous and evoked oscillations under drug.

(C) The power of spontaneous oscillations was systematically lower than the power of evoked oscillation. (D) The frequency of

spontaneous oscillations was usually very similar to the frequency of evoked oscillations. In two cases, the spontaneous oscilla-

tions were of much higher frequency than the evoked oscillations, the reverse occurred only in one case. Both in (C) and (D), the

line indicates the y = f(x) relation; the black dots represent the stimulus locked oscillation and the open squares represent the non

stimulus-locked oscillations.
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COMPARISONS WITH STUDIES
PERFORMED IN OTHER SENSORY
SYSTEMS OF ANESTHETIZED
ANIMALS

Initially, most of the studies concerning stimu-

lus-evoked oscillations have been performed in the vi-

sual cortex of anesthetized animals (for reviews see

Eckhorn 2000, Engel et al. 1992, Frégnac et al. 1994,

Singer 1990). They have mainly reported non stimu-

lus-locked oscillations in the gamma range (30-90 Hz).

Nonetheless, low frequency oscillations were reported

in a few studies in anesthetized cat (stimulus-locked:

Dinse et al. 1997, non stimulus-locked: Bringuier et al.

1992, 1997), but not in monkey. In fact, in the cat visual

cortex, slow movements of visual stimuli can induce

changes from low to high frequency (Kruse and

Eckhorn 1996). In primate visual cortex, low frequency

oscillations were found to be prominent during sponta-

neous activity, but they were usually replaced by higher

frequencies at stimulus presentation (Eckhorn 2000,

Juergens et al. 1999, Schanze and Eckhorn 1997). Actu-

ally, the proportion of low frequency oscillations in the

visual cortex of cat or monkey might have been underes-

timated. Indeed, most of these studies were interested in

high frequency oscillations and not in low frequency os-

cillations. In fact, an important degree of temporal over-

lap exists between the different frequency ranges: when

power bispectra were used, 70% of the oscillatory

events were found to occur simultaneously in the differ-

ent frequency ranges (Schanze and Eckhorn 1997).

Again, the anesthetic conditions could participate to the

differences in oscillatory patterns (see Frégnac et al.

1994): in the cat visual cortex, all the studies which re-

ported high frequency oscillations have used NO/O2 an-

esthesia, whereas lower oscillations were obtained

under alfathesine anesthesia (Bringuier et al. 1992,

1997). However, low frequency (stimulus-locked) os-

cillations have also been observed in cat anesthetized

with NO/O2 (Dinse et al. 1997).

COMPARISONS WITH PREVIOUS
FINDINGS IN UNANESTHETIZED
ANIMALS

Conflicting results have been obtained from awake

subjects in various sensory modalities. In the cat visual

cortex, all the studies using LFP, multi-unit and sin-

gle-unit recordings have described high frequency os-

cillations (Gray and Viana Di Prisco 1997, Kruse and

Eckhorn 1996, Molotchnikoff and Shumikhina 1996,

2000). Gray and Viana Di Prisco (1997) even men-

tioned a higher percent of oscillations in unanesthetized

cat compared to anesthetized one (26.4% versus

16.9%). The situation is different in human and non-hu-

man primates. In monkey, some studies have found a

high percentage of oscillations in the area IT (61% in

Friedman-Hill et al. 2000, 71% in Eckhorn et al. 1993),

whereas others did not find any (Tovée and Roll 1992,

Young et al. 1992). A similar discrepancy also exists in

the area MT: Kreiter and Singer (1992) reported 58% of

oscillations, whereas Bair et al. (1994) did not detect

any. In human, oscillations in the gamma range have of-

ten been reported on EEG recordings (Lachaux et al.

2000, Lutzenberger et al. 1995, Tallon et al. 1995,

Tallon-Baudry et al. 1996, 1997, 1998). Nevertheless,

cautions have to be exercised: when EEG power spectra

were compared in human and monkey, visual stimula-

tion elicited an increase in gamma range in the monkey

EEG, but not in the human EEG (Juergens et al. 1999).

In the somatosensory cortex, spontaneous 30 Hz os-

cillations have been observed from single-unit record-

ings in monkeys performing a reaction-time task, but

these oscillations disappeared at stimulus presentation

(Ahissar and Vaadia 1990). In rat, LFP recordings have

revealed an opposite pattern: spontaneous oscillations

were not observed, but moving the vibrissae induced

oscillations (Jones and Barth 1997).

In the auditory system, the only study looking for oscil-

lations in awake animals was performed in the auditory

cortex of mustached bat (Horikawa et al. 1994). Multi-unit

and single-unit recordings did not reveal any oscillation on

PSTHs and only 2% on autocorrelograms. Nevertheless,

this study used a one second ITI, an interval that we found

to be too short to evoke low-frequency oscillations in anes-

thetized rats (Cotillon et al. 2000). In human, oscillations

of evoked potentials (mostly in the gamma range) have

been reported at stimulus presentation (Galambos et al.

1981, Jacobson and Fitzgerald 1997, Yordanova and

Kolev 1997, Yordanova et al. 1997).

In fact, a crucial factor that could explain differences

between studies is to what extent the awake animal is en-

gaged in a challenging behavioral task. In several recent

studies some laboratories have stressed the fact that the

attentional demand can enhance the beta activity re-

corded from the lateral geniculate and visual cortex

(Bekisz and Wróbel 1993, 2003, Wróbel et al. 1994, for

review see Wróbel 2000). Although, these results are
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certainly among the most promising to link rhythmic ac-

tivities and behavioral performance, they were obtained

with LFP recordings not with spiking activities. In fact,

when multiunit activity (MUA) and LFP were simulta-

neously recorded, correlations with the animal percep-

tive performance were found with LFP recordings not

with MUA recordings (Gail et al. 2004, Woelbern et al.

2002).

POTENTIAL MECHANISMS

Important similarities were noted between low fre-

quency stimulus-locked oscillations and spontaneous

spindles: (i) they are in the same frequency range (5-15

Hz); (ii) they occur with an inter-tone (or an inter-event)

interval of at least 2 seconds (Bal and McCormick 1996,

Cotillon et al. 2000); (iii) they both seem to originate from

interactions between thalamic relay cells and thalamic

reticular cells, without a dominant contribution of the cor-

tical level (Bal et al. 1995, Cotillon and Edeline 2000).

Nonetheless, an important difference exists between these

oscillations and the spindles. Stimulus-locked oscillations

were rarely synchronized between the thalamic and corti-

cal levels, as well as between the two hemispheres

(Cotillon et al. 2000), whereas spindles are highly syn-

chronized over the cortex and the thalamus (Contreras et

al. 1997a), as well as between the two hemispheres

(Contreras and Steriade 1996). The involvement of corti-

cal activity was shown to explain the long-range synchro-

nization of spindles (Contreras et al. 1996, 1997b,

Destexhe et al. 1999), the absence of cortical involvement

in tone-evoked oscillations could explain their lack of

long-range synchronization.

Stimulus-locked oscillations were detected under dif-

ferent drugs acting on GABAergic receptors

(pentobarbital, valium) or not (urethane). We previously

suggested that this type of oscillations requires important

levels of hyperpolarization (Cotillon-Williams and

Edeline 2003). It is well-known that the presence of

bursts, underlying the low frequency oscillations, re-

quires an hyperpolarized state of thalamic cells

(Contreras and Steriade 1996, Curro-Dossi et al. 1991,

1992, Deschênes et al. 1984, Lo et al. 1991, Lu et al.

1992). During SWS, only modest hyperpolarizations

were observed at the thalamic level (only 4 mV in the cat

LGd, see Hirsch et al. 1983). One can argue that this mod-

erate level of hyperpolarization is, however, enough for

the presence of a small percentage of spontaneous spin-

dles. Again, the cortical waves of activity, which syn-

chronize massively the discharge of both RE and

thalamic cells during spindles, can play a key role: by act-

ing more strongly onto RE cells than onto thalamic cells

(Golshani et al. 2001), spindles can be triggered by corti-

cal activity even with relatively modest levels of

hyperpolarization of thalamic cells. In contrast, sensory

stimuli: (i) activates thalamic cells before the RE cells;

and (ii) only activates a small population of thalamic cells

(those responding to a particular frequency or to click

presentation). Thus, because of the small size of the cell

populations and because the triggering event starts by an

excitation of thalamic cells (and not by an excitation of

RE cells), the thalamo-reticular network probably needs

to be more strongly hyperpolarized for the occurrence of

stimulus-locked oscillations than for the spontaneous

spindles.

As the spontaneous spindles, the non stimulus-locked

oscillations might require only moderate levels of

hyperpolarization, and as a consequence they were de-

tected during SWS. In line with this view, the non stimu-

lus-locked oscillations were found in the same

proportion than spontaneous oscillations both in SWS

and in drugged conditions. They were in the same fre-

quency range (5-15 Hz), and, as spontaneous oscilla-

tions, they were observed in similar proportions in SWS

and under drugs. Note that in drugged or undrugged

conditions spontaneous and non stimulus-locked oscil-

lations were present at a lower percentage and with a

lower power than the stimulus-locked oscillations.

FUNCTIONAL IMPLICATIONS

According to this scheme, the lack of oscillations dur-

ing waking and paradoxical sleep is simply the conse-

quence of a more depolarized level during these states of

vigilance. Obviously, the large literature that has in-

volved the oscillations in cognitive functions (particu-

larly in the visual system) will argue that the lack of

oscillations during waking reflects the absence of an

attentional demand, and that training the animals in be-

havioral tasks can reveal a higher proportion of oscilla-

tions. However, an alternative view is that the presence

of evoked oscillations might not be an advantage for

processing auditory information, and might even set the

temporal limits of auditory perception. For example, in

anesthetized cats, the ability of neurons to follow a train

of clicks was inversely correlated with the duration of

spontaneous oscillations (Kenmochi and Eggermont

1997). Also, a relationship was found between the fre-
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quency of these oscillations and the best modulation fre-

quency of units in the auditory cortex of anesthetized

rats (Gaese and Ostwald 1995). Thus, the lack of oscilla-

tions in awake animals might, in fact, increase the tem-

poral performance of auditory neurons and should allow

detection of higher periodicity in complex stimuli. Be-

cause neuronal oscillations have often been viewed as a

way to synchronize neuronal populations involved in

perceptive processes, the present hypothesis clearly

challenges the notion that visual perception and audi-

tory perception rely on common mechanisms. By es-

sence, auditory perception is temporal, and the need to

rapidly respond to changes in the auditory stream is

probably more crucial than in the visual system. Thus,

the absence of oscillations in awake animals might

allow each neuron to process the auditory inputs

independently of its neighbors, and should allow a fine

grain analysis of auditory messages.

Finally, we would like to point out that it is probably

crucial to distinguish the rhythmic activities detected

from LFP recordings from the spiking activity (MUA or

single unit) analyzed at the same recording sites. We

should keep in mind that neurons transmit information

by action potentials. Detecting oscillations from LFP re-

cordings does not mean that the information is transmit-

ted via these oscillations, in particular when neuronal

discharges do not exhibit rhythmic activity. Thus, the

presence of oscillatory events, and their relations with

the animal perception, might also be a function of

whether or not the inputs reaching in a given brain re-

gion need to be transformed into neuronal discharges to

contribute for the animal’s immediate performance.
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