
Behavioral/Systems/Cognitive

Stimulus-Specific Adaptation in the Gerbil Primary Auditory
Thalamus Is the Result of a Fast Frequency-Specific
Habituation and Is Regulated by the Corticofugal System

Peter Bäuerle, Wolfger von der Behrens, Manfred Kössl, and Bernhard H. Gaese
Institute for Cell Biology and Neuroscience, Department of Biological Sciences, Goethe University, D-60323 Frankfurt am Main, Germany

The detection of novel and therefore potentially behavioral relevant stimuli is of fundamental importance for animals. In the auditory
system, stimulus-specific adaptation (SSA) resulting in stronger responses to rare compared with frequent stimuli was proposed as such
a novelty detection mechanism. SSA is a now well established phenomenon found at different levels along the mammalian auditory
pathway. It depends on various stimulus features, such as deviant probability, and may be an essential mechanism underlying perception
of changes in sound statistics. We recorded neuronal responses from the ventral part of the medial geniculate body (vMGB) in Mongolian
gerbils to determine details of the adaptation process that might indicate underlying neuronal mechanisms. Neurons in the vMGB
exhibited a median spike rate change of 15.4% attributable to a fast habituation to the frequently presented standard stimulus. Accord-
ingly, the main habituation effect could also be induced by the repetition of a few uniform tonal stimuli. The degree of habituation was
frequency-specific, and comparison across simultaneously recorded units indicated that adaptation effects were apparently topograph-
ically organized. At the population level, stronger habituation effects were on average associated with the border regions of the frequency
response areas. Finally, the pharmacological inactivation of the auditory cortex demonstrated that SSA in the vMGB is mainly regulated
by the corticofugal system. Hence, these results indicate a more general function of SSA in the processing and analysis of auditory
information than the term novelty detection suggests.

Introduction
It is a common feature of neuronal information processing that
repetitive stimulation results in reduced neuronal activation.
This can be functionally significant in the form of stimulus-
specific adaptation (SSA), a decrease in neuronal responses only
to the repeated stimulus, which is not generalized to other stimuli
(Nelken and Ulanovsky, 2007). Neurons showing strong SSA
were recently described at different levels of the central auditory
pathway (Ulanovsky et al., 2003; Pérez-González et al., 2005; An-
tunes et al., 2010). They are seen as “novelty detectors” showing
preferential responses to rare, unexpected acoustic stimuli among
frequently occurring, steady background signals. The main factor
influencing neuronal activity of those cells with the potential to de-
tect “novel events” is the parameter of deviance between the two
types of stimuli. In most studies, this parameter was the frequency
separation between pure tones (Nelken and Ulanovsky, 2007).
However, sound amplitude and binaural cues have successfully been
tested as well (Reches and Gutfreund, 2008).

Although the notion of novelty detection focuses on a very
general, widely applicable concept, neurons with strong SSA are
in fact only a fraction of the neurons exhibiting SSA at all. A
substantial number (Ulanovsky et al., 2003; Malmierca et al.,
2009; Antunes et al., 2010) or even the predominant fraction
(Anderson et al., 2009; von der Behrens et al., 2009) of neurons
tested showed rate adaptation only to a limited degree, suggesting
that neuronal processes underlying SSA might be important for
additional aspects of sensory information processing. The audi-
tory thalamus [medial geniculate body (MGB)] is of particular
interest in this respect, because SSA is not distributed uniformly
across its subdivisions. Although Ulanovsky et al. (2003) found
no effects at the level of the cat MGB, SSA was recently demon-
strated throughout the mouse (Anderson et al., 2009) and rat
MGB (Antunes et al., 2010). Both studies found relatively strong
SSA in the medial division, whereas neurons in the ventral divi-
sion (vMGB) showed adaptation to a minor degree. Whereas
Anderson et al. (2009) found no SSA in a smaller sample of dorsal
division neurons, Antunes et al. (2010) reported also strong SSA
for this subdivision.

Attempts to understand adaptive information processing in
the vMGB must take into account two main characteristics of this
area: first, it is tonotopically organized, and second, it operates
under powerful cortical control, via both direct and indirect cor-
ticofugal projections. It is well known that the auditory cortex
adjusts and improves signal processing at subcortical stages
through frequency-dependent facilitation and inhibition acting
on different timescales from short-term changes to long-term
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plasticity (He, 2003a; Yan et al., 2005; Winer, 2006; Suga, 2008).
This makes it rather likely that the strong effects of SSA in the
auditory cortex are relayed to the vMGB directly or via cortico-
fugal projections to the inferior colliculus (IC) and the thalamic
reticularis nucleus (TRN) in which, again, SSA has already been
described (Malmierca et al., 2009; Yu et al., 2009).

Therefore, we investigated three main aspects of SSA at the
level of the vMGB: the time course of adaptation, frequency-
specific effects, and possibly underlying mechanisms. The hy-
pothesis that SSA is relayed onto the vMGB via the corticofugal
system was finally tested at the network level by inactivating au-
ditory cortical structures.

Materials and Methods
Surgical procedure. Experiments were performed on 27 adult Mongolian
gerbils (Meriones unguiculatus, 15 males, 12 females; weighting 44 –75 g;
mean of 58 g) with clean outer ear canals. Animals were anesthetized by
a mixture of 50 mg/ml ketamine hydrochloride (Ketavet; Pfizer) and 2%
xylazine hydrochloride (Rompun; Bayer). We induced anesthesia by an
initial intramuscular injection of 2.1 ml/kg body weight (�0.12 ml),
followed by subsequent injections of 0.9 ml/kg (�0.05 ml) as needed. As
soon as the animal was deeply anesthetized, a continuous subcutaneous
injection administered by a micro pump (Genie; Kent Scientific) main-
tained a surgical level of anesthesia (dose rate at a level �46 �l/h). After
completing the surgical procedure and before starting with the electrode
positioning, we lowered the dose rate to a level �36 �l/h. Breathing rate,
pedal-withdrawal reflex, and spontaneous neuronal activity were moni-
tored to ensure a sufficient and constant level of anesthesia. A subcuta-
neous injection of 2 ml of isotonic solution (Normofundin; Braun)
created a liquid depot to stabilize the animal throughout the experiment.
Dexamethasone sodium phosphate (20 mg/kg, i.p.; Sigma) was applied
to prevent brain edema (Stiebler et al., 1997), and the eyes were covered
with eye and nasal ointment (Bepanthen; Roche) to prevent drying out.
The body temperature was maintained by a heating pad (37.8°C).

Before surgery, the local anesthetic lidocaine (Xylocaine 2%; Astra
Zeneca) was applied subcutaneously to the upper part of the skull of the
anesthetized animals. The skin was opened, and a head holder was at-
tached to the skull using super glue and dental cement (Haraeus Kulzer).
The skull and the electrode holder were aligned to allow for electrode
movements in parasagittal planes, and bregma and lambda were leveled
in the horizontal plane. Furthermore, the roll rotation of the head was
adjusted by choosing two reference points on the skull 1 mm from the
sagittal midline to each side (on a plain part of the skull). A vertical height
disparity of no more than 30 �m was accepted (Mitutoyo digimatic
164-171, accuracy of 2 �m). We performed a rectangular craniotomy
(typically 2.9 –5.2 mm posterior and 2.4 –3.9 mm lateral to bregma)
above the left brain hemisphere to provide vertical access to the MGB and
removed the dura mater. In addition, a centrally located hole was drilled
in the parietal bone above the right cerebral hemisphere and a silver/
silver-chloride reference electrode was placed between dura mater and
the skull. In experiments with cortical inactivation, the left auditory cor-
tex was exposed in a second craniotomy. The dura mater was removed
above the cortex, and all exposed brain tissue including the hole for the
reference electrode was covered with 20% gelatin to prevent drying out.
Experimental procedures were approved by the local animal care com-
mittee and in full compliance with federal regulations as well as the Guide
for the Care and Use of Laboratory Animals (National Research Council,
1996).

Electrophysiological recordings. Extracellular recordings in the MGB
were made with a 16-channel silicon multielectrode (16 recording sites
spaced vertically 50 �m apart with an approximate diameter of 15 �m
each; impedance, 1–3 M�; model A1x16-5mm50-177; NeuroNexus
Technologies). Advancement of the probe was interrupted by regular
stops to allow the tissue to settle down. We started to record neuronal
activity before we reached the target area. Once we recorded stimulus-
evoked spiking activity at the tip channel (probed with white noise, 50 dB
SPL, rate of 1 Hz, 50 ms duration), the electrode was advanced with a step
size of 10 –20 �m (piezo electronic micromanipulator; Märzhäuser). To

record from the ventrally located primary auditory thalamus, the elec-
trode was lowered until stimulus-evoked spiking activity at the tip chan-
nel started to vanish again. Altogether, it took �1 h to finally position the
multielectrode within the MGB. For the experiments with cortical inac-
tivation, local field potentials (LFPs) were recorded in the auditory cortex
with a tungsten electrode (WE20023.0A3; MicroProbe) oriented approx-
imately perpendicular to the cortical surface and positioned at a depth of
1000 �m in layers V/VI. The neuronal signals were preamplified, filtered,
and digitalized with a sampling rate of 24.4 kHz [Tucker-Davis Technol-
ogies (TDT) System 3 modules: high-impedance head stage model
RA16AC; Medusa preamplifier model RA16PA; two Medusa base sta-
tions model RA16BA]. The whole experiment, i.e., data acquisition and
stimulus control, was done using the Brainware software package (TDT).
Signals from the electrode were bandpass filtered (spikes, 600 –3000 Hz;
local field potentials, 2–100 Hz), and the raw voltage traces were stored
for later offline analysis with Matlab (data import: damFileRead.m, Jan
Schnupp, Oxford University, Oxford, UK). Recording positions were
confirmed based on electrolytic lesions in nine experiments. After lesion-
ing, animals were transcardially perfused (0.9% saline, followed by 4%
paraformaldehyde in buffer), the brain was removed, postfixed over-
night, saturated in 10, 20, and 30% sucrose, sectioned on a freezing
microtome (50 �m sections), and stained with cresyl violet (Nissl).

Auditory stimuli. All experiments were performed in a sound-attenuating
chamber. The Brainware software (TDT) controlled the generation of audi-
tory stimuli (5 ms cosine-squared rise/fall times) in real-time using TDT
hardware (Realtime Processor RP21, System 3). Stimuli were attenuated
(PA5; TDT System 3) to the desired SPL, then fed to a hi-fi amplifier (Grun-
dig SR1000), and presented to the right ear under free-field conditions (Sony
loudspeaker SS-MS835). The sound system was calibrated with a 1⁄4-inch
Brüel & Kjær microphone (model 4939).

Frequency response areas (FRAs) were measured at the beginning of
each experiment using pure tones (50 ms duration) ranging from 600 Hz
to 38,400 Hz with logarithmically spaced frequency steps of 0.25 octaves
and sound intensities between �10 and 70 dB SPL in 10 dB steps. All
frequency/intensity combinations were presented in random order (rep-
etition rate of 1 Hz, 10 averages). A tuning curve based on the raw spike
data was immediately calculated afterward (some examples are given in
Fig. 2B) to find the optimal frequencies for the adaptation paradigm
located inside the maximal number of recorded frequency response areas
across all channels within the vMGB. To test the stability of electrophys-
iological recording, we also determined the frequency response curve
(FRC) at 60 dB SPL before and after the test protocol of a stimulus
paradigm using the same frequencies as for the frequency response area
(600 –38,400 Hz).

Oddball paradigm. Our oddball design for determining frequency-
dependent adaptation consisted of repetitive stimulation (repetition
rate, 2 Hz) with tones of two frequencies separated by one octave ( f1 and
f2; tone duration, 100 ms) at a sound intensity of 60 dB SPL. In a “frozen”
trial sequence of 100 stimuli, one tone was first used as the frequent
standard stimulus (p � 90%) and the other one as the low-probability
deviant (p � 10%) that was interspersed in a pseudorandomized order
(Fig. 1 A, bottom). The frozen trial sequence of 100 stimuli with deviants
being presented at fixed positions (Fig. 1 A, ts1) was repeated 10 times to
form a test block of 1000 stimuli (Fig. 1 A, B1). After a 2 min break at the
end of this test block, another test block was presented in which the
frequencies of deviant and standard were swapped (Fig. 1 A, ts2, B2). This
procedure was repeated five times to sample 500 single trials per given
frequency in the deviant and in the preceding standard position. A com-
plete stimulus set for testing two frequencies with an oddball design
consisted of those five repetitions (10 test blocks) together with two
intermediate control blocks with equal probability (50%) for both fre-
quencies and, as an additional control, a block of 100 pure tones (repe-
tition rate 1 Hz) for each stimulus frequency at the beginning and at the
end of the stimulus set.

Reduced oddball paradigm. To resolve frequency-specific differences in
adaptation on a finer scale, we used a “reduced oddball” design that
included several frequency pairs tested with fewer repetitions. Standard
and deviant stimuli in each frequency pair were presented in the same
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pseudorandomized order of the frozen trial sequence as in the complete
oddball paradigm. Each pair consisted of two pure tones separated by one
octave, and one block consisted of two frequency pairs separated by 0.5
octaves (repetition rate, 2 Hz). The first frequency pair was presented in
the first 200 trials, the second frequency pair in the next 200 trials. Then
the 400 trial sequence was repeated with swapped deviant and standard
frequencies. This procedure was repeated for a total of four different
frequency pairs as shown, for example, in Figure 7, including a 2 min
break between blocks. Because we wanted to collect 200 deviant-to-
corresponding-standard comparisons per given frequency, the whole
stimulus arrangement was repeated 10 times to form a stimulus set in
this protocol.

Roving oddball paradigm. In the roving oddball design, stimulus
trains of five identical pure tones (one given frequency; duration, 100
ms; sound intensity, 60 dB SPL; repetition rate, 2 Hz) were presented.

A frozen trial sequence consists of 11 stimulus trains with frequencies
spaced by 0.25 octaves covering a total frequency range of 2.5 octaves
that matched the frequency tuning across all recording channels most
suitable. Frequencies were numbered in ascending order and pre-
sented in the fixed order of frequency numbers starting with the
following: 7, 7, 7, 7, 7, 11, 11, 11, 11, 11, 5, 5, 5, . . . . The fixed
presentation order (7, 11, 5, 1, 6, 10, 4, 9, 3, 8, 2) ensured a frequency
step of at least one octave between consecutive trains. In the context of
SSA, the first stimulus of each train was considered a “deviant stim-
ulus” (new), whereas the last one (fifth) was taken as “standard stim-
ulus” (Garrido et al., 2009). The frozen sequence was repeated 12
times to form a stimulus block of 660 stimuli, followed by a 2 min
break. We used a stimulus set of 20 blocks resulting in a total of 240
single stimuli per given frequency in the first and the fifth position for
the roving oddball protocol.
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Figure 1. Frequency-dependent adaptation in the spike rate of a well isolated vMGB unit. A, The frozen trial sequence of 100 stimuli with fixed (pseudorandomized) deviant positions is illustrated
in the bottom two lines (ts1, ts2). A frozen trial sequence consisted of 10% deviant and 90% standard stimuli with the two tones f1 (here 1 kHz, black bars) and f2 (here 2 kHz, gray bars) being the
deviant in one and the standard in the other trial sequence. As indicated by small arrows, deviant-related responses of one frozen trial sequence (e.g., from ts1) were compared with each
standard-related response in the preceding position of the corresponding sequence. A frozen trial sequence (e.g., ts1 or ts2) was repeated 10 times comprising a block of 1000 trials. The responses
of a single unit to two corresponding blocks B1 and B2 are shown in the middle and top parts of A. The dot plots indicate the timing of single spikes in the 60 ms after stimulus onset for all 1000 trials
(left column) and a subset of 35 trials at a higher temporal resolution (right column). Responses to tones of frequency f1 are indicated in black dots and responses to frequency f2 in gray dots. Higher
spike counts per trial can be observed for the frequency f1 (black arrows, black numbers to the right) compared with the frequency f2 (gray arrows, gray numbers to the right), regardless of f1 being
either the deviant in block B1 or the standard in block B2. However, focusing on the single frequency f1, higher spike counts per trial can be noticed for f1 as deviant (bottom row) than for f1 as standard
tone (top row). The same is true for f2 being the deviant in the top row and the standard frequency in the bottom row. Spike waveforms of a 10% sample of all recorded responses to standard and
deviant stimuli of both frequencies within this experiment are shown at the top right (4671 single waveforms). B, Distribution of spike counts in responses to both frequencies f1 and f2 being either
the standard (bottom, f2; top, f1) or the deviant frequency (bottom, f1; top, f2). Spike counts per trial are shown at a single-trial resolution (4 plots in the middle) or as the average distribution of spike
counts (top and bottom). There is a noticeable shift from higher to lower spike counts in responses to both frequencies in the deviant with respect to the corresponding standard position.
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Data analysis. Data analysis was performed in Matlab (version 7.6;
MathWorks). Spike sorting was performed on the basis of the spike wave-
forms. All waveforms of one experiment were sorted together for each
channel. The first five principal components of the waveforms were com-
puted (Matlab function princomp) and clustered by an unsupervised
classification algorithm [KlustaKwik (Kenneth D. Harris, Rutgers Uni-
versity, Newark, NJ); restricted to five clusters]. We generally recorded
from small clusters of neurons (multiunit activity) rather than single-
neuron activity and gained only in rare cases a well isolated spike cluster
(one example is given in Fig. 1). Because comparable effects of SSA were
reported for single-unit and multiunit activity recorded from a given
brain area (Ulanovsky et al., 2003; Anderson et al., 2009; von der Behrens
et al., 2009), we expected no bias for our data. Adaptation effects were
quantified in the oddball paradigm, by determining the percentage dif-
ference between deviant- and standard-related response activity (num-
bers of spikes) as ((deviant � standard)/standard * 100) named “DS
difference” (in percent), which gives a concrete impression of the effects
investigated here. To provide comparability to the literature, we also
calculated the normalized spike adaptation index (SI) (stated in brackets
within the text) (Ulanovsky et al., 2003). SI is calculated as (deviant �
standard)/(deviant � standard). The SI index ranges from �1 for a
complete absence of deviant-related activity to �1 for a complete ab-
sence of standard-related activity.

Like Ulanovsky et al. (2004), we used a combined threshold criterion
to define the frequency response area. We calculated the mean plus 1 SD
of the interstimulus activity level directly preceding stimulus onset (100
ms time window) and added 10% of the maximum spike activity of all
frequency/level combinations to determine threshold activity. The neu-
ronal frequency response area (tuning curve) was defined by linear in-
terpolation of threshold activity in the frequency/level response matrix
(Matlab function contour) (Abel and Kössl, 2009). Only the responses to
stimulation frequencies within this tuning curve were further analyzed,
and for the oddball paradigm, both frequencies of a stimulation pair had
to be enclosed.

Our strategy was to focus on average changes in activity in large sam-
ples (many repetitions) to level out all spontaneous disparities and there-
fore reveal even small effects with statistical significance. As a drawback,
this resulted in a rather long recording time (e.g., a complete test of the
oddball protocol plus all controls and the two frequency response curves
took almost 3 h). Consequently, great care was taken to ensure stable
recording conditions. Neuronal data were selected by means of the fol-
lowing criteria. (1) Spike sum activity calculated separately for deviant
and standard tones of each frequency should not alter in an unsystematic
manner across the blocks of the oddball sequences. For example, a
change in overall spike sum activity for the deviants as a consequence of
a slowly changing level of anesthesia should also be reflected by the sum
of the corresponding standard tones. (2) We plotted the frequency re-
sponse curves, calculated the area under the curve before and after each
stimulus set, and excluded all units with a total area change of �30%.
Furthermore, (3) we included only units with a clear V-shaped tuning
curve, and (4) we analyzed only responses with a well defined onset
component when tested with a block of 100 pure tones for the oddball
paradigm. Because this last criterion is a qualitative description in the
first place, we requantified it based on the oddball results: average
stimulus-evoked activity in the first 30 ms time window had to be at least
one spike/three trials (standard tone) for a unit to be included in our
samples for the reduced oddball and the roving oddball design. We ana-
lyzed responses from an average of eight channels per experiment fulfill-
ing all the criteria stated above.

Because of technical limitation of our multichannel recording at a
repetition rate of 2 Hz, we were restricted to acquire data only for 60 ms
after stimulus onset. According to Anderson et al. (2009), this is sufficient
to gather the typical transient neuronal response throughout the MGB.
We further limited this time window to the first 30 ms of stimulus-
evoked neuronal response, which encompasses the phasic onset response
in vMGB neurons (Fig. 2C). The latency was determined from the
summed peristimulus time histogram (PSTH) with a bin size of 1 ms.

The oddball paradigm included two different pure tone stimuli of two
frequencies with very different stimulus probabilities (deviant, p � 0.1/
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standard, p � 0.9). To compensate for this strong imbalance in trial
numbers, we compared the evoked spike activity from the deviant posi-
tions with the activity from the directly preceding standard positions of
the swapped blocks. The time course of neuronal responses was analyzed
by arranging the evoked spike sum activities of all standard and deviant
stimuli in the order of presentation. In this analysis, spike rates were
normalized to the maximum evoked spike activity per trial for a given
frequency and unit. Thus, normalized values taken from the time course
analysis could not be directly compared with the DS differences.

Statistical analysis was performed using the Matlab statistics toolbox
(version 5.1; MathWorks). Because parts of our data were not normally
distributed, we applied only nonparametric tests to determine statistical
differences. Statistical tests were considered significant at p � 0.05. The
term “highly significant” was used at p � 0.001. Average population data
are shown as median with the interquartile range displayed from 25th to
75th percentile.

Cortical inactivation. The GABAA agonist muscimol decreases spike
activity in a concentration-dependent manner with full efficiency (Rijal
and Gross, 2008). The maximal spread of muscimol takes place within
the first 30 min (Martin, 1991; Martin and Ghez, 1999; Talwar et al.,
2001). It remains in the tissue (Martin and Ghez, 1999), and, applied
cortically, it does not reach subcortical structures (Allen et al., 2008). It
has been shown by Talwar et al. (2001) that, in the rat, a topical muscimol
application of 20 �g inhibited the auditory cortex, including the infra-
granular layers. However, as demonstrated by Happel et al. (2010) for the
Mongolian gerbil, lower doses are also effective.

We used a total of 16 �g of muscimol (1 �g of muscimol dissolved in
1 �l of physiological saline; Sigma-Aldrich) for inactivation of the audi-
tory cortex. Before muscimol application, we removed excessive gelatin
from the exposed cortical surface with a flush of saline but left a covering
layer in place. Muscimol was applied topically in four portions (4 �l
each) producing drops covering the whole left auditory cortex. Diffusion
time was limited to 2 min per drop with the residual liquid being re-
moved afterward. Hence, the total effective muscimol dosage remains
unclear, but, in all cases, the stimulus-evoked LFP signal (white noise
stimuli, 60 db SPL, 50 ms duration, rate of 1 Hz, measured 30 min after
muscimol application; one example is given in Fig. 12B) indicated a
profound inactivation of the auditory cortex comparable with Talwar et
al. (2001).

Results
Data were collected from a total of 192 units in 24 anesthetized
Mongolian gerbils (oddball and roving oddball paradigm) tar-
geting the vMGB with a multichannel recording approach
(Fig. 2 B). Almost all of the recorded neurons (�95%) showed
a phasic onset response to the pure tone stimuli with a short-
latency burst of a few spikes (Figs. 1 A, 2C, top panel). We
therefore restricted our analysis in most parts of this study to
the first 30 ms of the stimulus-evoked response encompassing
this onset component.

Probability-dependent differences in neuronal response
activity
In a first series of experiments, we investigated SSA in 100 units
(15 animals) by comparing neuronal responses to pure tones of
different frequencies in an oddball paradigm. An example of a
well isolated unit in the vMGB with differential responses to pure
tones depending on stimulus probability is illustrated in Figure 1.
Responses to the low-probability deviant tones (p � 0.1) that
were presented among high-probability standard tones (p � 0.9)
one octave apart were on average 17.6% (SI of 0.08) higher. In
this example, the difference in response activity was independent
of the frequency relationship (i.e., the deviant frequency being
either higher or lower; configurations B1, B2) and was readily
visible in single-trial comparisons between standard and deviant
trials, as indicated in Figure 1A. The response of the unit was

clearly phasic with a short latency after tone onset. The numbers
of spikes per trial were small (one to four), but consistently dif-
ferent between standard and deviant trials (Fig. 1A, numbers on
the right). Averaging the response of the unit over 1000 trials
revealed a marked difference in the response distribution (spikes/
trial) between standard and deviant stimuli (Fig. 1B), again, for
both test blocks (B1 and B2 in Fig. 1B, top and bottom, respec-
tively). Comparing, for instance, the response distribution for f1
[lower frequency (LF)] as the standard tone (Fig. 1B, top left
histogram) with responses to f1 as the deviant tone (Fig. 1B,
bottom left histogram) reveals a clear shift from lower to higher
spike rates. This is also true for the corresponding histograms of
responses to the higher frequency (HF) f2 (Fig. 1B, bottom and
top right histogram).

SSA in the vMGB was quantified by assessing probability-
dependent changes in response rate. The median spike response
rate (DS difference, deviant/standard) to the rare deviant stimuli
was 15.4% higher (SI of 0.07) compared with responses to the
highly probable standard stimuli (1 octave frequency separation,
0.1 deviant probability, repetition rate of 2 Hz) (Fig. 2A). This
was significantly different from the control condition with equal
probability (50%) for both tone frequencies (two-sample Kolm-
ogorov–Smirnov test, DS/50%, p � 0.001). As expected, the av-
erage percentage change in the control condition was �0
(�0.02%, median). We further tested the possibility of a system-
atic asymmetry of neuronal responses in the stimulation pairs
(relative lower vs higher frequency). Therefore, we split up the
frequency pairs and calculated the relative change in response
rate separately for each relative LF and HF (Fig. 2A). Average
changes in response in both cases resembled the general “unit”
effect (LF/50%, p � 0.001; HF/50%, p � 0.001). Although the
single frequency distributions had a larger range, there was no
statistical difference at the population level, neither in relation to
the unit distribution (unit/LF, p � 0.56; unit/HF, p � 0.44) nor
for direct comparison (LF/HF, p � 0.96).

The time course of SSA during the typical neuronal response
pattern to pure tones in the oddball paradigm was investigated
in a time window of 60 ms covering the phasic onset response
(Fig. 2C). Probability-dependent differences in spike rate
could be found along the whole time course of the stimulus-
evoked response, consistently showing the pattern of higher
activity in deviant-related responses. Absolute differences
were larger around the peak of the onset response (Fig. 2C,
middle). However, the absolute difference values are corre-
lated with the absolute spike rate response values. Therefore,
we calculated the change in percentage and normalized the
scale effect by the nonlinear arcsin transformation. This
arcsin-corrected distribution (Fig. 2C, bottom) indicated a
difference of constant magnitude after response beginning for
the whole time range investigated.

Habituation of standard-related responses underlies
stimulus-specific adaptation
The probability-dependent difference in response activity as it
was shown for the vMGB (see above) could, in principle, be
caused by an increase in deviant-related activity, a reduced
standard-related response, or some combination of both pro-
cesses. To disentangle these processes possibly underlying SSA,
we compared the neuronal responses measured during the odd-
ball paradigm with activity measured for determining the re-
sponse properties of the neurons (frequency response area and
frequency response curve). Although these recordings had a dif-
ferent purpose at first, they included in most cases the two chosen
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stimulation frequencies of the oddball paradigm as part of their
stimulation scheme. We therefore analyzed all units with an exact
match of tested frequencies at 60 dB SPL in all paradigms (n �
73) (Fig. 3).

Comparably high levels of activity were elicited when tones of
a given frequency occurred with low probability among several
other tones, as was the case for determining the FRA (average
probability of occurrence for a given frequency, p � 0.04) and the
FRC (average probability of occurrence for a given frequency,
p � 0.04). There was no statistical difference between spike ac-
tivities evoked by deviants in the oddball paradigm and activities
evoked by the same stimulus presented in the context of the fre-
quency response area or the frequency response curve (two-
sample Kolmogorov–Smirnov test, FRA/deviant, p � 0.79; FRC/
deviant, p � 0.79; FRA/FRC, p � 0.99) (Fig. 3). In contrast,
activity levels in the three low-probability stimulus paradigms
were significantly higher by �18% compared with the neuronal
responses to the standard tone before each deviant (Sb), which
was always the last in a continuous sequence of equal tones (be-
tween 2 and 13 tones; standard tone probability, p � 0.9). There
was no statistical difference in activity levels between the high-
probability stimuli using the two-sample Kolmogorov–Smirnov
test. Nevertheless, there are highly significant differences revealed
by the Wilcoxon’s signed rank test (p � 0.001), which is based on
a pairwise comparison between standard- and deviant-related
spike rate rather than on the accumulated frequency distribution.
The activity related to the first standard stimulus presented after
the deviant stimulus (Sa, i.e., two tones after Sb) (Fig. 3) was
significantly higher compared with the response to the standard
stimuli presented right before the deviant stimulus (Sb). This
pattern is characteristic for neuronal habituation. The higher
post-deviant-related standard activity can be considered as a con-
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Figure 4. Frequency-specific effects of SSA in vMGB units. A, Comparison of DS-difference
values (from 1st vs 2nd stimulus set) taken from oddball paradigms repeated twice per unit. The
complete stimulus set (10 blocks plus control conditions) was repeated immediately after the
first presentation with the same frequency pair in 14 units (28 frequencies tested twice) to
determine the stability of adaptation over time during the same recording experiment. Data
points cluster along the diagonal (bottom left to the top right corner), indicating equal values
for the repeated stimulus set. B, Comparison of DS-difference values (from 1st vs 2nd stimulus
set) taken from blocks of the oddball paradigm repeated with a slightly different frequency pair
(0.4 octaves on average) in the same unit. Data from 25 units (50 frequencies for each stimulus
set) are included. Data points scatter around the diagonal, indicating that adaptation is not
independent of stimulation frequency. C, Comparison of DS-difference values taken from the
relative lower ( f1) versus the relative higher ( f2) frequency of each frequency pair tested in the
oddball paradigm (100 units). Population data were already shown in Figure 2 A. Once again,
the data do not cluster along the diagonal.
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Figure 3. Comparison of probability-dependent activity levels between various stimulation
paradigms (n � 73). Shown are average responses (population median � interquartile range
of the averaged number of spikes per trial) to stimuli of different probability, derived from
different stimulation paradigms applied. Comparison was done only for frequencies at 60 dB
SPL that were tested in all of the following stimulus configurations: the FRA, the FRC, and four
different stimulus types taken from the oddball paradigm. These included the deviant (D), the
standard tone right before the deviant (Sb), the standard tone right after the deviant (Sa), and
the tonal response in the control condition with equal probability for standard and deviant
(50%). Dotted line denotes the median of Sb. Statistical comparisons are indicated above the
bars, with the asterisks representing the level of significance (***p�0.001). Tests based on the
two-sample Kolmogorov–Smirnov test are drawn in black, and those based on the Wilcoxon’s
signed rank test are colored in gray.
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sequence of “dishabituation” caused by
the presentation of a deviant tone be-
tween. Both types of standard-related
activity were significantly reduced com-
pared with the elicited response in the
equal probability condition, in which re-
sponses were increased by �5% com-
pared with the most habituated activity
(Sb). Therefore, we consider habituation
to the highly probable standard as the
main process underlying SSA.

Is stimulus-specific adaptation
frequency-specific?
Although SSA is mostly seen as a neuron-
specific property in the literature, there is
still the possibility that the underlying habit-
uating effects might differ within a fre-
quency response area in vMGB neurons.
This leads directly to frequency-specific ad-
aptation, because tone frequency is the pri-
mary stimulus feature determining the
response area.

One possible approach to this question
is to repeat, for a given set of units, the
recording stimulus set of the oddball par-
adigm with different frequency pairs.
This, however, relies on stable recording
and stable adaptation effects over time.
We, therefore, determined the stability of
adaptation effects in the recordings by
comparing adaptation in recorded stimu-
lus sets with identical stimulation fre-
quencies that were acquired successively
for a given unit. Disparities in the repeated
recording should become obvious by
plotting the DS-difference values of the
first stimulus set against the DS difference
of the second repeated stimulus set. DS-
difference values from such comparisons,
determined separately for the higher and
lower frequency in each frequency pair, correlated strongly
(Spearman’s correlation coefficient, r � 0.95) (Fig. 4A) and were
very similar between the first and the second stimulus set (i.e.,
data points clustered along the diagonal). This indicated that the
data acquired on adaptation were stable and highly reproducible.

A first approach to frequency-specific effects was then taken
by shifting the stimulus pair in frequency (by 0.4 octaves on
average) while maintaining the frequency separation between de-
viant and standard constant, giving rise to a second oddball stim-
ulus set. Related DS-difference values to the first and second
stimulus set were correlated (r � 0.53) (Fig. 4B) but were much
more scattered around the diagonal line of equality compared
with repetitions with identical frequency pairs (Fig. 4A). Their
scattered appearance indicates a marked frequency-specific dif-
ference in habituation. Finally, the most obvious frequency-
specific effects of adaptation were revealed by directly comparing
DS differences between the two stimulus frequencies ( f1, f2, 1
octave apart) of each test pair that were used as corresponding
deviant/standard combinations in the oddball paradigm (Fig.
4C). The related DS differences of f1 versus f2 from 100 units (15
experiments) had a broad distribution of correlated values that
were clearly different in many cases. The majority of correlated

data points were broadly dispersed from the diagonal (r � 0.20)
(Fig. 4C). Furthermore, no significant correlation of the DS-
difference magnitude with the spike rate was found (Spearman’s
correlation coefficient, r � 0.04, p � 0.53) excluding that scale
effects account for the revealed pattern.

One example of how such frequency-specific differences in
habituation could, in addition, be arranged inside a given fre-
quency response area of a unit is shown in Figure 5. Testing
several frequency pairs in an oddball paradigm revealed in this
unit a systematic arrangement of DS differences over a frequency
range of �1.5 octaves. For all tested frequencies in the frequency
response range at 60 dB SPL, DS differences were larger at the
high-frequency slope (34.2 and 30.5 kHz) compared with DS
differences at the more centrally located lower test frequencies
(24.1 to 12.1 kHz).

A systematic variation of adaptation within a given frequency
response range was also found in simultaneous recordings from
several spatially separated units. These simultaneous recordings
could exhibit either response areas with closely overlapping (Fig.
6) or clearly separated (Fig. 7) frequency ranges, both together
providing a first indication for a possible topographic arrange-
ment of adaptation effects. Recordings from three different units
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Figure 5. Example of frequency-specific differences in adaptation in a vMGB unit tested consecutively with stimulus sets of the
oddball protocol using three different frequency pairs. A, Frequency response area. The tuning curve is marked by the dashed black
line. White points at 60 dB SPL indicate the tested frequencies, and the white numbers identify the three different frequency pairs
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exhibit an activity level exceeding the mean plus 1 SD of the interstimulus activity level. B, Average normalized standard-related
(gray line) and deviant-related (black line) activity for the six different test frequencies (top row) and the difference in activity
(deviant � standard; bottom row) depicted in PSTHs (2 ms bin width). The pure tone frequency is indicated above each column.
The number of the stimulation pair for this frequency is given in the top right corner of each difference PSTH in the bottom row, with
the percentage DS-difference value stated beneath. Although the three frequency pairs were recorded in three consecutive
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that are spatially separated by at least 100 �m, but have very
similar frequency response areas, are depicted in Figure 6. As
already shown in Figures 4C and 5, adaptation (i.e., DS-
difference values) varied inside the frequency response areas. DS
differences at the two frequencies located closer to the edges of
the frequency response range (9.6 and 32.6 kHz) show larger
difference values than those located in the central part (16.3 and
19.2 kHz). In addition, an astonishingly similar pattern of DS
differences depending on frequency is obvious between these
units. At 19.2 kHz, for example, a late component at �40 ms is
visible across the three channels in which the standard elicited
higher spike sums than the deviant.

Simultaneous recordings from units with response areas lo-
cated in different frequency ranges showed frequency-specific
differences in habituation as well (Fig. 7). Regions with low DS
differences and regions with larger DS differences were systemat-
ically arranged along the frequency response curve, but with a
different pattern for each unit. As a result, specific frequencies
could cause in one unit a strong DS difference but had no adapt-
ing effect in another, simultaneously recorded unit. Hence, we
conclude that habituation acts in a frequency-specific manner
with an underlying topographic pattern. Moreover, the DS dif-
ferences could not have been the effect of sensory adaptation or
habituation at a peripheral level of the auditory pathway, such as

the auditory nerve fibers. Instead, the
measured habituation rather likely repre-
sents an effect generated in central parts of
the auditory pathway.

Time course of habituation
It has been shown for cortical neurons
that SSA takes place on several timescales
(Ulanovsky et al., 2004). Therefore, we
addressed this question for MGB neurons
and analyzed the time course of adapta-
tion in more detail. Specifically, we were
interested in three questions. (1) Is the
time course of this habituation a fast or a
slow process? (2) Does the effect of habit-
uation depend on the number of con-
secutive standard trials? (3) Is it the
result of a nonlinear or continuous
process?

The data recorded with the oddball
paradigm were analyzed trial by trial to
approach these questions (Fig. 8). The
time course of activity for both deviant
and standard responses over the whole
(averaged) block of 1000 trials for all units
was almost constant. However, as pre-
dicted by stimulus probability, the con-
stant level of activity in deviant responses
was clearly above the one in standard re-
sponses by �10 percentage points of nor-
malized activity (Fig. 8A). Although
deviant responses seemed to be at the re-
spective median level right from the first
deviant stimulus, the median level of stan-
dard responses was reached only after sev-
eral standard stimulus presentations. A
visual inspection of this pattern at higher
temporal resolution (Fig. 8B) revealed
that the average level of standard activity

was slightly above the deviant level right at the beginning and
dropped sharply, reaching steady state somewhere between 50
and 100 trials. Furthermore, it became clear that deviant-related
activity declined at the beginning as well, so that the time course
of activity for both the standard as well as the deviant stimuli
could be fitted with a decaying exponential of the type f � c1 � c2

* e (�t / � ), with c1 being the asymptote, c2 the decay factor, and �
the time constant. This suggests a common process of modula-
tion with putative different effect sizes for both deviant and stan-
dard responses. Surprisingly, however, both exponential
functions shared similar time constants of � � 20.44 trials (devi-
ant) and � � 20.35 trials (standard) and hold the grand median
difference of 10 percentage points already in their asymptotic
terms (deviant, c1 � 67.8, c2 � 10.4; standard, c1 � 57.2, c2 �
11.5).

This led to the assumption that differences in the level of
activity between standard and deviant might be induced at the
very beginning of stimulation. To test this, a more detailed anal-
ysis of the temporal development of activity in three different
temporal sections was performed (Fig. 8C). Activity in the three
sections was analyzed using linear fits ( y � c1 � c2 * x). The left
panel (trials 1–5) shows only standard stimuli as the first deviant
was presented in trial 8. A strong decrement of 9 percentage
points of standard activity occurred within the first three consec-
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utive standard stimuli and an additional decrement of 1 percent-
age point in the following two stimuli of the initial stage. This
resulted in a total decrement of 10 percentage points in standard
activity during the initial five consecutive standard trials, which
equals the final difference in grand median activity level between
standard and deviant stimuli. The time course of activity after
presenting the first three standard trials is characterized by an
additional but weaker decrement of spike activity within approx-
imately the next 100 trials (trials 3–107), with a slope for standard
activity of �0.072 percentage points per trial compared to a slope
of �4.5 percentage points per trial for the first linear fit in the left
panel. Furthermore, the time course of activity for the standard
and the deviant tones in this second temporal section (trials
6 –107 in the middle panel encompassing 11 deviant presenta-
tions) run almost in parallel. The deviant activity level not only
shared the same overall dynamics (slope of �0.075 percentage
points per trial) but also reflected the variability of the standard
activity. This resulted in a high degree of correlation between
deviant and standard activity levels (correlating median of devi-
ant with the preceding standard tone, Spearman’s �, r � 0.81, p �
0.0044). We conclude that the grand median disparity between
standard and deviant activity was established by a very fast habit-
uation of standard activity during the first stimulus presentations
(Fig. 8C, left), followed by a stage of fatigue with a less pro-
nounced decrease in activity affecting the standard as well as the
deviant levels (Fig. 8C, middle). The dynamics finally leveled off
in the third temporal section. Here, both standard and deviant
activity reached a more or less constant level with a minimal
tendency for recovery (slope: standard, 0.001 percentage points
per trial; deviant, 0.0002 percentage points per trial). The corre-
lation in temporal development between standard and deviant
activity in the third section was significant (r � 0.24, p � 0.024)
but much weaker than in the second section.

The contribution of the initial fast habituating standard activ-
ity was further tested by splitting up the dataset with respect to the
strength of the frequency-specific DS difference (Fig. 8D). There
was a highly significant correlation of the degree of habituation
for the initial five standard trials with the overall frequency-
specific DS difference (r � 0.25, p � 0.001). The same pattern was
also obvious for the second temporal section (r � 0.21, p � 0.01).
Interestingly, in the two categories showing 25% or more DS
difference, activity in the second trial is already strongly
habituated. Consequently, we also found a highly significant cor-
relation of the degree of habituation with the overall frequency-
specific DS difference for the initial two standard trials (r � 0.35,
p � 0.001), exhibiting an even more pronounced correlation
coefficient as it has been revealed for the complete first five trials.
This fits nicely into the pattern of “fast habituation” described
above. In all cases, variations were rather high because spike ac-
tivity values in this analysis were based only on five tone presen-
tations per trial number and tested frequency. Together, the
important process underlying DS difference at the level of the
vMGB seems to be a fast inhibition of standard responses that has
a nonlinear dynamic and is already effective after the first trial.

Stimulus history
Short-term stimulus history was investigated by analyzing the
level of deviant activity depending on the number of consecutive
standard tones presented immediately before (Fig. 8E). We tested
the influence of short time stimulus history (measured in num-
bers of consecutive standard tones presented immediately be-
fore) on normalized deviant activity in a nonparametric ANOVA
(Kruskal–Wallis test, df � 9, � 2 � 20.15, p � 0.017). This re-

vealed a small but significant increase in deviant activity level with
an increasing number of preceding standard tones. The maximum
range of this effect, however, was only 2.9 percentage points. There-
fore, it was not a major factor influencing DS difference.

Testing the fast habituation hypothesis with a roving
oddball paradigm
Frequency-specific effects of adaptation were so far only de-
scribed in a limited frequency range and by using a lengthy par-
adigm. Within this paradigm, we could identify three stages of
changes in spike rate behavior (fast habituation, fatigue, and
steady stage). By taking into account the process of fast habitua-
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tion within the first trials, we tried to determine DS differences on
a shorter timescale and over a broad range of frequencies. Thus,
we switched to the roving oddball design and tested 92 units in
nine animals. In this paradigm, five consecutive tones of one
frequency were followed by a frequency step (upward or down-
ward) with a minimum of 1 octave, enabling us to test systemat-
ically a total frequency range of 2.5 octaves with 0.25 octave
resolution. The first trial of a five-tone stimulus train was consid-
ered to be the deviant, the last trial (fifth) to be the standard. As
shown for an example recording including three different units
(Fig. 9), the roving oddball paradigm revealed broad frequency
domains of marked DS difference. These regions covered differ-
ent parts of the frequency response areas of simultaneously re-
corded units and were centered around different frequencies.

The average DS difference in this first-
to-fifth tone comparison (Fig. 10A), how-
ever, was small (median of 5.8%) and
broadly distributed (range from �2.7%
for the 25th percentile to 15.1% for the
75th percentile). This effect was signifi-
cantly smaller (two-sample Kolmogorov–
Smirnov test, oddball/roving oddball, p �
0.001) than the SSA observed in the odd-
ball paradigm (median DS difference of
15.9%, interquartile range from 5.6 to
25.7%). The time course of activity in the
five-tone series (Fig. 10B) resembled the
one for the first five standard trials in
the original oddball paradigm. Further-
more, comparable activity rates were
obtained for the tested frequencies in
the low-probability protocols of the
tuning curve estimation and the deter-
mination of the frequency response
curve (Fig. 10C). Compared with the
deviant stimulus in the oddball design,
however, the first tone of the five-tone
series elicited a significantly lower spike
activity level than the matching fre-
quencies within the frequency response
area (two-sample Kolmogorov–Smir-
nov test, FRA/first, p � 0.001) and the
frequency response curve (FRC/first,
p � 0.005). In fact, average spike rates to
the first and the last tone (Fig. 10C, 1st,
5th) were so similar that the two-sample
Kolmogorov–Smirnov test failed to pick
up the difference (p � 0.36). Once
again, there was a highly significant dif-
ference revealed by the Wilcoxon’s
signed rank test (p � 0.001). Therefore,
we conclude that the two paradigms
share in principle the same dynamics,
but the activity in the roving oddball
paradigm was probably reduced by a
broad habituation attributable to the
closely spaced test frequencies used
here. We choose two ways to test this
hypothesis. In a first approach, we com-
pared the activities from first/fifth stan-
dard trials from the (standard) oddball
paradigm as roving oddball substitutes
and tested their activity difference

against the first standard/deviant-tone combination (Fig.
10 D). Because the number of averages was low in this com-
parison, we gained values with a larger variation but compa-
rable medians (11.9% for first/fifth stimulus difference and
9.8% for seventh/eighth stimulus difference compared with
15.4% in the original population) and found no significant
difference between both distributions (Wilcoxon’s signed
rank test, p � 0.78). As a second approach, in three of the
roving oddball experiments, we also recorded two frequency
pairs with four blocks each of the oddball paradigm between
the roving oddball stimulus set (Fig. 10 E). As expected, we
found higher DS differences within the oddball paradigm (me-
dian DS difference of 12.0%) compared with the correspond-
ing frequencies embedded in our roving oddball paradigm
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DS differences. A, Average time course of normalized response activity from 100 units tested in the oddball paradigm (2 frequencies
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level of significance (*p � 0.05, **p � 0.01, ***p � 0.001). Significantly higher levels of activity in deviant responses occurred
with increasing number of intermediate standard tones. The bold black line represents a linear fit to the deviant levels ( y � 0.064
* (# of standard tones) � 68).

Bäuerle et al. • SSA of Neurons in the Gerbil Auditory Thalamus J. Neurosci., June 29, 2011 • 31(26):9708 –9722 • 9717



(median DS difference of 4.3%). Hence, we suggest that the
same inhibitory mechanism was activated in both paradigms,
resulting in an expanded and more general habituating inter-
action between stimulation frequencies that were clustered
together in a narrow frequency band in our roving oddball
design.

How adaptation effects were positioned in relation to the ex-
tent of the respective frequency response areas was investigated
for 129 test frequencies (Fig. 10F), all of them in units without
truncated flanks in the frequency range of 600 –38,400 Hz at 60
dB SPL (i.e., with defined low- and high-frequency area borders).
Absolute DS-difference values are shown as a function of the
relative position in the response area along the frequency axis at
60 dB SPL. Positions were defined with respect to the closer fre-
quency boundary (either upper or lower boundary). As depicted
in Figure 10F, habituation was negatively correlated to the dis-
tance from the frequency boundary (Spearman’s �, r � �0.38,
p � 0.001), demonstrating that, at the population level, effects
located in the border region of the frequency response area show
greater DS differences than those located in the central part. We
tested the hypothesis of different effect strength by splitting up
the dataset with respect to distance from the frequency boundary.
The DS-difference distribution of frequencies located in the bor-
der region (distance � 25%, n � 30) are significantly different
from those in the central part (distance � 25%, n � 99; two-
sample Kolmogorov–Smirnov test, p � 0.001). Some examples
for pronounced effects in the border region of the frequency
response area are given above (Figs. 5, 6). Nevertheless, there is a
strong variation in DS differences at all positions, and, for a given

unit, the relatively large DS differences could also be located in
the central part of the frequency response curve. This was, for
example, the case in some of the unit responses shown in Figure 7.
For the population data (Fig. 10F), no additional correlations,
e.g., to the steepness of the frequency response curve (Spearman’s
�, r � 0.017, NS) or to the relative (r � 0.093, NS) or absolute (r �
�0.074, NS) firing rate were found.

Influence of cortical inactivation on adaptation in the vMGB
One of the likely mechanisms for generating adaptation effects in
the vMGB was tested in a final set of experiments: the well de-
scribed adaptation at the cortical level (Ulanovsky et al., 2003,
2004) might influence the vMGB via direct or indirect descend-
ing projections. This was investigated for a subset of units (25
units from four animals), for which we successfully measured
SSA in the vMGB with the roving oddball paradigm first under
normal conditions (as above) and then while the ipsilateral audi-
tory cortex was inactivated by a topical application of muscimol
(Figs. 11, 12). However, with our approach, we were not able to
determine a recovery afterward because of time limitations on the
duration of stable recording conditions. Although clear DS dif-
ferences were present under normal recording condition, they
disappeared with cortical inactivation by muscimol as shown by
the examples given in Figure 11B. This effect is also obvious at the
population level. The distribution of DS-difference values before
and after muscimol application (Fig. 12A) changed significantly
(two-sample Kolmogorov–Smirnov test, p � 0.001). Although
for the control condition the distribution was significantly differ-
ent from zero (Wilcoxon’s test, z � �4.13, p � 0.000037),
thereby indicating a majority of positive DS-difference values,
this was not the case anymore after muscimol application (Wilc-
oxon’s test, z � �1.16, p � 0.25). In detail, the distribution of
DS-difference values became symmetrical around zero by mus-
cimol application (kurtosis of 3.9 and 0.9 for the recording with-
out and with cortical inactivation, respectively). All these effects
occurred in addition to the general decrease in stimulus-evoked
spiking activity (Figs. 11C, 12C) as a result of cortical inactiva-
tion, which accentuates the importance of auditory cortical ac-
tivity for information processing in the vMGB. The general
reduction in spike activity levels were observed for both the first
and the fifth tone activity (Fig. 12C). Hence, we conclude that the
auditory cortex plays a crucial role in the generation of SSA at the
subcortical level of the auditory thalamus.

Discussion
SSA was investigated in the vMGB to determine frequency-
specific effects and their possible underlying mechanisms. It is an
exciting feature of the auditory thalamus that the potential
strength of SSA is anatomically segregated. So far, SSA in the
vMGB as part of the lemniscal auditory pathway could not be
detected at all (Ulanovsky et al., 2003, 2004) or showed SSA only
to a relatively limited degree (Anderson et al., 2009; Yu et al.,
2009; Antunes et al., 2010). Here, we present significant SSA in
the gerbil vMGB with an average DS differences of �15%, which
is comparable with the 30% described for the rat MGB as a whole
(Yu et al., 2009). These less pronounced effects in the rather
sharply tuned vMGB neurons is consistent with results from the
rat IC, in which tuning sharpness was inversely related to the
amount of adaptation (Malmierca et al., 2009).

We used larger frequency differences in the oddball paradigms
compared with the literature and tested over a much broader
frequency range. This approach enabled us to systematically in-
vestigate frequency-specific effects. We also explored the possible
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Figure 9. Example recording of DS differences determined with the roving oddball
paradigm. A, Frequency response areas of three simultaneously recorded units. The level
of activity encoded in grayscale as in Figure 5; recording channel numbers are indicated in
the bottom right corners. Units were tested in a paradigm using 11 different frequencies
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different test frequencies. Only data from frequencies inside the corresponding frequency
response area were analyzed.

9718 • J. Neurosci., June 29, 2011 • 31(26):9708 –9722 Bäuerle et al. • SSA of Neurons in the Gerbil Auditory Thalamus



involvement of cortical feedback in SSA, which has been a matter
of considerable debate in the literature. Here we demonstrate for
the first time that the cortex indeed plays a crucial role.

SSA is frequency-specific
The stimulus feature mainly used in the literature to investigate
SSA is a deviance in the tone frequency with the gained effects
usually being described in a cell-specific manner. Although single
neurons are definitely important units of information process-
ing, differential responses to distinct stimuli cannot be the result
of a mechanism acting at the level of the output mechanism of the
cells, i.e., at the level of the soma. Therefore, it is most likely that
SSA depends on specific input processing presumably located at
different branches of the dendritic tree (Ulanovsky et al., 2004).
Consequently, together with the dependency on the input chan-
nel, one can also expect dependency on the input parameters.

We tested such dependence and found a
marked influence of stimulus frequency
within the response range of the neu-
rons, such that some frequency ranges
showed strong and other only weak lev-
els of SSA (Fig. 5). These ranges were
similar for simultaneously recorded units
with comparable frequency response areas
and different for those with varying fre-
quency response areas (Figs. 6, 7). Higher
levels of SSA were, in addition, on average
associated with the border regions of the fre-
quency response range, which might reflect
the characteristic of inhibitory projections.

Such frequency-specific effects were al-
ready obvious when comparing frequency-
dependent indices, because they markedly
deviated from the diagonal (Fig. 4). Al-
though comparable patterns with Figure 4C
were published several times, the obvious
frequency-specific effects were not inter-
preted as such (Ulanovsky et al., 2003;
Malmierca et al., 2009; von der Behrens et
al., 2009; Yu et al., 2009). Testing neurons
for SSA with paradigms including several
frequencies simultaneously, as it was shown
here, would probably reveal that most if not
all cells in the IC, MGB, or the auditory cor-
tex exhibit SSA in a certain frequency range.

It has been shown in the literature that
the magnitude of SSA further depends on
a variety of stimulus parameters such as
frequency separation, stimulus probabil-
ity, and repetition rate. Perhaps in part
because of differences in these parame-
ters, some previous studies have reported
rather strong effects (SI � 1: Ulanovsky et
al., 2003 for the AC; Antunes et al., 2010
for the MGB), whereas others have found
only small effects (SI � 0.5: von der Beh-
rens et al., 2009 for the AC; Anderson et
al., 2009 for the MGB). The SSA values
gained here were also rather small, al-
though the stimulus parameters applied
should have been suitable for eliciting
strong effects. We believe that cell selec-
tion plays a crucial role in determining the

potential magnitude of SSA. By focusing on a defined subpopula-
tion of neurons with narrow tuning curves, we could present data
from a range of paradigms with, for example, differences in deviant
probability, which were rather consistent. We further restricted the
analysis of the standard response in our DS-difference measure to
the last stimulus preceding the deviant, but calculating a contrast
measurement involving an average over all standard stimuli gave
almost identical effect magnitudes because the time course of habit-
uation was so fast and the effect of short-term stimulus history was
rather small.

Time course underlying adapting firing rates
Our detailed analysis of the time course revealed that the most
likely mechanism underlying SSA is a fast habituation of the neu-
ronal response to the high-probability standard tone within the
first few trials. The habituating response to the standard stimulus
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Figure 10. Population analysis for data recorded in the roving oddball paradigm. A, Average DS difference (1st/5th)
determined in the roving oddball paradigm (n � 532 frequencies in 92 units). Data were calculated by comparing
responses to the first tone (deviant) with responses to the fifth tone (standard) of the five-tone stimulus train. Data from
the oddball paradigm, already given in Figure 2, were redrawn to the right for comparison. B, Time course of response
activity to the five consecutive tones in the five-tone stimulus train normalized to the frequency-specific maximum spike
sum per trial of a given unit (median with interquartile range). The first tone (deviant, black) and the fifth tone (standard,
gray) are used to calculate DS differences. C, Comparison of activity levels (median � interquartile range of the number of
spikes per trial) at specific frequencies (60 dB SPL), tested in all of the following stimulus configurations: in the FRA, the
FRC, and the roving oddball paradigm (1st and 5th tone of the five-tone stimulus train). Tests based on the two-sample
Kolmogorov–Smirnov test are drawn in black, and those based on the Wilcoxon’s signed rank test are colored in gray.
Significant differences are indicated at the top with the level of significance encoded as **p � 0.01, ***p � 0.001. D,
Population data recorded in the oddball paradigm comparable with the roving oddball effects (n � 100, as shown in Fig.
2). Left side (1st/5th): Trial-specific differences in activity (comparable with DS difference) between the first standard tone
and the fifth standard tone (roving oddball substitute). Right side (8th/7th): Trial-specific differences in activity between
the first deviant (trial 8) and the preceding standard tone (trial 7). Data for relative low and high frequency ( f1, f2) are
combined per unit to compensate for the small number of repetitions (5 per frequency and unit). E, Direct comparison of the
DS differences in the oddball paradigm (left, 200 single trials per given frequency in the standard and the deviant position)
and the roving oddball paradigm (right, 240 single trials per given frequency for the 1st and 5th position) recorded in the
same set of neurons at corresponding frequencies (n � 52). Frequency data were included, if both frequencies of a
stimulation pair within the oddball paradigm were located inside the tuning curve and fulfilled the stability criteria (see
Material and Methods). F, Dependence of DS difference on the relative frequency position at 60 dB SPL in vMGB units. The
positions of test frequencies were determined as relative positions in the frequency response area between the center
(50%) and the closer frequency boundaries (0%; either top or bottom one) of the frequency response area for 129
frequencies recorded from 22 units. Depicted are normalized absolute DS differences (1st vs 5th tone in the roving oddball
paradigm) as a function of the relative frequency position (gray dots). The median of all data points within a 10% distance
step are shown in black.
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determining the degree of SSA (Fig. 3) is
comparable with most studies at other
levels of the auditory pathway and with
human EEG recordings (Haenschel et al.,
2005). Although the decrease in response
to standard stimuli is usually strong in the
first part of a trial sequence (Ulanovsky et
al., 2003, 2004; Malmierca et al., 2009), we
found an astonishingly fast time course
with on average 54% of the reduction in
firing rate occurring in the second trial
and an additional 36% in the third stan-
dard trial (Fig. 8). This timing was surpris-
ingly similar to human EEG recordings
(Garrido et al., 2009), indicating that this
mechanism once again might be a com-
mon feature of SSA.

The fast habituation phase in the MGB
is followed by a second phase in both
standard- and deviant-related responses
with very similar time constant indicating
general “fatigue,” which probably ac-
counts for the similarities of the exponen-
tial fits in Figure 8B. The steady-state level
of adaptation is on average determined by
deviant probability. This is indicated by
the strong neuronal response to the devi-
ant in the 10% oddball paradigm as well as
in the frequency response area and the
frequency response curve compared with
the control condition (50%) and the
lower level of standard-related activity
(Fig. 3). Ulanovsky et al. (2004) suggested
that stimulus history operates on two in-
dependent timescales: a local stimulus
history with a time constant of two trials
and a global stimulus history adapting
to the long-term stimulus metastatistic
(overall stimulus probability). Our data
(Fig. 8), however, suggest sequential in-
teractions of habituating and dishabituat-
ing processes that already exist within the
very first trials. These sequential interac-
tions balance the activity level trial by trial,
consistent with the illustrated SSA time
course of the mean population response in
cortical neurons (Ulanovsky et al., 2003).
One correlate of such fine-tuned pro-
cesses is the overall dependency of the de-
viant activity level on the number of
preceding standard stimuli (Fig. 8E).

Roving oddball paradigm: tradeoff between frequency range
and effect size
We selected, based on the described fast habituation, another stim-
ulation paradigm with additional power to reveal frequency-specific
effects, the roving oddball paradigm (Garrido et al., 2009). Although
this paradigm worked in principle, overall DS differences revealed
were comparably small. The chosen narrow frequency spacing prob-
ably induced inhibitory/habituating side effects between the stimu-
lation tones that resulted in a broadband adaptation of the whole
frequency band used, thereby limiting the residual degree of varia-
tion. The influence of frequency separation on the degree of SSA is

well documented in the literature, but in no case was this compared
with corresponding spike levels from other paradigms.

Corticofugal control of SSA in the auditory pathway
Although on one hand, the strong effects of SSA described for the
IC (Pérez-González et al., 2005; Malmierca et al., 2009) might
simply be passed on to the MGB, inactivation of the TRN, on the
other hand, directly eliminated SSA in the MGB (Yu et al., 2009).
Because all three subcortical structures (IC, MGB, and TRN) are
under auditory cortical control, the adaptation found there
(Ulanovsky et al., 2003; von der Behrens et al., 2009) might very
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Figure 11. Roving oddball paradigm in the vMGB combined with cortical inactivation. A, Four examples of frequency
response areas of vMGB units recorded in four different experiments (same type of illustration and annotations as in Fig.
9A) representing the whole frequency range covered. The level of activity is encoded in grayscale and additional informa-
tion noted as in Figure 5. The roving oddball paradigm was performed using 11 frequencies (at 60 dB SPL) separated by 0.25
octaves in a range adjusted to the response range of the unit (top, 600 –3394 Hz; top middle, 714 – 4036 Hz; bottom
middle, 3394 –20,938 Hz; bottom, 4036 –24,900 Hz). Position of test frequencies are marked with white dots in the
response plot at 60 dB SPL. B, Corresponding levels of activity depending on stimulation frequency for the first tone
(deviant, black) and the fifth tone (standard, gray). Spike numbers were normalized to maximum spike sum activity elicited
by the fifth tone within a given panel to compensate for the reduced activity level after muscimol application. Panels in the
left column in B display normalized spike sums before application of muscimol to the auditory cortex (AC) and panels in the
right column after cortical inactivation. Examples in each row are numbered as noted in the top right corner from top to
bottom (boxed numbers). Only data from frequencies inside the corresponding frequency response area were analyzed. C,
Test recordings of frequency response curves from the four example units shown in A using 25 frequencies ranging from
600 –38,400 Hz (spacing 0.25 octaves) and comparing the activity before (dotted line) and after (solid line) application of muscimol to the
auditory cortex. Boxed numbers in the top right corner of each panel indicate the example number. The frequency range marked with light
gray (background) indicates the range of stimulation inside the corresponding tuning curve.
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well lead to adaptive control of structures along the ascending
auditory pathway. Thereby, the cortex could adjust its own in-
put depending on the actual context of information process-
ing. This mechanism might not provide a fast feedback onto
the same stimulus processing (Anderson et al., 2009) but be
effective in between-trial influences. Pharmacological inacti-
vation of the auditory cortex using muscimol, meant as a sim-
ple test of this hypothesis, resulted in a clear reduction of SSA
in the vMGB (Fig. 12).

Subcortical auditory processing is still
active in the Mongolian gerbil, when the au-
ditory cortex is blocked by muscimol (Gold-
schmidt et al., 2010; Happel et al., 2010).
Conversely, �5 h are necessary for reversal
of cortical inactivation (Talwar et al., 2001;
Happel et al., 2010), which exceeded our
time of stable recording condition. There-
fore, we are not able to present data for post-
inactivation recovery of thalamic SSA to
definitively exclude unexpected side effects
of muscimol treatment or direct diffusion of
the drug into vMGB. Nevertheless, both
possibilities are quite unlikely. Muscimol
application was performed extremely care-
fully with a covering layer of gelatin in place
functioning as a kind of sponge to prevent
unintentional application to other brain ar-
eas. Direct diffusion for auditory cortex to
vMGB would require that the drug would
have to cross the cortical white matter, the
hippocampus, and the ventricles finally to
reach the MGB or alternatively to travel
along the cortical white matter through the
striatum and the anterior thalamic nuclei. In
both cases, muscimol would not only have
to spread a remarkable distance but would
also affect large parts of the brain, including
other important structures for auditory in-
formation processing (e.g., the IC via the
ventricles or the TRN as part of the anterior
thalamus), presumably resulting in differ-
ent effects than those reported here.

Experimental approaches using inacti-
vation with muscimol (Zhang and Suga,
1997; Yan and Suga, 1999; Zhang and Yan,
2008), cooling, and electrical stimulation
(He, 1997; He et al., 2002; He, 2003b) of
the auditory cortex demonstrated a gen-
eral excitatory cortical influence on the
MGB. Accordingly, cortical inactivation
resulted in an overall decrease in firing
rate of 35.8% (Fig. 12C). Conversely,
stimulating the auditory cortex with a sin-
gle electrical pulse can evoke inhibition
(He et al., 2002). Speculating on such in-
hibitory mechanisms has to take into ac-
count the time constant of synaptic
currents in the MGB of at most a few
hundred milliseconds (Bartlett and
Smith, 2002; Yu et al., 2004; Asari and
Zador, 2009), which is too fast com-
pared with our 500 ms interstimulus
interval. Metabotropic receptors, how-

ever, such as the GABAB receptor with its potassium conduc-
tance have a longer time constant and are plausible candidates
in the MGB (Tennigkeit et al., 1998, 1999; Schwarz et al.,
2000). Because GABAergic interneurons are missing in the
rodent vMGB (Winer and Larue, 1996; Arcelli et al., 1997), the
cortex could act via the GABAergic projection neurons from
the TRN (Crabtree, 1998; Winer et al., 1999) as demonstrated
recently (Zhang et al., 2008). The axonal projection pattern of
TRN cells as described in the rat (Kimura et al., 2007) is well suited to
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Figure 12. Cortical inactivation eliminates adaptation in the vMGB as indicated by the distribution of DS differences. A, Distri-
bution of determined DS differences in vMGB units (n � 136 frequencies in 25 units) before (black) and after (gray) cortical
inactivation with muscimol (bin size, 10%). B, Inactivation of the auditory cortex was monitored in recorded LFPs. The example
given here shows the LFP in layer V before muscimol application (left), 30 min after muscimol application (middle), and at the end
of the experiment (right). Black horizontal bar indicates stimulus duration (white noise, 50 dB SPL) to determine LFP responses. C,
Spike activity levels (median � interquartile range) of the first and the fifth tone in the roving oddball paradigm after muscimol
application as percentage values of the spike sum obtained before muscimol application. Muscimol caused an overall median
decrease in activity levels of 35.8% in the vMGB. D, Examples of histological verification of electrode positions. Left, Coronal section
through the MGB with lesions indicating the position of recording channels 1 and 16 (asterisk). Scale bar, 200 �m. v, Ventral part
of the MGB; d, dorsal part of the MGB. Right, Lesion in layer V of the auditory cortex indicating the electrode position for recording
LFPs. Scale bar, 200 �m. Cortical layers are indicated by Roman numerals. One thalamic recording example corresponding to the
histological data in D as well as the LFPs in B is given in Figure 11 A (bottom).
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execute a tonotopically organized corticofugal gating function and
could account for the pattern of SSA within and across the frequency
response areas as shown above.
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