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To identify sounds as novel, there must be some neural representation of commonly occurring sounds. Stimulus-specific adaptation
(SSA) is a reduction in neural response to a repeated sound. Previous studies using an oddball stimulus paradigm have shown that SSA
occurs at the cortex, but this study demonstrates that neurons in the inferior colliculus (IC) also show strong SSA using this paradigm. The
majority (66%) of IC neurons showed some degree of SSA. Approximately 18% of neurons showed near-complete SSA. Neurons with SSA
were found throughout the IC. Responses of IC neurons were reduced mainly during the onset component of the response, and latency
was shorter in response to the oddball stimulus than to the standard. Neurons with near-complete SSA were broadly tuned to frequency,
suggesting a high degree of convergence. Thus, some of the mechanisms that may underlie novelty detection and behavioral habituation

to common sounds are already well developed at the midbrain.

Introduction

The world is full of sounds that are common and repetitive. To
attend to all of these sounds all of the time would be maladaptive.
At the same time, however, it is crucial to attend to and evaluate
novel sounds because these could signify danger or other circum-
stances that require an immediate behavioral response.

Most previous studies have assumed that adaptation to repet-
itive sounds and detection of novel sounds is a function of the
auditory cortex (AC) (Csépe et al., 1987a,b; Nadtinen, 1992; Ti-
itinen et al., 1994; Schénwiesner et al., 2007) and does not involve
subcortical processing. This assumption is largely because of the
fact that novelty detection has traditionally been studied by non-
invasive recording of event-related potentials (ERP), especially
the mismatch negativity (MMN) waveform, which appears ~150
ms after stimulus onset in response to an uncommon, or oddball,
stimulus (Niitinen et al., 1978, 1992). MMN studies have had a
profound impact on our understanding of many cognitive phe-
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nomena and served in studies of various clinical populations
(e.g., schizophrenia, Alzheimer’s disease). However, the ERP
method does not provide good information about processing at
subcortical levels, nor does it provide accurate information about
the identity and location of the neuronal generator of MMN in
the cortex (Niddtinen and Michie, 1979; Deouell, 2007; Fritz et al.,
2007).

Recent electrophysiological studies in animals, using an odd-
ball stimulus paradigm similar to that used to evoke MMN in
humans, have focused on the cortex and demonstrated that many
AC neurons in the cat exhibit a reduced response to a stimulus
that is presented repeatedly. This phenomenon is termed
stimulus-specific adaptation (SSA) (Ulanovsky et al., 2003, 2004;
Nelken and Ulanovsky, 2007). When a novel (oddball) sound is
presented, these same neurons are released from SSA and re-
spond vigorously to one or a few presentations of the new sound.
Based on recordings from a few neurons in the auditory thalamus
[the medial geniculate body (MGB)], Ulanovsky et al. (2003)
concluded that SSA does not occur below the level of the cortex.

However, a recent study in the rat (Pérez-Gonzailez et al.,
2005) has shown that the main auditory midbrain nucleus, the
inferior colliculus (IC), contains a population of neurons that
respond selectively to novel stimuli. These novelty selective neu-
rons appear to be a highly specialized population, but it is not
known whether, or to what extent, neurons in the IC exhibit SSA
of the type seen in cortical neurons. The stimulus presentation
methods used by Pérez-Gonzdlez et al. (2005) were somewhat
different from those used by Ulanovsky et al. (2003) to study AC
responses, and were not well suited to demonstrate or quantify
partial SSA. To examine responses of a large population of neu-
rons across the IC and to provide a direct comparison with the
studies in cat cortex, we implemented an oddball stimulus para-
digm, similar to that used by Ulanovsky and colleagues, to record
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auditory responses from the rat IC. Not only did this method
allow us to evaluate the conditions under which SSA is seen in the
rat IC and compare them with those that elicit SSA in the cat
cortex, it also provides an indirect comparison with studies of
MMN in humans. A preliminary report has been presented pre-
viously (Malmierca et al., 2007).

Materials and Methods

Surgical procedures. Experiments were performed on 42 adult rats with
body weights between 190 and 410 g. All experiments were performed at
the University of Salamanca with the approval of, and using methods
conforming to the standards of, the University of Salamanca Animal
Care Committee.

Surgical anesthesia was induced and maintained with urethane (1.5
g/kg, i.p.), with supplementary doses (0.5 g/kg, i.p.) given as needed.
Urethane was chosen as an anesthetic because its effects on multiple
aspects of neural activity including inhibition and spontaneous firing are
known to be less than those of barbiturates and other anesthetic drugs
(Hara and Harris, 2002). The trachea was cannulated, and atropine sul-
fate (0.05 mg/kg, s.c.) was administered to reduce bronchial secretions.
Body temperature was maintained at 38°C = 1°C. Details of surgical
preparation were as described previously (Malmierca et al., 2003,
2005a,b, 2008; Hernéndez et al., 2005; Pérez-Gonzélez et al., 2005, 2006).
The animal was placed in a stereotaxic frame in which the ear bars were
replaced by hollow specula that accommodated a sound delivery system.

Acoustic stimuli and electrophysiological recording. A craniotomy was
performed to expose the cerebral cortex and the cerebellum overlying the
IC. A tungsten electrode (1-2 M) (Merrill and Ainsworth, 1972) was
lowered through the cortex and used to record extracellular single unit
responses in the IC. Neuron location in the IC was based on stereotaxic
coordinates, physiological criteria of tonotopicity, response properties,
and histological verification using electrolytic lesions (5-10 wA for 5-10
s) to mark recording sites (Malmierca et al., 1993, 1995, 2003, 2008;
LeBeau et al., 2001; Hernandez et al., 2005; Pérez-Gonzalez et al., 2005,
2006).

Stimuli were delivered through a sealed acoustic system (Rees, 1990,
1997) using two electrostatic loudspeakers (TDT-EC1) driven by two
TDT-ED1 modules. Pure tone bursts were delivered to one or both ears
under computer control using TDT System 2 (Tucker-Davis Technolo-
gies) hardware and custom software (Faure et al., 2003). Typically, tones
were 75 ms duration with a 5 ms rise/fall time. Selected parameters were
varied one at a time during testing. The electrode was advanced using a
Burleigh microdrive. Action potentials were recorded with a BIOAMP
amplifier (TDT), the 10X output of which was further amplified and
bandpass-filtered (TDT PCI; f,, 500 Hz and 3 kHz) before passing
through a spike discriminator (TDT SD1). Spike times were logged on a
computer by feeding the output of the spike discriminator into an event
timer (TDT ET1) synchronized to a timing generator (TDT TG6). Stim-
ulus generation and on-line data visualization were controlled with cus-
tom software. Spike times were displayed as dot rasters ordered by the
acoustic parameter varied during testing. Search stimuli were pure tones
or noise bursts.

To the extent possible, the approximate frequency tuning of the cell
was audiovisually determined. The minimum threshold and best fre-
quency (BF) of the cell were obtained by an automated procedure with
2-5 stimulus repetitions at each frequency and intensity step. The fre-
quency response area (FRA), i.e., the combination of frequencies and
intensities capable of evoking a response, was then obtained automati-
cally using a randomized stimulus presentation paradigm and plotted
using Excel (Microsoft) and SigmaPlot (Systat) software.

Stimulus presentation paradigms. For all neurons, stimuli were pre-
sented in an oddball paradigm similar to that used to record mismatch
negativity responses in human studies (Naitinen, 1992) and more re-
cently in the cat auditory cortex (Ulanovsky et al., 2003, 2004). Briefly, we
presented two stimuli consisting of pure tones at two different frequen-
cies (f; and f,), that elicited a similar firing rate at a level of 10—40 dB
above threshold. Both frequencies were within the excitatory frequency
response area previously determined for the neuron (Fig. 1 A). We pre-
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Figure 1. Examples of the responses of two IC neurons to sounds presented in an oddball
paradigm. A, Sequences of pure tones at two different frequencies ( f,, f,) were presented,
varying the probability of each of the frequencies. In Condition 1, £, had 90% probability of
occurring and £, a 10% probability. In Condition 2 the probabilities of £, and £, were reversed.
Finally, in Condition 3 both frequencies occurred with equal (50%) probability. In this and
similar figures the high probability stimulus is referred to as standard, and the low probability
one as the oddball. B, FRA of a neuron that showed little adaptation; C, FRA of a neuron that
showed considerable SSA. The red and blue vertical lines on both FRAs show the two frequencies
presented in the oddball paradigm and the black horizontal line shows the level. D and E show
spike counts as a function of frequency for the same two neurons when frequencies were
presented in random order (magenta line) or blocks of identical frequencies (light blue line). F
and H show the normalized responses of the neuron on the left to tones presented using the
oddball paradigm. The red trace is the response to the oddball stimulus (see 4, f, in Condition 2
andf, in Condition 1); the blue trace is the response to the standard ( £, from Condition 1andf,
from Condition 2), and the green line is the response when both tones were presented with
equal probability ( f, and f, from Condition 3). G and / show the responses of the neuron on the
right, presented in the same format. In this and similar figures, the shaded background indi-
cates the duration of the stimulus.
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Figure2.

Effect of stimulus repetition rate on neurons with different amounts of adaptation, using the oddball paradigm. 4, In a nonadapting neuron, the responses to the standard (blue traces)

and oddball (red traces) stimuli are similar regardless of the repetition rate (2 Hz, top row; 4 Hz, middle row; 8 Hz, bottom row). B, Partially adapting neurons responded better to the oddball at the
higher repetition rates. €, Novelty neurons responded much more strongly to the oddball than to the standard at all repetition rates tested. In all neurons that showed SSA, the response to the 50%

probability condition was always smaller than that to oddball but larger than to the standard.

sented a train of 400 stimuli containing both frequencies in a probabilis-
tic manner at a specific repetition rate. As shown in Figure 1 A (Condition
1), one frequency ( f,) was presented as the standard (i.e., high probabil-
ity within the sequence); interspersed randomly among the standards
were the oddball stimuli (i.e., low probability) at the second frequency
(f,). The custom software allowed us independently to vary the proba-
bility of the oddball stimulus and the amount by which it varied from the
standard. After obtaining one data set, the relative probabilities of the
two stimuli were reversed, with f, as the standard and f; as the oddball
(Fig. 1A, Condition 2). As a control, f; and f, were presented with equal
probability in a pseudorandom sequence (Fig. 1A, Condition 3). Each
condition contained a total of 400 stimuli. The responses to the standard
stimulus and oddball stimulus were normalized to account for the dif-
ferent number of presentations in each condition, because of the differ-
ent probabilities.

The same paradigm was repeated varying the probability of the odd-
ball (10%, 30%) or the frequency contrast between the standard and
oddball. The frequency contrasts were chosen to be as close as possible to
values that have been used in other studies, i.e., Af = 0.37, 0.10, 0.04;
where Af= (f, — f,)/( f, X ;) '/? is the normalized frequency difference
(Ulanovsky et al., 2003, 2004). These values correspond to frequency
ratios of 0.526, 0.141 and 0.057 octaves, respectively. We also tested the
oddball paradigm at different repetition rates (2/s, 4/s, and 8/s). It should
be noted that the repetition rates tested here were generally faster than
those used by Ulanovsky and colleagues in the AC, who used repetition
rates between 0.25/s and 3/s. These repetition rates were chosen based on
the fact that on average, IC neurons can be driven at faster rates than
neurons in the AC. To quantify the amount of SSA that occurred, we
calculated two different forms of the SSA index using the method de-
scribed by Ulanovsky et al. (2003, 2004). One was the frequency-specific
index SI( f;), where i = 1 or 2, defined for each frequency f; as SI( f;) =
[d(f) — s(HVIA(S) + s(f)], where d( f;) and s( f,) are responses (as
normalized spike counts) to frequency f; when it was oddball or standard,
respectively. The other SSA index was the neuron-specific index (NSSI)
defined as NSSI = [d(,) + d(£,) — s(£,) = s(LVIA(f) + d(f,) +
s(f;) +s(f5)], where d( f) and s( f) are responses to each frequency f, or
f, when they were the oddball or standard stimuli, respectively.

These indices reflect the extent to which the response of a cell to the
standard was suppressed and/or response to the oddball was enhanced.

The possible range of NSSI values is from —1 to +1, being positive if the
response to the oddball stimulus was greater, and negative if the response
to the standard stimulus was greater. To thoroughly quantify the condi-
tions that elicited SSA and novelty responses in a given neuron, the
indices were analyzed as a function of probability ratio, contrast between
oddball and standard, and repetition rate.

In 37 selected neurons, stimuli were presented using the same para-
digm as in (Pérez-Gonzdlez et al., 2005). This paradigm included a “ran-
dom” presentation mode, in which values of the variable parameter were
randomized across trials, and a “block” mode, in which a block of 10-25
identical stimuli was presented, after which the parameter value was
changed, and another block of trials was presented. This procedure was
repeated at each step from the start value to the end value of the variable
parameter. To estimate frequency discriminability by IC neurons, we
performed a receiver operating characteristic (ROC) analysis based on
the distributions of spike counts of each neuron. We computed the ROC
curve for each pair of frequencies ( f, f,), and the area under the curve
was used as an estimation of the percentage of correct responses. For the
90/10% condition, we used the larger of the two percentage values calcu-
lated to facilitate direct comparisons with the data obtained by Ul-
anovsky et al. (2003).

Histological verification of recording sites. At the end of each experi-
ment, the animal was given a lethal dose of sodium pentobarbital and
perfused transcardially under deep surgical anesthesia with PBS (0.5%
NaNO; in PBS) followed by fixative (a mixture of 1% paraformaldehyde
and 1% glutaraldehyde in rat Ringer’s solution). After fixation and dis-
section, the brain tissue was cryoprotected in 30% sucrose and sectioned
on a freezing microtome in the transverse or sagittal planes into 40- to
50-um-thick sections. Sections were stained with 0.1% thionin blue to
facilitate identification of cytoarchitectural boundaries (Malmierca et al.,
1993, 1995; Loftus et al., 2008). Recording sites were marked on standard
sections from a rat brain atlas (Paxinos and Watson, 2005) and used to
make three-dimensional reconstructions using Neurolucida software
(Microbrightfield).

Results

The majority of IC neurons show SSA

We obtained data from 173 neurons throughout the entire extent
of the IC while presenting stimuli in the oddball paradigm. The
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majority of IC neurons (66%) responded more strongly to the
oddball stimulus regardless of whether it was f, or f,. Figure 1
compares typical examples from a neuron that did not show SSA
(left column) and one that showed considerable SSA (right col-
umn). These two neurons were tested at a repetition rate of 4 Hz
using both the oddball paradigm (Fig. 1A) and the original
method of Pérez-Gonzalez et al. (2005). Figure 1, D and E, shows
isointensity functions (30 dB above threshold, see B and C, black
horizontal line) comparing spike counts as a function of fre-
quency when frequencies were randomized (random, magenta
trace), and when they were presented in blocks of identical stim-
uli (blocks, light blue trace). The response of the nonadapting
neuron (Fig. 1 D) was approximately the same regardless of stim-
ulus presentation mode, while the “novelty” neuron’s response
was considerably larger when stimuli were presented randomly
than when they were presented in blocks (Fig. 1E). Figure 1 F-I
compares responses of the same neurons to two frequencies, f;
and f,, using the oddball paradigm. For the nonadapting neuron
(Fig. 1F,H) (Af= 0.76), the response to each of the two frequen-
cies was about the same regardless of whether it was the standard
(blue), oddball (red), or equal probability (green). For the “nov-
elty” neuron (Fig. 1G,I) (Af = 0.21), the response to the oddball
was always significantly greater, regardless of which frequency
was the oddball.

Although Figure 1 shows extreme cases, when all IC neurons
were analyzed, we found that there was a continuum that covered
the entire range from no SSA under any conditions to virtually
complete SSA (close to maximal, NSSI = 1) under all conditions.
Figure 2 shows examples of three neurons, one with no SSA under
any of the conditions tested ( A), one that showed variable degrees
of SSA depending on stimulus repetition rate ( B), and one that
showed SSA under all conditions tested (C). For all three neu-
rons, responses declined at high repetition rates, but the non-
adapting neuron continued to respond equally to both the stan-
dard and oddball stimuli even at the highest repetition rate. The
partially adapting neuron, however, responded about the same to
both the standard and oddball stimuli at low repetition rates, but
responded better to the oddball stimulus at higher repetition
rates.

Repetition rate was not the only factor that determined how
much adaptation (SSA) a neuron experienced. Figure 3 shows the
responses of another neuron to different degrees of frequency
contrast between f, and f, (A) and two different probabilities of
the oddball stimulus (B). When the frequency contrast was high
(Af=0.37,row 1), the response to the oddball was much greater
than the response to the standard stimulus. As the frequency
contrast decreased (rows 2 and 3), the response to the standard
became stronger, while the response to the oddball remained
approximately the same (Fig. 3A). When the probability of the
oddball was increased from 10 to 30%, the response to the odd-
ball stimulus decreased slightly, but the response to the standard
increased (Fig. 3B).

Figure 4 summarizes the pooled results from all of the 173 IC
neurons in this study. As seen in the data described above for
individual neurons, the degree of SSA and the response to the
oddball stimulus depended on the stimulus repetition rate, the
frequency contrast between f; and f,, and the probability of oc-
currence of the oddball. Across the population, there was very
little SSA at a contrast of Af = 0.04, which corresponds to 0.057
octaves, but considerable SSA at both of the higher values tested.
Although the response to the standard stimulus decreased pro-
gressively as repetition rate increased, the largest difference be-
tween standard and oddball was at a stimulus repetition rate of
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Figure3. Effect offrequency contrast (Af, see Results for details) and probability on a single
neuron in the IC when stimuli were presented using the oddball paradigm. 4, An increase in
contrast between the two frequencies ( f;, f;) resulted in an increase in the difference between
the response to the standard and the response to the oddball. This difference was primarily
caused by a reduced response to the standard as well as to an augmented response to the
oddball. In this experiment, f, was held constant at 4.3 kHz while £, was systematically changed
to obtain the required Af, i.e., 6.3 kHz, 3.8 kHz, and 4.5 kHz for Af = 0.37, 0.10, and 0.04,
respectively. The top three rows (4) show data obtained when the probability of the oddball was
10%. B, When it was increased to 30%, the difference between the standard and the oddball
was reduced (Af = 0.37).

4/s. As shown for individual neurons, SSA was greatest when the
probability of the oddball was lowest. It is interesting to note that,
under all conditions, the largest difference between standard and
oddball responses [population difference signal (DS)], was in the
onset component of the response, up to 20 ms after stimulus
onset (Fig. 4, DS, green traces; see also Table 1).

Comparing the SSA-indices across different conditions al-
lowed us to quantify the strength of adaptation. Figure 5 shows
scatter plots of the frequency-specific SI for f; versus f, at different
frequency contrast values, repetition rates, and oddball probabil-
ities. Most values are positive across the entire range of condi-
tions, with the majority of values lying in the upper right quad-
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Figure 4. A, B, Average effect of stimulus probability (4, 90/10%; B, 70/30%), frequency contrast (columns) and stimulus repetition rate (rows) across the population of IC neurons The
peristimulus histograms (PSTH) for the standard and oddball stimuli were normalized to 100 trials to account for the different probabilities and averaged across the entire sample of neurons recorded
from the IC. The number of neurons for each condition is indicated on each panel. The corresponding DS (difference signal) shown to the right of each PSTH represents the difference between the
population response to the oddball and standard stimuli. DS is larger for larger frequency contrasts, and lower oddball probabilities. It reaches a plateau at a stimulus repetition rate equal to or larger

than 4 Hz.

Table 1. Average population DS latency (in ms)

Af=037 Af=0.1 Af=004
90/10%
2Hz 17 1 1
4Hz 19 17 7
8Hz il 17 1
70/30%
4Hz 20 2% 2

Compare to Figure 4.

rant of the graphs, distributed more or less continuously over the
range from 0 to +1. However, this relationship breaks down at
the smallest frequency contrast and oddball probability values,
where many neurons failed to respond at all. It is worth noting
that at the largest two frequency contrast values, there is a cluster
of neurons in the upper right corner, consisting of those that
expressed a high degree of novelty selectivity. The distribution of
neuron-specific SI (see supplemental Figs. 1, 2, available at
www.jneurosci.org as supplemental material) also demonstrates
that, under most conditions (different frequency contrast values,
repetition rates, and oddball probabilities), the SI values are
skewed to the positive side (Table 2). Only at the lowest frequency
contrast and highest oddball probability were values clustered
around zero (Fig. 5A, B).

Because of the large number of stimulus repetitions under
each set of conditions, not all neurons were tested with all condi-
tions. However, for 152 neurons that we were able to hold long
enough to record more than three conditions, we averaged the

neuron-specific SSA-indices across conditions (see supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
These results show that 85% of values were positive, forming a
continuous distribution all the way to + 1, which represents com-
plete SSA. Only 11% of the neurons (16) had negative values,
indicating that they responded better to the standard stimulus
than to the oddball stimulus. However, with two exceptions
(NSSI = —0.42and —0.11), the negative values were all very close
to zero (range, —0.07 to 0), and were not statistically different
from zero (¢ test p > 0.05). Within this continuum, and for de-
scriptive purposes, neurons could be assigned to three different
classes: nonadapting neurons (defined as those for which all NSSI
values under all conditions were <0.25), novelty neurons (de-
fined as those for which all NSSI values under all conditions were
>0.5), and partially adapting neurons (those for which NSSI
values were >0.5 under some but not all conditions) (supple-
mental Fig. 3, available at www.jneurosci.org as supplemental
material). Nonadapting neurons, including those with small neg-
ative SSA values, had nearly identical responses to the standard
and oddball stimuli under all conditions (n = 51), and on average
the spike counts in response to the standard and oddball stimuli
differed from one another by only 13%; NSSI range, —0.42 to
0.24; average, 0.015 = 0.09. Nonadapting neurons made up 34%
of the whole sample. Novelty neurons were defined as those with
high SSA under all conditions (n = 28, NSSI range, 0.56—0.94;
average, 0.76 = 0.16), and made up 18% of the total. For novelty
neurons, the response to the oddball stimulus was on average
160% larger than the response to the standard. The remaining
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neurons (48%) showed SSA under some
conditions but notall (n = 73, NSSI range,
0.02—0.66; average, 0.31 = 0.12).

A 90/10%

Af=0.37
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As mentioned above, a NSSI value was
calculated for each stimulation condition,
meaning that each neuron was usually as-
signed several NSSI values. These NSSI
values for each neuron were averaged to
obtain the distribution shown in supple-
mental Fig. 2, available at www.jneurosci.

ZH ¢ 91y

org as supplemental material. We then fit- ks
ted the distribution with a curve consisting

of one-, two-, or three-Gaussian functions.
The results show that the three-Gaussian
model (see supplemental Fig. 2C, available ~ —~
at www.jneurosci.org as supplemental ma- s 0
terial) is the one that best characterizesour ¢z
NSSI distribution (R? = 0.981), and it is

also significantly better than the one- or
two-Gaussian models. The means of the Mk

ZH v 9jey

Gaussian functions that yield the best fit to

the NSSI distribution are 0.057, 0.384, and 1
0.870, which closely correspond to the av-
erage NSSI values of each group following
our own classification (nonadapting,
0.015; partially adapting, 0.31; novelty,
0.76). Overall, these data indicate that two
thirds of all IC neurons showed at least

ZH g aley

some degree of SSA. -1

Relation of SSA to other parameters

In 171 neurons, we recorded complete
FRAs in addition to measuring SSA (Fig.
1B, C). Figure 6, A and B, shows Q,, and

B 70/30%

Af=0.37

1 -1 0 1 -1 0 1

Af=0.10 Af=0.04

Qo values for those neurons for which we
were able to measure a complete FRA. Q
values are plotted as a function of the av-
erage NSSI for at least three different con- 0
ditions for each neuron (see above and
supplemental material, available at www. a
jneurosci.org). Although there was a wide

ZH v 9jey

N
N
N
-—

o

range of Q values across neuron-specific )
SSA index values, there was a distinct trend ~1 0
for nonadapting neurons to have the high-
est Q values and the largest range of values,
followed by partially adapting neurons.
Novelty neurons (high SSA values) all had
low Q values, indicating broad frequency
tuning.

We also compared frequency discrimi-
nation ability of IC neurons in the 90/10% and 50/50% condi-
tions, using metrics derived from ROC analysis (Fig. 7), a method
that has been widely used in psychophysics and also applied suc-
cessfully to physiological data (Shackleton et al. 2003; Ulanovsky
et al., 2003). We used the area under the curve as an estimate of
the percentage of correct frequency identifications, based on the
spike count after each stimulus presentation (Ulanovsky et al.
2003). The frequency discriminability was significantly better in
the 90/10% condition than in the 50/50% condition for all Af
values (Sign test, p < 0.001 for Af = 0.37, 0.10 or 0.04). When
considering both Afand the repetition rate, the only combination
under which discriminability was not better in the 90/10% con-
dition was when the smallest frequency contrast Af (0.04) was

Figure5.

Sl (f)

A, B, Scatter plots of the frequency-specific Sl at different probabilities (4, 90/10%; B, 70/30%), frequency contrasts
(columns), and stimulation rates (rows). Because each neuron was tested using several combinations of parameters, individual
neurons may be represented in more than one panel. The numbers on the bottom right indicate the number of dots on each side
of the descending diagonal. The gray crosses indicate the mean and SD for each axis.

combined with the fastest repetition rate (8/s) (Sign test, p =
0.115). For all the other combinations the discriminability in the
90/10% condition was improved relative to the 50/50% condi-
tion (Sign test, p = 0.03 for Af = 0.04, 2/s; p = 0.019 for Af= 0.10,
8/s; p < 0.001 for the rest of combinations).

It is noteworthy that in all of the scatterplots shown in Figure
7A-C, there are data points in the upper right quadrant. This
finding indicates that even for small Af some IC neurons have
very high discrimination ability, close to 100%, regardless of the
probability of the stimuli presented.

Figure 7D shows how the average discrimination ability of the
sampled neurons (gray lines) varies depending on Af. Although
the discrimination ability increases with larger Af, it is always
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Table 2. Summary of NSSI under all conditions tested
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Frequency contrast

Af=0.37 (mean = SD)

Af= 0.1 (mean = SD)

Af=0.04 (mean = SD)

90/10%
2Hz n=63(033 = 0.28) n=73(0.16 = 0.24) n=128(0.06 = 0.09)
Range —0.09t0 0.93 —0.53t00.92 —0.06t0 0.39
4Hz n=169(0.46 = 0.32) n=122(031 £035) n=171(0.17 *=0.25)
Range —0.1100.99 —0.43100.98 —0.22t00.88
8Hz n=136(045 = 0.35) n=43(0.30 = 0.36) n=17(0.17 = 0.30)
Range —0.16 t0 0.97 —0.28 10 0.97 —0.08 t0 0.76
70/30%
4Hz n=24(0.20 = 0.19) n=25(0.12 = 0.22) n=_8(0.02 = 0.05)
Range —0.01t00.83 —0.14t00.89 —0.02t00.13
(100.6 = 4.4 ms; range, 90.82-113.4). Fig-
Qo B Quo ure 9B is a plot of the difference in the
10, mean first spike latency of the responses to
N=138 N=98 © Not-adapted the oddball and the standard for each
40; ) o i S frequency as a function of the NSSI. His-
8' artially adapting L. . .
togram distributions of latencies to the
o 30 ) ° standard and oddball are shown in supple-
3 61 mental Figure 4, available at www.jneurosci.
S o org as supplemental material. For neurons
o 20 o 4. + with large NSSI values, the latency differ-
° o + ence was generally larger, reflecting a
+ .
o + shorter latency in response to the oddball.
2 However, we also performed an additional
%“ﬂ'a!! analysis whereb d all latenci
), %@ &t ysis whereby we averaged all latencies
0 A - 0 from the different conditions tested for
-0.5 0 0.5 1 -0.5 0 0.5 1 eachneuron and plotted average latency as

NSSI index

Figure 6.

smaller in the 50/50% condition (dashed lines) than in the 90/
10% condition (solid lines). This is still true when analyzing only
the most sensitive 10% of neurons in the sample (black lines), but
now the overall values are close to 100% [compare our data with
AC data in Ulanovsky et al. (2003), their Fig. 3]. The difference in
discrimination ability across conditions is also related to the NSSI
of the neuron. Neurons with high NSSI show a larger increment
in discriminability going from the 50/50% to the 90/10% condi-
tion. The difference between the 90/10% and 50/50% conditions
is positively correlated with NSSI (R* = 0.45). Although this
correlation is not very strong, it nevertheless indicates a trend.
Many neurons also showed “latency adaptation” (Fig. 8 A),
whereby the average first spike latency of the response evoked by
a given frequency was significantly (¢ test, p < 0.001) shorter
when that frequency was presented as the oddball stimulus
(26.1 = 13.2 ms; range, 7.5-72) than when it was presented as the
standard (29.6 * 13.2 ms; range, 7.3-74.5). Figure 8 A shows
plots of first-spike latency in response to the standard stimulus
versus latency in response to the oddball. The majority of values
lie on or above the bisecting diagonal line, indicating that most
neurons responded to the oddball with the same latency or a
shorter latency than to the standard. There was also a cluster of a
few neurons with latencies longer than 90 ms that correspond to
neurons that responded to the offset of the stimulus. In this case
also, latency of the response to a frequency presented as the odd-
ball stimulus (97.2 £ 3.2 ms; range, 90—102) was shorter than the
latency to the same frequency presented as the standard stimulus

NSSI index

Relationship between individual FRAs and SSA. A and B show the distribution of Q; 45 and Q,, 45 values relative to
NSSI. The higher the SSA (NSS! values closer to 1), the more the range of Q values became restricted to small Q values.

a function of NSSI (Fig. 9). There was a
wide range of average latency across all val-
ues of NSSI, but the shortest latencies
(<15 ms) were all found at NSSI values
<C0.5. This finding could reflect the fact
that latencies in response to the standard
stimulus were longer for those neurons showing strong SSA, or it
could indicate that a certain amount of processing time is re-
quired for these neurons to respond regardless of stimulus
conditions.

Time course of adaptation

To visualize the time course of adaptation in the population of IC
neurons, we examined how responses develop over consecutive tri-
als. Figure 8C shows the population average response as a function of
trial number within the train for both standard and oddball stimuli.
At all frequency contrast values, SSA in response to the standard
occurred rapidly, reaching a maximum within the first 2025 trials.
The response to the oddball showed little or no adaptation over the
course of a train, although it was considerably more variable, prob-
ably because of the smaller number of presentations of the oddball
stimulus. This time scale looks quite similar to the one presented by
Malone and Semple (2001) for monaural and binaural conditioning
stimuli, which were approximately equivalent to our 90% standard
paradigm. This figure also shows that the oddball stimuli evoke
stronger responses than the standard stimuli, particularly at the
larger frequency contrast values.

SSA is ubiquitous in all IC subdivisions

Figure 10 shows two collapsed three-dimensional reconstruc-
tions of sections through the IC to indicate the locations of those
neurons at recording sites that were histologically identified (n =
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Figure7. A-(, Scatter plots based on ROC curve analysis comparing frequency discrimina-
tion by IC neurons in the 90/10% condition versus the 50/50% condition, for Af = 0.37,0.10,
and 0.04. Each dot represents one neuron, and the symbols indicate the repetition rate: trian-
gles, 2/s; circles, 4/s; squares, 8/s. The number of data points above and below the diagonal is
shown in an inset; dots above the diagonal mean better discriminability for the 90/10% condi-
tion than for 50/50%. D, Variation of the average discriminability (mean = SD) depending on
Af. Solid lines, 90/10%; dashed lines, 50/50%; gray lines, data including all neurons in the
sample; black lines, data taken from only the 10% most sensitive neurons.

141). Most neurons were recorded from the rostral and lateral
portions of the IC, with 41 neurons located in the central nucleus
of the inferior colliculus (CNIC). All three response types (non-
adapting, partially adapting, and novelty neurons) were distrib-
uted throughout the entire rostrocaudal, dorsoventral, and me-
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diolateral axes of the IC and were not confined to any particular
subdivision (Fig. 10). However, novelty neurons, i.e., those with a
high level of SSA, were more prevalent in the lateral and dorsal
part of the inferior colliculus. NSSI values were, on average, sig-
nificantly (¢ test, p < 0.001) lower in the CNIC (0.17 £ 0.27) than
in the cortical regions of the IC (0.3 * 0.32), but neurons that
exhibited SSA clearly were also present in the central nucleus.
These data suggest that SSA is ubiquitous throughout the IC.
Although we chose frequency as a convenient parameter to vary,
and to allow a direct comparison with the results described by
Ulanovsky et al. (2003, 2004), it is very likely that changing other
parameters such as sound level or duration would also cause
release from SSA, as has been suggested in our previous study
(Pérez-Gonzalez et al., 2005).

Discussion

This study demonstrates that a high percentage of neurons
throughout the IC display some degree of SSA. In this respect, IC
neurons resemble cortical neurons, most of which also show
some degree of SSA (Ulanovsky et al., 2003). Different forms of
SSA have been shown in the auditory system, particularly at the
cortical level (Condon and Weinberger, 1991; Malone et al., 2002;
Sanes et al., 1998; Ulanovsky et al., 2003), but no previous studies
in mammals have used the oddball paradigm to observe SSA at
the midbrain. One recent study in the barn owl (Reches and
Gutfreund, 2008) reported SSA in the avian equivalent of the IC,
suggesting that it is a phenomenon common to all vertebrates.
Although neurons with a high degree of SSA appear to be most
common in the dorsal and external cortices of the IC (Pérez-
Gonzilez et al., 2005), neurons with SSA are distributed through-
out the entire IC, including the central nucleus. There is a gradi-
ent in the amount of SSA expressed by IC neurons, with those in
the dorsal, lateral, and rostral IC exhibiting the most pronounced
form (Pérez-Gonzalez et al., 2005).

IC neurons that express SSA respond with a variety of dis-
charge patterns. However, those neurons that have a high degree
of SSA and are selective for novel stimuli are all onset responders
(Pérez-Gonzalez et al., 2005). There is a distinct relationship be-
tween the SSA index and the frequency tuning of neurons; i.e.,
neurons with the highest SSA indices were the most broadly
tuned. It is logical that those neurons that are best suited to adapt
to repeated sounds and respond to novel sounds should receive
input over a broad frequency range. In the rat, neurons in the
dorsal and rostral IC have the largest dendritic arbors (Malmierca
etal., 1993, 1995), and thus, are in a position to integrate inputs
across many frequencies.

The extent to which IC neurons express SSA depends on stim-
ulus repetition rate, the amount of frequency contrast between
standard and oddball stimuli, and the probability of the oddball
stimulus occurring. SSA was greatest at the largest frequency con-
trast, the lowest probability of the oddball stimulus, and a repe-
tition rate of 4/s. Ata rate of 8/s, many neurons ceased responding
entirely, suggesting that, in addition to SSA, they experienced
temporal masking (Faure et al., 2003). Presumably at a repetition
rate of 4/s stimulus duty cycle is sufficient to create SSA, but the
interstimulus interval is long enough so that the effects of forward
and backward masking do not reduce the responsiveness of the
neuron significantly. These observations suggest that SSA may be
interactive with temporal masking in IC neurons.

Comparison of SSA in midbrain and cortical neurons
The present study demonstrates that there are both similarities
and differences in the dynamics of adaptation between the IC and
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fast repetition rates (2, 4, and 8 Hz), com-
pared with that of the AC (0.25-3 Hz).
SSA in the IC resembles SSA in the AC
in that the difference between the re-
sponses to the oddball and standard
stimuli is positively correlated with the
amount of frequency contrast and the
stimulus repetition rate (up to 4/s).
Moreover, it is negatively correlated
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with the probability of occurrence of the
oddball stimulus. In both the AC and IC
there appears to be a continuum in the
amount of frequency contrast to which
neurons are sensitive.

Another important similarity between
SSA in AC and IC is the rapid time course
of adaptation to the standard stimulus.
Across all IC neurons, there was a rapid
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response decay over the first 10 presenta-
tions followed by a slower decay that
reached a maximum within 25 presenta-
°o tions. There was no significant adaptation
to the oddball stimulus over the course of
all presentations, possibly because of the
fact that it occurred at a slower repetition
rate, or possibly because the intervening
stimuli caused a release from adaptation. A
further important and unexpected simi-
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standard as the frequency contrast is reduced.
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Figure9. Distribution of the average first-spike latency for both standard and oddball stim-
uli as a function of NSSI. Note that there is no correlation between NSSI and latency.

AC (Ulanovsky et al., 2003). Before we discuss these issues in a
functional context we must highlight a major methodological
difference between the study of Ulanovsky and colleagues (AC)
and ours (IC). The data obtained in the IC is based on relatively

100 200 300 400
Stimuli presentation order

A, Comparison of mean first spike latency of responses to a given tone when it was presented as the standard
stimulus and when it was presented as the oddball. Although there are data points on both sides of the 1:1 line, the majority of
neurons have a standard latency that is longer than the oddball latency. B, When the difference between the standard and the
oddball latencies is plotted as a function of the neuron-specific SSA inde, it becomes apparent that in neurons with a high degree
of SSA, the standard latency tends to be longer than the oddball latency. €, Time course of adaptation. The average number of
spikes per stimulus in the sample is plotted against the order in which that stimulus occurred. Note how the response decays
rapidly in the case of the standard stimuli resulting from adaptation, but not for the oddball stimuli. The higher variability in the
responses to the oddball is probably caused by the smaller number of stimulus presentations, compared with the standard. Also
note that the response to the oddball stimuli is stronger at a frequency contrast of 0.37, but it approaches the response to the

larity between the SSA in the IC and AC is
that IC neurons also show hyperacuity for
very small Af, as small as 0.057 octaves
(compare Fig. 7C).

SSA in the IC differs from that in the
AC because (1) very few AC neurons re-
spond to the standard and oddball stim-
uli with different latencies (Ulanovsky et
al., 2004); in contrast, most IC neurons
responded to a given frequency when
presented as the oddball stimulus with a
shorter latency (Fig. 8). The data are
consistent with the idea that the neuron
is driven more effectively by the oddball stimulus than by the
standard. (2) The biggest difference between the response to
the oddball and standard occurs during the sustained portion
of the response in AC neurons, whereas in the IC it occurred
during the onset portion. (3) In the AC, there is no correlation
between SSA and breadth of frequency tuning, whereas these
measures are strongly correlated in IC neurons.

The similarities and differences detailed above could be
caused by several factors, including the anesthetic used (halo-
thane in the cat vs urethane in the rat) and/or the animal
model (cat vs rat). For example, the auditory forebrain of the
ratand cat are anatomically different (Winer, 2006; Winer and
Lee, 2007). Electrophysiological studies have demonstrated
species differences in the cortical processing of sound param-
eters such as FM sweeps (Nelken and Versnel, 2000). However,
the present study shows that the differences seen are not likely
caused by experimental design and methodology because, ex-
cept for the faster repetition rate used in our study, the meth-
ods were very similar. The differences observed may therefore
reflect different processing mechanisms at the midbrain and
cortex.
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Figure 10. A, B, Computer-assisted three-dimensional reconstructions of the locations of
neurons that were histologically localized, seen in a frontal projection (4) and in a horizontal
projection (B), rotated 90° from the projection seen in A. Neurons showing the entire range of
SSA were found in all subdivisions of the IC, although a higher proportion of the neurons with
the highest degree of SSA were located in the dorsal and rostral parts of the IC. Aq, Aqueduct;
DCIC, dorsal cortex of the inferior colliculus; LCIC, lateral cortex of the inferior colliculus; RCIC,
rostral cortex of the inferior colliculus; SC, superior colliculus.

Is SSA a bottom-up or a top-down process?

An important question is whether or not SSA in the IC is created
de novo at the midbrain and transmitted from there to the cortex,
or whether it is caused by descending projections from the cortex.
It is well known that the AC has a dense projection to the cortices
of the IC in the rat (Saldana et al., 1996; Winer et al., 1998; Bajo
and Moore, 2005; Bajo et al., 2007; Malmierca and Ryugo, 2009),
so it is possible that SSA in those regions could reflect, or be
enhanced by, descending cortical input. Ulanovsky et al. (2003)
showed that the largest difference between the responses to the
standard and oddball stimuli occurs during the steady state por-
tion of the response, suggesting some intracortical processing is
responsible for SSA. In contrast, we observed that for most IC
neurons, the difference between the response to the standard and
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oddball was maximal during the onset portion of the response.
These findings argue against the idea that SSA in the IC is im-
posed by descending projections from the AC. There is contra-
dictory evidence regarding neurons in the MGB (Kraus et al.,
1994; Ulanovsky et al., 2003; Antunes et al., 2009), which receive
amuch stronger direct descending projection than the IC (Winer
et al., 1998, 2001; Malmierca and Ryugo, 2009), but receive the
bulk of their ascending inputs from the IC (Oliver et al., 1999;
Malmierca et al., 2002). The most likely scenario is that SSA is
generated at the IC through intrinsic circuitry (see above), but
modulated by descending cortical input so that the system in-
cludes both bottom-up and top-down processing. The latency
analysis shown in Figure 9 indicates that those IC neurons with
the strongest SSA do not necessarily possesses the longest laten-
cies, but that the shortest latencies of these neurons are longer
than the shortest latencies of nonadapting IC neurons. Thus,
there is some support for the idea that additional processing time
is required for a descending cortical modulation to take effect, at
least in a subset of neurons.

In conclusion, the present data demonstrate that SSA is a
single-neuron level phenomenon that may provide one of the
mechanisms underlying novelty detection. Previous studies (Ul-
anovsky et al., 2003) have linked the emergence of SSA at the
cortical level with auditory memory (Nelken et al., 2003). The
existence of SSA at both the midbrain and cortex strongly sug-
gests that there are two separate SSA mechanisms, one that is
preattentive and operates subcortically [present study, Galbraith
et al. (2004), Rinne et al. (2008)], affecting primarily the onset
portion of the response, and another that operates at the cortical
level where it mainly affects the sustained portion of the response
(Ulanovsky et al., 2003). Whether they are complementary, hier-
archical, interactive, or redundant (Chechik et al., 2006) is a mat-
ter for further studies. If SSA is part of the neural process under-
lying MMN, then the current data show that MMN, although not
directly related to action potential activity, may be generated
through several hierarchically organized steps and is not merely
the result of processing that begins at the cerebral cortex.
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