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Searching for the Mismatch Negativity in Primary Auditory
Cortex of the Awake Monkey: Deviance Detection or
Stimulus Specific Adaptation?
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The mismatch negativity (MMN) is a preattentive component of the auditory event-related potential that is elicited by a change in a
repetitive acoustic pattern. While MMN has been extensively used in human electrophysiological studies of auditory processing, the
neural mechanisms and brain regions underlying its generation remain unclear. We investigate possible homologs of the MMN in
macaque primary auditory cortex (A1) using a frequency oddball paradigm in which rare “deviant” tones are randomly interspersed
among frequent “standard” tones. Standards and deviants had frequencies equal to the best frequency (BF) of the recorded neural
population or to a frequency that evoked a response half the amplitude of the BF response. Early and later field potentials, current source
density components, multiunit activity, and induced high-gamma band responses were larger when elicited by deviants than by stan-
dards of the same frequency. Laminar analysis indicated that differences between deviant and standard responses were more prominent
in later activity, thus suggesting cortical amplification of initial responses driven by thalamocortical inputs. However, unlike the human
MMN, larger deviant responses were characterized by the enhancement of “obligatory” responses rather than the introduction of new
components. Furthermore, a control condition wherein deviants were interspersed among many tones of variable frequency replicated
the larger responses to deviants under the oddball condition. Results suggest that differential responses under the oddball condition in
macaque A1 reflect stimulus-specific adaptation rather than deviance detection per se. We conclude that neural mechanisms of deviance
detection likely reside in cortical areas outside of A1.

Introduction
The mismatch negativity (MMN) is a preattentive auditory
event-related potential (ERP) component that is elicited by rare
“deviant” sounds randomly interspersed among frequent “stan-
dard” sounds (Näätänen et al., 2007). It is obtained by subtract-
ing responses elicited by standards from responses elicited by
deviants. MMN has been attributed to neural generators within
auditory cortex (Alho, 1995; Maess et al., 2007) and is commonly
interpreted as reflecting the brain’s automatic detection of a vio-
lation of the acoustic pattern established by the repetitive stan-
dard sounds (Näätänen et al., 2005, 2007).

While the MMN has been studied extensively in humans and
used as a clinical research tool (Näätänen and Escera, 2000), the
neural mechanisms and specific brain areas contributing to its
generation remain unclear. Two general mechanisms underlying

the MMN have been proposed. According to the “neural adapta-
tion” hypothesis, repeated presentation of the standards results in
adapted (i.e., attenuated) responses of feature-selective neurons
in auditory cortex (May and Tiitinen, 2010). Rare deviant sounds
activate neurons that are less adapted than those stimulated by
the more frequent standard sounds, and thereby elicit a larger
response. Thus, the MMN may simply reflect stimulus-specific
adaptation (SSA), rather than detection of a violation of an audi-
tory pattern (“genuine” deviance detection). SSA has been dem-
onstrated in auditory cortex of rats and cats using the oddball
paradigm (Ulanovsky et al., 2003; Farley et al., 2010). While there
are differences between SSA and the MMN, including their tim-
ing and pharmacology (Farley et al., 2010), they share many im-
portant features, suggesting that SSA may contribute to its
generation (Nelken and Ulanovsky, 2007).

In contrast, according to the “sensory memory” hypothesis, the
MMN is due to a higher-level comparison process that detects a
deviation from a stored neural “memory” of the regular acoustic
pattern established by the standards (Näätänen et al., 2005).
Whether the MMN primarily reflects SSA or genuine deviance de-
tection continues to be actively debated (May and Tiitinen, 2010). A
related question is whether the MMN, which has a latency between
100 and 200 ms, represents a novel ERP component or simply the
modulation of an “obligatory” component, such as the auditory N1,
which has a latency of �100 ms (May and Tiitinen, 2010).

To address these issues, we examine potential neural ho-
mologs of the MMN in primary auditory cortex (A1) of awake
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macaques using a classic frequency oddball
paradigm. Macaques share many features of
auditory cortical anatomy and physiology
with humans, thus making them a poten-
tially ideal animal model for studying neural
mechanisms contributing to the human
MMN (Galaburda and Pandya, 1983; Kaas
and Hackett, 2000; Fishman et al., 2001;
Steinschneider et al., 2005; Fishman and
Steinschneider, 2010). MMN-like activity
has been observed in macaque auditory cor-
tex using an intensity-decrease oddball par-
adigm (Javitt et al., 1992, 1994), bolstering
its value as an animal model. Translational
relevance to human ERP studies is further
increased by the use of multicontact elec-
trodes that simultaneously record popula-
tion responses across cortical layers, thereby
facilitating characterization of any lamina-
specific contributions to the MMN.

Materials and Methods
Two adult male macaque monkeys (Macaca
fascicularis) were studied using previously de-
scribed methods (Steinschneider et al., 1994;
Fishman and Steinschneider, 2010). All exper-
imental procedures were reviewed and ap-
proved by the Association for Assessment and
Accreditation of Laboratory Animal Care In-
ternational (AAALAC)-accredited Animal In-
stitute of Albert Einstein College of Medicine
and were conducted in accordance with insti-
tutional and federal guidelines governing the
experimental use of primates. Animals were
housed in our AAALAC-accredited Animal In-
stitute under daily supervision of laboratory
and veterinary staff. To minimize the number
of monkeys used, other auditory experiments
were conducted in the same animals during
each recording session. Animals were accli-
mated to the recording environment and
trained while sitting in custom-fitted primate
chairs before surgery.

Surgical procedure. Under pentobarbital anesthesia and using aseptic
techniques, holes were drilled bilaterally into the dorsal skull to accom-
modate matrices composed of 18 ga stainless steel tubes glued together in
parallel. Tubes served to guide electrodes toward A1 for repeated intra-
cortical recordings. Matrices were stereotaxically positioned to target A1.
They were oriented at a 30° anterior–posterior angle and with a slight
medial–lateral tilt to direct electrode penetrations perpendicular to the
superior surface of the superior temporal gyrus, thereby satisfying one of
the major technical requirements of one-dimensional current source
density analysis (Müller-Preuss and Mitzdorf, 1984; Steinschneider et al.,
1992). Matrices and Plexiglas bars, used for painless head fixation during
the recordings, were embedded in a pedestal of dental acrylic secured to
the skull with inverted bone screws. Perioperative and postoperative an-
tibiotic and anti-inflammatory medications were always administered.
Recordings began after at least 2 weeks of postoperative recovery.

Stimuli. Stimuli were generated and delivered at a sample rate of 48.8
kHz by a PC-based system using an RX8 module (Tucker Davis Technol-
ogies). Frequency response functions (FRFs) based on pure tone re-
sponses characterized the spectral tuning of the cortical sites. Pure tones
used to generate the FRFs ranged from 0.15 to 18.0 kHz, were 200 ms in
duration (including 10 ms linear rise/fall ramps), and were pseudoran-
domly presented with a stimulus onset-to-onset interval of 658 ms. Res-
olution of FRFs was 0.25 octaves or finer across the 0.15–18.0 kHz

frequency range tested. Responses to 20 –24 tones of different frequency
were used to generate each FRF.

All stimuli were presented at 60 dB sound pressure level (SPL) via a
free-field speaker (Microsatellite; Gallo) located 60° off the midline in the
field contralateral to the recorded hemisphere and 1 m away from the
animal’s head (Crist Instruments). Sound intensity was measured with a
sound level meter (type 2236; Bruel and Kjaer) positioned at the location
of the animal’s ear. The frequency response of the speaker was essentially
flat (within �5 dB SPL) over the frequency range tested.

SSA and potential homologs of the MMN were examined via a classic
frequency oddball paradigm (Näätänen and Alho, 1995; Ulanovsky et al.,
2003; Maess et al., 2007; Farley et al., 2010). Tones of the same frequency
(standards) were repeatedly presented and randomly replaced by tones of
a different frequency (deviants) (Fig. 1) with 10% probability (Sato et al.,
2000; Ulanovsky et al., 2003; Maess et al., 2007; Szymanski et al., 2009).
Tones comprising oddball sequences were presented with the same
onset-to-onset interval as that of tones used to derive FRFs. For each
recording site, two blocks of stimuli were presented in pseudorandom
order. In one block, the frequency of the standard tones was set at the best
frequency (BF) of the recorded neuronal population (BF tone), and the
frequency of the deviant tones was set at a frequency that elicited a re-
sponse that was approximately half the amplitude of the response to the
BF tone (non-BF tone; Fig. 1 A). In the other block, the roles of the BF and
non-BF tones were reversed (Fig. 1 B). Thus, SSA and potential homologs
of the MMN would be reflected in the difference between responses to

Figure 1. Schematic representation of the oddball and many standards control sequences. Frequency and time are represented
on the y-axis and x-axis, respectively. Stimulus sequences are comprised of tones (horizontal bars; duration 200 ms) presented
either in an oddball paradigm or in a many standards control paradigm. The FRF of the site is schematically shown on the right of
each panel. Oddball sequences were comprised of standard (S; blue bars) and deviant (D; red bars) tones presented with a
probability of 10%. A, In Block 1, standard tones had frequencies equal to the BF of the site, and deviant tones had frequencies
equal to a frequency that elicited a response that was half the amplitude of the BF response (non-BF). B, In Block 2, the roles of BF
and non-BF tones were reversed. C, In the many standards control condition, the same BF and non-BF tones comprising the oddball
sequences in A and B were presented in the context of many standards of varying frequency.
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the same tone when it was presented as a deviant and when it was pre-
sented as a standard. Many previous studies of SSA in experimental
animals used standard and deviant tones set to frequencies flanking the
BF of the neuron or neural population (Ulanovsky et al., 2003; Szymanski
et al., 2009; Farley et al., 2010). Here we wished to examine the difference
between responses to standard and deviant tones with frequencies set
equal to the BF. This stimulus configuration more closely approximates
the scenario in human MMN studies, where tones comprising the odd-
ball sequences would be expected to optimally activate neural popula-
tions in auditory cortex that are tuned to frequencies of the tones
comprising the sequences. Furthermore, we wished to examine whether
differences between standard and deviant responses differed when elic-
ited by BF tones compared with non-BF tones.

Neurophysiological recordings. Recordings were conducted in an elec-
trically shielded, sound-attenuated chamber, and with the monkeys in a
passive awake state, typical of studies examining MMN in humans. Mon-
keys were monitored via video camera throughout each recording ses-
sion. Before each stimulus block, the investigator entered the recording
chamber and delivered liquid reinforcements and preferred treats to the
animals. This helped to maintain an alert state in the animals, though the
possibility of intermittent drowsiness cannot be excluded.

Neural population measures comparable to those used in human
MMN studies were examined to promote translational relevance: Local
field potentials (LFPs), current source density (CSD), and multiunit ac-
tivity (MUA). Recordings were performed using linear-array multicon-
tact electrodes comprised of 16 contacts, evenly spaced at 150 �m
intervals (U-Probe; Plexon). Individual contacts were maintained at an
impedance of �200 k�. An epidural stainless steel screw placed over the
occipital cortex served as the reference electrode. Neural signals were
bandpass filtered from 3 Hz to 3 kHz (roll-off 48 dB/octave) and digitized
at 12.2 kHz using an RA16 PA Medusa 16-channel preamplifier con-
nected via fiber-optic cables to an RX5 data acquisition system (Tucker-
Davis Technologies). LFPs time locked to the onset of the sounds were
averaged on-line by computer to yield auditory evoked potentials
(AEPs). CSD analyses characterized the laminar pattern of net current
sources and sinks within A1 generating the AEPs, and were used to iden-
tify the laminar location of concurrently recorded AEPs and MUA. CSD
was calculated using a three-point algorithm that approximates the sec-
ond spatial derivative of voltage recorded at each recording contact
(Freeman and Nicholson, 1975; Nicholson and Freeman, 1975).

To derive MUA, signals were simultaneously high-pass filtered at 500
Hz (roll-off 48 dB/octave), full-wave rectified, and then low-pass filtered
at 520 Hz (roll-off 48 dB/octave) before digitization and averaging (for a
methodological review, see Supèr and Roelfsema, 2005). MUA is a mea-
sure of the envelope of summed action potential activity of neuronal
ensembles within a sphere estimated to be �100 �m in diameter
(Vaughan and Arezzo, 1988; Brosch et al., 1997; Supèr and Roelfsema,
2005). Using an electrode impedance similar to that in the present study,
MUA and single-unit recordings in primary visual cortex were shown to
yield similar results with regard to orientation tuning (Supèr and Roelf-
sema, 2005). While MUA displays greater response stability than single-
unit activity (Nelken et al., 1994; Stark and Abeles, 2007), details of
activity occurring in single neurons are lost. As we were primarily inter-
ested in modeling the MMN, a population-level phenomenon, MUA is a
suitable measure for fulfilling study objectives. MUA was also the pri-
mary measure of action potential activity used by Taaseh et al. (2011) in
their study of SSA in rat auditory cortex.

Positioning of electrodes was guided by on-line examination of click-
evoked AEPs. Pure tone stimuli were delivered when the electrode chan-
nels bracketed the inversion of early AEP components and when the
largest MUA and initial current sink (see below) were situated in the
middle channels. Evoked responses to 40 presentations of each pure tone
stimulus were averaged with an analysis time of 500 ms (including a 100
ms prestimulus baseline interval). Following determination of the BF,
oddball sequences were presented.

At the end of the recording period, monkeys were deeply anesthetized
with sodium pentobarbital and transcardially perfused with 10% buff-
ered formalin. Tissue was sectioned in the coronal plane (80 �m thick-
ness) and stained for Nissl substance to reconstruct the electrode tracks

and to identify A1 according to previously published physiological and
histological criteria (Merzenich and Brugge, 1973; Morel et al., 1993;
Kaas and Hackett, 1998). Based upon these criteria, all electrode pene-
trations considered in this report were localized to A1, though the possi-
bility that some sites situated near the lower-frequency border of A1 were
located in field R cannot be excluded.

General data analysis. AEP analysis focused on three electrode chan-
nels located in lower lamina 3 (LL3), mid-upper lamina 3, and lamina
1/lamina 2, as physiologically identified by the location of the initial
current sink in LL3 (LL3 sink), the slightly later supragranular sink (SG
sink), and the concurrent, more superficial, supragranular source (SG
source), respectively, within the CSD profile. These CSD components
were routinely observed in the present study and in previous recordings
from A1 in awake macaques (Steinschneider et al., 1994; Fishman and
Steinschneider, 2006). The AEP in an additional channel located 600 �m
below the LL3 sink within infragranular layer 5 (IG) was also examined to
evaluate whether difference waveforms (described below) inverted in
polarity over the extent of the cortex sampled by the multicontact elec-
trode. The rationale for examining AEPs at these cortical depths was to
ascertain the laminar origins of differences in AEPs evoked under the
standard and oddball stimulus conditions. The SG source AEP selected
for analysis was recorded in the channel immediately above that corre-
sponding to the location of the SG source in the CSD profile. AEPs
recorded at this laminar location are likely to dominate volume-
conducted activity seen at the cortical surface (Steinschneider et al., 1994;
Yvert et al., 2005; Fishman and Steinschneider, 2010) and may therefore
contribute to the MMN recorded from the scalp in humans (Giard et al.,
1990; Näätänen and Alho, 1995; Jemel et al., 2002). Finally, to obtain an
index of the overall net extracellular current flow within a “cortical col-
umn” sampled by the multicontact electrode, the CSD in each electrode
channel was rectified and then averaged across channels [i.e., the average
rectified CSD (AVREC)] (Mehta et al., 2000).

MUA was derived primarily from the spiking activity of neural ensem-
bles recorded within LL3, as identified by the presence of large-amplitude
initial current sinks that are balanced by concurrent superficial sources in
upper lamina 3 (Steinschneider et al., 1992; Fishman et al., 2001). Previ-
ous studies have localized the initial sinks to thalamorecipient zone layers
of A1 (Müller-Preuss and Mitzdorf, 1984; Steinschneider et al., 1992;
Sukov and Barth, 1998; Metherate and Cruikshank, 1999). MUA re-
corded from two superficial electrode channels immediately above the
channel located in LL3 (a 300 �m extent) was analyzed separately to
examine whether SSA or deviance-related neural activity was reflected
also within more supragranular portions of lamina 3. These two supra-
granular channels are referred to as SG1 and SG2, respectively.

The BF of each cortical site was defined as the pure tone frequency
eliciting the maximal MUA within a time window of 10 –75 ms post-
stimulus onset (Fishman and Steinschneider, 2009). MUA occurring in
the two adjacent electrode channels located above the initial current sink

Figure 2. Distribution of BFs of A1 sites examined in the study and the standard–
deviant frequency separations tested at each site. Frequency separation is expressed as a
percentage of BF.
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displayed a BF that was within a quarter-octave of the BF based on MUA
recorded in LL3.

Induced gamma band activity. In addition to auditory evoked re-
sponses, induced (non-phase-locked) activity in the gamma frequency
range was examined. Gamma band activity (GBA) is thought to contrib-
ute to short-term memory processes (Tallon-Baudry et al., 1998) similar
to MMN, and increases in GBA elicited by deviant stimuli have been
reported in studies using the oddball paradigm (Gurtubay et al., 2001;
Kaiser et al., 2002; Lee et al., 2007). Induced GBA was extracted from EEG
signals time locked to the onset of tones using previously described meth-
ods (Steinschneider et al., 2008). Briefly, single-trial EEG signals were
first bandpass filtered within a given frequency range (FIR filters imple-
mented in MATLAB; attenuation 96 dB/octave). The AEP was then sub-
tracted from each filtered single-trial epoch to remove the phase-locked
(evoked) components of the EEG (Crone et al., 2001). The resultant
waveforms were then squared to yield power and averaged across trials.
GBA was examined within three frequency ranges: gamma (30 –70 Hz),
high-gamma (70 –130 Hz), and very-high-gamma (130 –210 Hz).

Analysis of responses to oddball sequences. SSA was evaluated by subtracting
the response to a tone when it occurred as a standard from the response to
the same tone when it occurred as a deviant. Responses to BF and non-BF
tones were analyzed separately. Consistent with SSA, we predicted that re-
sponses to deviants would be larger than responses to standards (Ulanovsky
et al., 2003). We further hypothesized that if responses contained a homolog
of the MMN, activity elicited by deviants would not only be larger than that
elicited by standards, but that difference waveforms would display addi-
tional, longer-latency response components not present in the response to
the standards. These additional response components would potentially rep-
resent violations of the presumed sensory memory traces established by the
standards, and therefore reflect genuine deviance detection.

Analysis of responses to “many standards” control sequences. By it-
self, a larger response to deviants in the frequency oddball paradigm

cannot differentiate between SSA and genuine deviance detection. To
distinguish between these two interpretations, we compared the difference
waveforms obtained in the oddball condition with difference waveforms
obtained in a many standards control condition (Ulanovsky et al., 2003;
Maess et al., 2007; Farley et al., 2010). The many standards control
condition consisted simply of the pseudorandomly presented tones
that were used to derive the FRF at each site (Fig. 1C). Each tone is
infrequently presented with equal probability against a background of
standard tones of varying frequency. Hence, no repeating background
pattern is established relative to which a given tone is perceptually
distinguishable as a deviant. Difference waveforms under the many
standards condition were obtained by subtracting the response to
standard tones presented in the oddball condition from the response
to the same tone in the many standards condition. Hence, if larger
responses to deviant stimuli in the oddball condition reflect genuine
deviance detection, then difference waveforms should be significantly
different from zero only in the oddball condition, and not when the
same tone is presented in the context of many standards of varying
frequency. On the other hand, if the comparatively larger responses to
deviants in the oddball condition simply reflect SSA rather than gen-
uine deviance detection, then it should be possible to mimic these
larger responses in the many standards control condition.

Differences between conditions across sites were evaluated by paired t
tests performed at each time point in the AEP, CSD, and MUA wave-
forms. Differences yielding p values �0.01 were considered statistically
significant. No correction for multiple comparisons was made. However,
as the results will show, nearly all statistically significant differences are
clustered closely together in time and align with the latency of obligatory
response components, thus indicating that prominent differences be-
tween responses evoked under the various stimulus conditions are gen-
uine and not simply statistical fluctuations.

Figure 3. Representative example of laminar response profiles elicited in A1 by standard and deviant tones in the oddball paradigm. Responses to the BF tone (950 Hz) when presented as a
standard and as a deviant are plotted in black and red, respectively. Frequency of the non-BF tone was 600 Hz (�F � 37%). AEPs (left column) and MUA (right column) are recorded by a multicontact
electrode, which samples activity at 16 laminar depths simultaneously (left; intercontact spacing: 150 �m). Approximate laminar boundaries are indicated on the right of the figure. One-
dimensional CSD profiles (center column) are derived from the AEP profiles. Duration of stimuli (200 ms) is represented by the green horizontal bars above the time axes. CSD response components
examined in the study are labeled. AEPs were analyzed at corresponding depths. Analysis of MUA focused on activity within LL3 and at two adjacent supragranular locations (SG1 and SG2).
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Results
Results are based on neural responses recorded in 30 electrode
penetrations into A1 of two monkeys. All sites displayed sharp
frequency tuning characteristic of small neural populations in A1
(Fishman and Steinschneider, 2009). Mean onset latency and
mean 6 dB bandwidths of FRFs of MUA recorded in lower lamina
3 evoked by tones presented at 60 dB SPL were �14 ms and �0.6
octaves, respectively. These values are comparable to those re-
ported for single neurons in A1 of awake monkeys (Recanzone et
al., 2000). BFs of recording sites ranged from 175 to 13,000 Hz.
The difference in frequency between BF and non-BF tones used

in the oddball sequences is plotted as a percentage and function of
BF in Figure 2. The frequency of the non-BF tone was chosen
such that it produced a response that was �50% that of the re-
sponse to the BF tone. Most of these non-BF tones had frequencies
lower than the BF. On average, the non-BF tone differed from the BF
tone by 20% (�0.3 octaves), a value within the range of standard–
deviant frequency separations used in previous SSA and MMN
studies (Korzyukov et al., 1999; Kropotov et al., 2000; Ulanovsky
et al., 2003; Szymanski et al., 2009).

Laminar profiles of AEP, CSD, and MUA evoked by standard
and deviant BF tones at a representative site are shown in Figure

Figure 4. Average AEP (left column), CSD (center column), and MUA (right column) elicited in A1 by BF tones in the oddball and many standards control conditions (n � 30 electrode
penetrations). Stimulus duration (200 ms) is represented by the horizontal green bars. Responses to the BF tone when it was presented as a standard and as a deviant in the oddball condition are
plotted in black and red, respectively. Responses to the BF tone under the control condition are plotted in blue. Mean AEP and CSD waveforms at laminar depths corresponding to the LL3 sink, SG sink,
and SG source are plotted in separate rows, as indicated. The mean AEP recorded 600 �m below the LL3 sink in IG is also included. The AVREC, quantifying total net extracellular current flow, is shown
in the plot at the bottom of the center column. The MUA recorded in lower lamina 3 and in two adjacent supragranular channels are labeled LL3, SG1, and SG2, respectively. Major deflections in the
superficial AEP are labeled (P1, N1, P2, and N2), and their peak latencies marked by dashed vertical lines superimposed on the waveforms. Peak latencies of major CSD components in the
corresponding superficial CSD channel are also indicated by dashed vertical lines. Note different amplitudes of responses recorded at different depths, as indicated by the vertical calibration bars.

Fishman and Steinschneider • Mismatch Negativity in A1 J. Neurosci., November 7, 2012 • 32(45):15747–15758 • 15751



3 (black: standard response; red: deviant response). The AEP
recorded in superficial layers displays a series of positive and
negative deflections that invert in polarity across middle laminae.
The corresponding CSD profile displays initial current sinks in
lamina 4 and LL3, the latter balanced by more superficial sources
in middle lamina 3. A slightly later current sink in more supra-
granular portions of lamina 3 (SG sink) is balanced by more
superficial current sources (SG source). These two current dipole
configurations are characteristic features of sound-evoked activ-
ity in A1 (Steinschneider et al., 1994; Fishman et al., 2001; Lakatos
et al., 2007) and are consistent with sequential synaptic activation
of pyramidal neuron populations located in thalamorecipient
and supragranular layers of A1 (Steinschneider et al., 1992; Me-
therate and Cruikshank, 1999). Maximal MUA occurs in middle

cortical laminae. Differences between responses to deviants and
standards are observed for all three response measures, with de-
viants eliciting greater MUA than standards and larger AEPs and
corresponding current sources and sinks.

Similar differential responses to standards and deviants are ob-
served when response waveforms are averaged across electrode pen-
etrations (Fig. 4; black: standard response; red: deviant response;
blue: control response; AEP, CSD, and MUA data are represented in
the left, center, and right columns, respectively). Major deflections in
the AEP recorded at superficial depths are indicated (P1, N1, P2, and
N2), and their latencies are marked by the vertical dashed lines su-
perimposed on the waveforms. The mean AEP recorded 600 �m
below the LL3 sink in IG demonstrates inversion of components
across the laminar extent of A1. Deviants evoke greater overall net

Figure 5. Average AEP difference waveforms under the oddball and many standards control conditions. Average difference waveforms for AEPs elicited by BF and non-BF tones are shown in A
and B, respectively (mean: blue curve; �SEM: gray shading above and below mean). Difference waveforms under the oddball condition (left column of A and B) are obtained by subtracting AEPs
elicited by standards from AEPs elicited by deviants. Difference waveforms under the many standards control condition (right column of A and B) are obtained by subtracting AEPs elicited by
standards in the oddball condition from AEPs elicited by the same tones in the many standards control condition. Difference waveforms computed at different laminar depths are plotted in separate
rows, as indicated. Time points displaying statistically significant differences ( p � 0.01, uncorrected) are indicated by the black vertical lines beneath the waveforms. To indicate the temporal
relationship between difference waveform components and obligatory components of the AEP, peak latencies of major deflections in the mean superficial AEP elicited by the same tones under the
many standards control condition are indicated by the dashed vertical lines superimposed on the waveforms. Calibration: 5 �V.
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extracellular current flow than standards, as quantified by rectifying
and averaging CSD waveforms across electrode channels (AVREC).
Furthermore, deviants evoke greater MUA than standards, both in
LL3 and at more superficial depths (SG1 and SG2). Importantly,
responses in the many standards control condition are also larger
than responses to standards in the oddball condition for all three
population measures and are comparable to responses to deviants in
the oddball condition. With the exception of longer-latency differ-
ences in AEPs recorded in the most superficial channel within the
125–250 ms range, no MMN-like components are observed in re-
sponses to deviants that differ appreciably in latency from obligatory
components evoked by standards. The similarity between deviant
and control responses within the time range of the obligatory com-
ponents suggests that the larger responses to deviants in the oddball
condition do not reflect genuine deviance detection, but rather SSA,
i.e., the diminished responses to the standards.

To statistically test this hypothesis, responses to standards
were subtracted from responses to deviants of the same frequency

in the oddball and control conditions to yield difference wave-
forms. Difference waveforms were then averaged across sites, and
paired t tests were performed at each time point (null hypothesis
of zero difference). Difference waveforms for BF and non-BF
responses were analyzed separately. If the larger responses to de-
viants in the oddball condition reflect genuine deviance detec-
tion, rather than simply SSA, then difference waveforms in the
oddball condition should differ considerably from difference
waveforms in the many standards control condition.

For AEP, CSD, and MUA difference waveforms, BF and non-BF
responses to deviants are significantly larger than responses to stan-
dards of the same frequency in the oddball condition (Figs. 5, 6, 7,
respectively). Time points displaying statistically significant differ-
ences (p � 0.01, uncorrected) are indicated by the black vertical lines
beneath the waveforms. Significant differences are observed both for
early and longer-latency components of the AEP (Fig. 5). Deviants
also elicit significantly larger early supragranular current dipoles (su-
pragranular sink/source) than standards (Fig. 6). Significant differ-

Figure 6. Average CSD difference waveforms under the oddball and many standards control conditions. Difference waveforms for responses elicited by BF and non-BF tones are shown in A and
B, respectively. Same conventions as in Figure 5. To indicate the temporal relationship between difference waveform components and obligatory components of the CSD, peak latencies of major
deflections in the mean superficial CSD elicited by the same tones under the many standards control condition are indicated by the dashed vertical lines superimposed on the waveforms. Calibration:
0.1 mV/mm 2 (except where indicated otherwise).
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ences are not reliably observed for initial current flow at the depth of
the initial sink in LL3 and generally occur at longer latencies. Total
net extracellular current flow elicited by deviants, as quantified by
AVREC, is also significantly greater than that elicited by standards
throughout the duration of the stimulus. Furthermore, deviants
elicit significantly larger initial and sustained MUA than standards at
all three depths examined (Fig. 7). While smaller, significant differ-
ences between deviant and standard responses elicited by non-BF
tones are also observed for all three measures. Thus, responses to BF
tones do not engage qualitatively different mechanisms than re-
sponses to tones that less optimally drive the neuronal population.

Importantly, for all response measures, difference waveforms
obtained in the many standards control condition resemble those
obtained in the oddball condition in both amplitude and mor-
phology and tend to be statistically significant at similar latencies.
Thus, responses to infrequent but non-deviant tones in the many
standards control condition “mimic” the responses elicited by
the same tones when they occur as deviants in the oddball
condition.

The absence of significant differences in initial net current
flow in LL3 between standard and deviant BF responses is illus-
trated in Figure 8, which shows mean and corresponding differ-
ence waveforms from Figures 4, 6, and 7 plotted on a magnified
time scale. Onset of significant differences in MUA and net cur-
rent flow occurs several milliseconds after the peak latency of the
initial sink in LL3, as indicated by the dashed vertical line. Similar
results were obtained for non-BF responses (data not shown).

To examine whether genuine deviance detection might be re-
flected in induced activity in higher-frequency bands of the EEG,

we performed a similar analysis of difference waveforms based on
single-trial EEG bandpass filtered in the gamma (30 –70 Hz),
high-gamma (70 –130 Hz), and very-high-gamma (130 –210 Hz)
band ranges. Difference waveforms for induced gamma power
are not significantly different from zero, both in the oddball and
many standards control conditions (data not shown). However,
deviants induce significantly greater power than standards in the
high-gamma (Fig. 9) and very-high-gamma range (data not
shown). Similar to results obtained for evoked activity, difference
waveforms for induced high- and very-high-gamma band power
in the many standards control condition are comparable to those
in the oddball condition.

Discussion
The present study aimed to identify potential neural homologs of
the MMN in A1 of awake macaques using a classic frequency
oddball paradigm. Our approach is translationally relevant in its
use of neural population measures (AEP, MUA, and CSD) in an
Old World primate whose primary auditory cortical anatomy
and physiology are comparable to those of humans (Galaburda
and Pandya, 1983; Steinschneider et al., 1998, 2005; Kaas and
Hackett, 2000; Fishman et al., 2001; Brugge et al., 2009; Fishman
and Steinschneider, 2010). While neural correlates of MMN have
been previously investigated in awake monkeys using an intensity
oddball paradigm and similar methods (Javitt et al., 1994), this is
the first study in awake monkeys using a frequency oddball par-
adigm commonly tested in human studies of MMN.

In agreement with previous results in animal models (Javitt et
al., 1994; Ulanovsky et al., 2003; Szymanski et al., 2009; Farley et

Figure 7. Average MUA difference waveforms under the oddball and many standards control conditions. Difference waveforms for responses elicited by BF and non-BF tones are shown in A and
B, respectively. Same conventions as in Figure 5.
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al., 2010), deviant tones evoked significantly larger responses
than standard tones. Furthermore, deviants elicited greater in-
duced high- and very-high gamma band activity than standards.
However, the larger deviant responses observed in the oddball
paradigm could simply be due to SSA, the attenuated responses to
the repeating standards, rather than to deviance or novelty detec-
tion processes per se. To examine this possibility, we compared
responses obtained in the oddball condition with those obtained
in a many standards control condition, wherein the same tones
evaluated in the oddball context were presented rarely, but were
not perceptually distinguishable as deviants.

We found that responses to tones in the many standards con-
trol condition were comparable to responses elicited by the same
tones when presented as deviants in the oddball condition. These
observations strongly suggest that the enhanced responses to de-
viants relative to standards observed in the oddball condition
reflect SSA rather than genuine deviance detection processes in
macaque A1. Our results and interpretation are consistent with
those of Farley et al. (2010), who examined SSA and novelty
detection in rat auditory cortex using similar oddball and control
conditions. Importantly, deflections in AEP difference wave-
forms elicited in the oddball condition are not “novel” compo-
nents, but simply represent the modulation of obligatory
components, e.g., putative monkey homologs of the human P1,
N1, and P2. These findings parallel those of ERP studies in hu-
mans, which suggest that larger deviant responses reflect SSA of
obligatory components elicited by standards (Jääskeläinen et al.,
2004; Elangovan et al., 2005; May and Tiitinen, 2010) rather than
sensory memory or novelty detection processes (Näätänen et al.,
2005). Finally, induced high- and very-high-GBA elicited in the
oddball and many standards control conditions were similar.
Thus, non-phase-locked activity potentially related to sensory
memory processes likely reflects SSA rather than deviance detec-

tion in A1. Taken together, homologs of
the MMN, insofar as it is conceived as a
distinct response component reflecting
novelty detection, are not present in A1
when examined using a basic frequency
oddball paradigm.

In addition to auditory cortex, SSA has
been observed at subcortical levels of the
auditory pathway, including the inferior
colliculus (Malmierca et al., 2009) and the
medial geniculate nucleus (Anderson et
al., 2009; Antunes et al., 2010). Thus, SSA
in A1 may be partly inherited from sub-
cortical inputs rather than generated de
novo at the cortex. SSA in these subcortical
auditory nuclei is observed within the ear-
liest onset responses (Anderson et al.,
2009; Malmierca et al., 2009). Accord-
ingly, these synchronized short-latency
responses would be expected to produce
enhanced initial synaptic activation within
thalamocortical input layers of A1. How-
ever, prominent differences between devi-
ant and standard responses are primarily
observed for later cortical activity rather
than for the initial current sink in LL3
(Fig. 8), suggesting that intracortical pro-
cessing significantly amplifies SSA origi-
nating at subcortical levels (Szymanski et
al., 2009).

Several differences between the oddball and many standards
control conditions should be noted. In particular, the presenta-
tion probability of each tone in the many standards control con-
dition (�5%) was about half that of the deviants in the oddball
condition (10%). Furthermore, the average frequency variation
was greater in the many standards condition than in the oddball
condition. Thus, responses to deviant tones in the control condi-
tion may have been less adapted, and therefore larger, than in the
oddball condition. However, any tendency for larger responses
owing to reduced adaptation would be partly counterbalanced by
some of the tones comprising the control sequences being closer
to the BF than the non-BF tone in the oddball sequences. This
greater proximity to the BF would result in greater adaptation or
forward suppression of the response to the BF tone (Brosch and
Schreiner, 1997).

In any event, the discrepancies between the oddball and many
standards control conditions are inconsequential with respect to
distinguishing SSA from genuine deviance detection. Regardless
of differences between these conditions, the fact that difference
waveforms in the oddball condition can be mimicked using rare
tones that are not perceptually distinguishable as deviants indi-
cates that deviant responses in the oddball condition do not
uniquely reflect genuine deviance detection. A similar many stan-
dards control condition comprised of tones presented with a
probability of 5% was also tested by Ulanovsky et al. (2003) in
their study of SSA in A1 of anesthetized cats. In contrast with the
present results and those of Farley et al. (2010) in awake rats,
Ulanovsky et al. (2003) found that responses to deviants in the
oddball condition were significantly larger than responses to the
same tones in the many standards condition, thus suggesting
genuine deviance detection in cat A1. The reasons for the incon-
sistency in results are unclear, but may include species differences
or the effects of anesthesia on intracortical processing.

Figure 8. Expanded view of mean MUA and CSD elicited by BF tones in the oddball and many standards control conditions (left
column). Corresponding mean difference waveforms under the oddball condition (deviant minus standard responses) are shown
in the right column. Same conventions as in Figures 4, 6, and 7. Tone onset occurs at 0 ms. Note the absence of significant
differences at the peak latency of the initial current sink in LL3, indicated by the dashed vertical line.

Fishman and Steinschneider • Mismatch Negativity in A1 J. Neurosci., November 7, 2012 • 32(45):15747–15758 • 15755



While the most conservative interpretation of the present re-
sults is that the larger responses to frequency deviants simply
reflect SSA of responses to the repeating standards, these findings
do not rule out the possibility of genuine deviance detection in A1
(as suggested by the results of Ulanovsky et al., 2003). Similar to
the present results and those of Farley et al. (2010), Taaseh et al.
(2011) showed that responses in auditory cortex of anesthetized
rats to deviants in the frequency oddball paradigm were compa-
rable to those elicited by the same tones in a many standards
control condition. However, observed responses to deviants in
the oddball condition were larger than those predicted by com-
putational models of SSA, which only considered adaptation
within narrow frequency channels, thus suggesting on theoretical
grounds the presence of genuine deviance detection in rat audi-
tory cortex. There are several reasons to remain cautious in draw-
ing this conclusion. First, long-range spectral interactions in A1,
such as forward suppression (Brosch and Schreiner, 1997; Bar-
tlett and Wang, 2005; Scholes et al., 2011), were not considered in
these theoretical models, and the potential influence of these in-
teractions in the many standards condition remains unclear. Sec-
ond, responses to deviants presented within the oddball context
were generally smaller than responses to deviants when presented
alone at similar interstimulus intervals and were not qualitatively
different from those elicited by the same tones in the many stan-
dards condition. Hence, similar to findings reported here, re-
sponses to deviants in the oddball condition could be mimicked
by responses in the many standards condition. Thus, while devi-
ants may be processed differently in oddball versus many stan-

dards contexts, responses to deviants lack the unique signature of
deviance detection commonly attributed to the MMN.

It is important to emphasize that the present results do not
preclude the general existence of genuine sensory memory pro-
cesses in the brain, as thought to be reflected by the MMN in
humans. The modest aim of this study was to search for potential
homologs of the MMN in A1 of a non-human primate model.
The MMN is a scalp-recorded ERP waveform with potential con-
tributions from generators located in multiple cortical areas.
Thus, the present findings are entirely consistent with deviance
detection processes operating in other brain regions. Moreover,
stimulus paradigms using more complex auditory patterns might
reveal novel response components that cannot be easily explained
by SSA in A1 and that support a sensory memory or predictive
coding interpretation of the MMN (Sussman et al., 1998; Wacon-
gne et al., 2012). Nonetheless, SSA in A1 may provide a substrate
for deviance detection processes in non-primary auditory corti-
cal areas or in other brain regions such as frontal cortex
(Näätänen and Alho, 1995; Jemel et al., 2002; Opitz et al., 2002;
Doeller et al., 2003). Potentially, adaptation of responses to the
repeating standards in A1 could enhance the salience of deviant
responses, thus allowing deviance detection mechanisms operat-
ing in other cortical areas to distinguish between common and
rare sounds comprising the auditory input stream (Jääskeläinen
et al., 2004; May and Tiitinen, 2010). Accordingly, studies in
experimental animals and humans suggest that genuine deviance
detection processes contributing to the MMN reside in nonpri-
mary or auditory association cortex (Kropotov et al., 2000; Pincze

Figure 9. Average difference waveforms for induced high-gamma band (70 –130 Hz) activity under the oddball and many standards control conditions. Difference waveforms for responses
elicited by BF and non-BF tones are shown in A and B, respectively. Same conventions as in Figure 5. Calibration: 20 �V 2.
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et al., 2001, 2002; Opitz et al., 2005). Whether responses reflecting
such processes are present in nonprimary auditory areas of the
monkey remains to be explored.
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