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Mismatch negativity (MMN) is a neurophysiological response measured as an auditory
event-related potential (ERP) generated automatically by the brain when a deviant sound occurs
rarely and unpredictably amongst regular background sounds. A reduction in the amplitude of
MMN in schizophrenia is one of the most replicated results in schizophrenia studies first reported
approximately 30 years ago. Considering the large effect size of the MMN reduction and other
characteristics of MMN in schizophrenia, it has been proposed that MMN have the status of a
neurophysiological biomarker of the disorder. In this paper, we review the evidence that has
accrued to support the assertion of biomarker status, and then evaluate what that means for diag-
nosis, prognosis, and prediction of medication response, but most importantly, its use as a transla-
tional tool in pre—clinical studies. Although considerable knowledge has accrued over the last
decades about the optimal stimulus conditions for exposing MMN impairments in schizophrenia,
the association with cognitive deficits and functional status, and the involvement of the glutamate
NMDAr system, little is known about the neurobiological basis of MMN reduction in schizophre-
nia. Pre—clinical research using animal models is essential to make advances in this area. Fortu-
nately, paradigms have been developed for use in the rat that strongly suggest that the rat brain is
capable of generating the equivalent of a human MMN response or MMR. We review evidence
supporting that a late component of MMR in the rat exhibits many of the characteristics of the
human MMR. What is needed now is an animal model of schizophrenia that produces a robust and
replicable reduction in this component that can be investigated using molecular approaches to sup-

port the development of novel pharmaceuticals to rescue MMR in these animals.
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Introduction

The first publication reporting that the mismatch nega-
tivity (MMN) component of the auditory event-related
potential was reduced in schizophrenia was by an Austra-
lian group in 1991%?, followed shortly afterwards by a sim-
ilar report from a New York group® in 1993. In the inter-
vening 30 years, MMN amplitude reduction was noted in
over 500 separate reports (Web of Science count excluding
reviews) in patients with a diagnosis of a schizophrenia
spectrum disorder from a variety of laboratories and patient
sources (hospitalized, outpatients, supported accommoda-
tion, etc.). Numerous meta-analyses estimated the effect
size (EF) to be of the order of 0.8-1.0 depending on the
exact methodology used to generate the response'*°”. The
robustness of this finding along with other attributes of
MMN in schizophrenia have led to assertions that reduced
MMN meets the criteria for a biomarker of the disor-
der*¥. The purpose of this review is to summarize the evi-
dence that has accrued to support the assertion of biomark-
er status, and then evaluate what that means for diagnosis,
prognosis, or prediction of medication response®”, but
most importantly, its use as a translational tool in pre-clini-
cal studies”. First, a brief description of MMN, the stimu-
lus conditions that generate a mismatch response, and
models of mechanisms proposed as explanations of the

MMN signal are provided.
What is MMN?

MMN was first described by a Finnish researcher, Ris-

06D in the

to Nédtianen, and his colleagues in the late 70s
context of a program of research to understand the effects
of selective attention on event-related potentials (ERPs) of
the brain. MMN is an electrophysiological response to rare
deviant or oddball stimuli that interrupt regularity in back-
ground standard stimulation (Figure 1A). It has been
observed in auditory, visual, and somatosensory modali-
ties, but is more frequently examined in audition, mainly

because of ease of stimulus control. MMN can be readily

recorded with scalp electrodes (Figure 1C3”) using stan-

dard electroencephalography (EEG) systems. There is a
magnetoencephalography (MEG) equivalent-the MMNm.
It is an automatic response to stimulus change-that is, its
occurrence is not reliant on active attention being paid to
the attributes of the eliciting stimulus sequence. This attri-
bute of automaticity is one of the reasons why it has been
such a useful tool for investigating brain function in clini-
cal patients with cognitive impairments. For auditory stim-
uli, MMN consists of a negative potential of approximately
1-4 uV peaking at approximately 150-250 ms after the
deviant event, and is most often visualized and measured
by subtracting the ERP response to the regular standard
sounds from the ERP response to deviant sounds (Figure
1B). MMN is elicited by any deviant that represents a dis-
criminable violation of a regularity in regular sounds, such
as a change in a simple attribute (e. g. frequency (pitch),
duration, spatial location), or a violation of a more com-
plex regularity such as a pattern violation (e. g. regular tone
pairs of low-high pitch interrupted by a deviant pair of
high-low where the absolute frequencies of sounds making
up the pair are randomized’”), speech sounds, or stimulus
omission in a repeating sound sequence®”. MMN is gener-
ally maximal (most negative) at frontocentral sites and
reverses in polarity over mastoid and more posterior sites
when recorded with a nose reference (Figure 1D). There
are at least two sources of activity contributing to the scalp
potential-a bilateral supratemporal source contributing to
the polarity reversed potential recorded over temporal and
posterior sites and a right hemisphere frontal source in gen-
eral, the degree of laterality depending upon the nature of
the eliciting stimulus, with language stimuli producing a

more left lateralized response®” .

Neuronal mechanisms of MMN

Several models of the neuronal mechanisms underpin-
ning the generation of the MMN have been proposed. The
classic interpretation of the MMN proposes that a sensory
memory (or echoic memory) of acoustic regularities stored
in the auditory cortex supports the detection of sensory
{62.64)

deviance between the memory and sensory inpu

Fronto-temporal networks are then engaged to assess the
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Figure 1 A schematic of a stimulus sequence, stylized ERPs, to standard and deviant and MMN difference wave
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relevance of the deviance and trigger an attention switch
towards the change'¥. It is assumed that the sum of the
neural activity supporting these processes is reflected in the
recorded scalp MMN and its topography'®”. However, this
model was challenged by the proposal that the MMN
waveform is generated as a result of different levels of neu-
ronal adaptation of an exogenous auditory ERP compo-
nent, namely the N1 component, generated in response to a

novel sound (the deviant) versus a repeated sound (the

826

: Schematic oddball sequence with standard tones in red and deviant tones in blue.
: MMN is the difference waveform (in yellow) obtained by subtracting standard ERPs from the deviant ERPs.

* Human scalp topography of the MMN, with maximal MMN at frontocentral sites and phase reversal at mastoid sites (M1
and M2) when recorded with a nose reference. D Adapted from

20 with permission.

standard)**. This model denied the necessity for any spe-
cial sensory memory or genuine deviance detection, but
was firmly rebutted on a variety of grounds®”, but most
importantly that MMN can be elicited even in the absence
of an N1 (as in the stimulus omission paradigm'®”) or rep-

) However, both explanations

etition of the same sounds
of MMN generation can be integrated under a single unify-
ing framework of a predictive coding model?". Predictive

coding is a general theory of brain function underpinning
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perceptual inference and learning'®

that proposes that the
brain is a hierarchically organized system with feedforward
and feedback connections between levels of the system that
attempt to minimize discrepancies between bottom-up sen-
sory inputs provided from a lower level, such as auditory
areas located in temporal regions, and top-down predic-
tions from a higher level (frontal areas)?". According to
this framework, a novel sound that violates predictions
(based on an environmental model of past regularities)
about what the next stimulus will be, generates a prediction
error necessitating an updated environmental model,
reflected in MMN. A repeated sound that matches predic-
tions results in a suppression of prediction errors through a
process akin to adaptation. Hence, the predictive coding
account incorporates both adaptation mechanisms and a
model (or memory) of past regularities. Furthermore, the
predictive coding framework emphasizes the importance of
short-term plasticity of glutamatergic synaptic connections
between lower and higher brain regions that underpins
model updating, the latter regulated by glutamate N-meth-
yl-D-aspartate receptors (NMDARs)®". Numerous phar-
macological studies in humans and animals revealed that
the MMN amplitude is reduced by the administration of
NMDAR antagonists***>%%.

MMN as a biomarker for a diagnosis of
schizophrenia

As noted earlier, reduced MMN in medicated patients
with a diagnosis of schizophrenia was first observed in the
early 1990s using simple paradigms in which the deviant
was a variation either in duration®? or frequency (pitch).
Shortly afterwards, the Australian group reported that the
reduced MMN to a duration deviant also occurred in
unmedicated patients with a schizophrenia diagnosis, but
was absent in patients with a bipolar diagnosis®, demon-
strating not only that reduced MMN occurred irrespective
of medication status in schizophrenia patients, but also that
the effect was restricted to patients with a diagnosis of
schizophrenia (Figure 2), suggesting specificity of the
marker to schizophrenia rather than a general marker of

psychosis (see also® for a similar result, although meta-

analysis'® suggests a small but significant reduction of
MMN in bipolar patients). There is some evidence that a
duration deviant is a more sensitive dimension than fre-
quency based on the same group of patients in whom fre-
quency MMN was unaffected, whereas duration MMN was

substantially reduced in amplitude®”

. The first meta-analy-
sis of 62 studies of MMN in schizophrenia offered some
support for the notion that MMN to duration deviants was
more impaired in schizophrenia than that to frequency
deviants, although it failed to reach significance with an
effect size of 1.01 for duration and 0.47 for frequency”” .
On the other hand, a subsequent meta-analysis of an even
larger set of 104 unique studies found evidence of a signifi-
cantly larger MMN deficit to duration than frequency devi-
ants'?. However, the real situation may be more complex,
as we reported that reduction of MMN to duration deviants
is evident even in the early stages of the illness, whereas
the reduction of MMN to frequency deviants occurs in later
stages””. We®” previously suggested that extraction of the
duration dimension of sound requires more complex com-
putational processing within multiple auditory networks®"
than frequency, which is robustly coded in multiple tonoto-
pically mapped regions of the auditory cortex®®. Thus,
duration may be more vulnerable to even subtle anatomical
or connectivity changes that occur early in the course of
schizophrenia.

Considering the impressive effect size of 1.0, particu-
larly for a duration deviant, in distinguishing between a
healthy control group and a group with a diagnosis of
schizophrenia, how useful is MMN likely to be as a diag-
nostic marker? Admittedly, such an effect size means that,
on average, 84% of a patient group will have an MMN
amplitude lower than the control group, but there are still
many impediments to MMN amplitude being used as a
diagnostic biomarker or to move it into clinical use®**”.
Studies reporting MMN data in schizophrenia populations
vary substantially in terms of their methods : physical
stimulus parameters (frequency (Hz), duration, probabili-
ty of deviant, etc.), recording system parameters (filter set-
tings, digitization rate, and amplification), recording mon-
tage (location of active sites and reference location), and

post-processing algorithms (artefact rejection criteria)®” .
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Figure 2 MMN reduction in schizophrenia patients
Catts et al. demonstrated that the MMN amplitude is significantly lower in indi-
viduals with schizophrenia, but not in the individuals with bipolar affective dis-
order, when compared with healthy subjects. Reprinted with permission from
Am J Psychiatry, (Copyright 1995). American Psychiatric Association®.

This lack of standardization and normative data, including
age norms, combined with lack of extensive data on sensi-
tivity and specificity to schizophrenia are a major impedi-
ment to using MMN as a diagnostic biomarker.

There are, however, other attributes of MMN reduc-
tion that strengthen the case for it being designated as a
diagnostic biomarker of schizophrenia. The MMN measure
has utility for investigating the cognitive aspects of audito-
ry processing®”, a link that is strengthened by reframing
MMN within a predictive coding framework of brain func-
tioning®". Impaired cognition is a central feature of schizo-
phrenia and is largely responsible for the poor functional

outcomes of patients in work, education, and relationships
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leading to high-levels of life long disability?>*® . Although
the number of published MMN studies in schizophrenia
that examine correlations between MMN and cognitive
performance is limited (for a review®”), a large multi-cen-
ter study of 1415 patients found, using structural equation
modelling, that an early auditory processing measure driv-
en largely by reduced MMN has a direct effect on cogni-
tion. Poor functioning is also associated with reduced
MMN in patients with functioning assessed using a variety
of scales, including the Global Assessment of Function
(GAF)¥3* and Social and Occupational Assessment of
Functioning (SOFAS)7. The large multi-center study cit-
ed earlier® found that MMN amplitude predicted func-

FERERS (2021) #1235 $125



tional outcomes and cognition, the authors estimating that
an intervention that resulted in a 1-u¢V increase in MMN
amplitude will be theoretically linked to improvements in
both cognition and functional outcome (effect sizes of 0.78
and 0.28, respectively). Therefore, the development of
interventions that increase MMN amplitude is an important
goal for clinical researchers.

NMDAR deficiency has been implicated in the cogni-
tive deficits and symptoms of schizophrenia. A direct com-
parison of the effects of ketamine, an NMDAR antagonist,
and amphetamine, a DA agonist, administered to healthy
volunteers revealed that only ketamine produced cognitive
deficits and negative symptoms that mimic those exhibited

59 This and other evidence chal-

by schizophrenia patients
lenged the dominant model of schizophrenia as being due
to a dopaminergic imbalance. Ketamine was also demon-
strated to reduce MMN in healthy volunteers®® . Further-
more, the amplitude of MMN prior to ingestion predicted
the level of psychotic experiences induced by ketamine®™.
MMN therefore indexes the degree to which the NMDAr
system is vulnerable to disruption by NMDAr antagonists
and may reflect the functional state of the glutamate
NMDATr neurotransmission. Thus, reduced MMN in
schizophrenia has been touted as a marker of aberrant glu-

tamatergic neurotransmission®” .

MMN as a prognostic biomarker

Individuals can be at-risk of developing schizophrenia
either on the basis of genetic risk (having a first-degree rel-
ative with the disorder) or on the basis of sub-threshold
clinical symptoms (low-level symptoms below the thresh-
old for a diagnosis of a psychotic disorder accompanied by
a decline in social or occupational functioning), referred to
as a clinically defined high-risk group. There is mixed evi-
dence on whether first-degree relatives exhibit reduced
MMN with early evidence suggesting that MMN is as
reduced in first-degree relatives as in diagnosed patients®®,
but the most recent meta-analysis'? based on 8 separate
reports suggested that MMN in this group is quantitatively
(EF=0.26), but not significantly, reduced. Evidence for

reduced MMN in clinically defined high-risk individuals

however is stronger, with meta-analysis'? producing a
modest and significant reduction relative to healthy con-
trols (EF=0.40).

However, is there evidence that MMN size can predict
who will develop psychosis? The first report” that this may
be the case used a Cox regression model to demonstrate
that MMN to duration deviants (but not frequency devi-
ants) predicted who will develop psychosis, mostly with a

") demonstrated that

schizophrenia diagnosis. A later repor
the size of the MMN elicited by a double deviant differing
in duration and pitch from standards not only predicted
who will develop, but also the time from ERP assessment
to psychosis onset in clinically at-risk individuals. In sum-
mary, there is evidence that the degree of MMN amplitude
reduction in at-risk individuals is useful as a prognostic
biomarker in predicting those with low-level psychotic
symptoms who will develop a schizophrenic disorder, but
the same deficiencies that limit the usefulness of MMN as a
diagnostic biomarker also apply to MMN as a prognostic
marker, i. e., the lack of standardization of methods and

normative data.
MMN as a biomarker of treatment outcome

It has been argued that one of the most promising
areas for investment in schizophrenia biomarkers is in pre-
dicting treatment response—not only existing therapies, but
most importantly for developing novel therapies®”. There
are a number of characteristics of MMN that are relevant to
the issue of treatment effects. First, does MMN in patients
respond to current neuroleptic therapies? The answer is in
general no. Neither first nor second generation neuroleptics
ameliorate MMN deficits in schizophrenia patients. The
one exception is aripiprazole, a relatively new antipsychot-
ic with a unique receptor binding profile that combines
partial agonistic activity at D2 receptors and 5-HT 1A
receptors, and potent antagonism at 5-HT 2A receptors'®”.
After 4 weeks of treatment with aripiprazole, MMN ampli-
tudes to both frequency and duration deviants improved
with further improvement after 8 weeks'*”. In addition,
increased MMN was accompanied by reduced positive,

negative and total PANSS ratings, and correlated with
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decreased total PANSS ratings, suggesting that MMN
improvement is a possible biomarker of treatment effica-
cy'™ . These results contrast with the lack of effects of oth-
er atypical antipsychotics, such as clozapine, risperidone,
and olanzapine, on MMN (reviewed in'®).

Second, is there evidence that novel treatments are
effective in increasing MMN in patients? There have been
reports of heightened MMN with novel pharmacotherapies
that target glutamatergic neurotransmission. Administra-
tion of the glutathione precursor N-acetyl-cysteine (NAC)
as adjunctive therapy to standard neuroleptic medication
significantly increased MMN in schizophrenia patients
after 6 weeks of treatment®”. In addition, glycine, which
functions as a co—-agonist with glutamate of NMDA recep-
tor activity in excitatory glutamatergic neurotransmission,
again administered as adjunctive therapy, increased MMN
acutely in patients, but not after 6 weeks of treatment?.
Similar acute effects of a high dose of memantine, a mod-
erate affinity NMDAr antagonist, delivered as adjunctive
therapy, significantly increased MMN in patients, although
the degree of enhancement was smaller in patients than in
healthy subjects®”. Although the memantine effects appear
paradoxical considering its NMDAr antagonism, it has
been used as adjunctive therapy in schizophrenia to
improve cognition, although with limited success*®.

Third, is there any evidence that MMN can predict the
clinical response to current therapies? This important ques-
tion is infrequently investigated. A relatively old but pre-
liminary report’” on a three-year follow-up of clinical
response to clozapine treatment in patients found that
MMN amplitude measured prior to clozapine therapy com-
mencement is related to treatment response, although per-
haps not in the direction expected : a relatively intact

") The inter-

MMN was associated with a better prognosis
pretation of this result is that a good clinical response to
clozapine is associated with relatively intact brain func-
tioning as indicated by a larger MMN. Although unexpect-
ed, it nonetheless suggests that MMN has value in clinical
decisions about medication choice.

Can MMN itself be used to develop novel pharmaco-
therapies? Although reduced MMN in schizophrenia was

first observed approximately 30 years ago, it has not led to

830

improved pharmacotherapies for patients, primarily
because human studies are limited in terms of probing the
biological mechanisms of disrupted MMN generation.
Hence, the need for translational studies of MMN reduc-
tion in animal models, which is the focus of the remainder

of this review.

MMN as a translational biomarker in
schizophrenia

Evaluation of translational biomarkers in schizophre-
nia assumes that a valid animal model of this complex het-
erogeneous psychiatric disorder can be developed. The fact
that schizophrenia is a uniquely human disorder has com-
plicated the development of suitable animal models. Ani-
mal homologues of positive and negative symptoms, such
as hallucinations, delusions, alogia, or affective flattening,
are clearly problematic with behavioral assessments uti-
lized as animal equivalents of positive*” and negative'”
symptoms requiring further validation. In recent years,
there has been a greater focus on developing animal mod-
els that mimic the cognitive deficits that patients exhibit.
However, this approach also has limitations because of dif-
ficulties in mapping particular human cognitive constructs.
For example, working memory is usually assessed in
humans by archetypal tasks such as digit span backwards
or the n-back task. In animal models, considering the con-
straints imposed by species differences in terms of shaping
(instructing) and measuring behavior, there is uncertainty
about whether the selected animal task targets the same
construct in the animal and human. The advantage of using
an electrophysiological measure, such as MMN, is that it
can be measured in exactly the same manner in animals
and humans using the same stimulus sequences, and the
same methodology for recording and processing data.
There is still an issue of determining whether the animal
brain can produce the equivalent of an adaptation-indepen-
dent mismatch response (MMR) that reflects prediction
error. This issue is discussed below. First however, we
address the question of what is the primary impetus for
moving into animal models of this complex neuropsychiat-

ric disorder.
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1. Why do we need animal models of schizophrenia?

Although animal model studies provide evidence for
what is changed, and how it is changed in schizophrenia,
they can more importantly shed light on mechanisms of
how symptoms or behaviors are induced, and how such
outcomes can be ameliorated or treated. For example,
although the glutamatergic hypothesis of schizophrenia
was triggered by the clinical observations that NMDAr
antagonists, such as phencyclidine (PCP), or ketamine can
induce a syndrome that resembles schizophrenia in

humanle,42,49,50,93)

, it was animal model studies that pro-
vided evidence for the mechanisms underlying these
effects using pharmacological and genetic approach-
es*>3272 Another example of the significance of animal
models is demonstrated by the treatment studies performed
with compounds acting directly at the NMDAR glycine
site, such as glycine, D-serine, or D-cycloserine, and,
more recently, with high-affinity glycine transport inhibi-
tors*?. A significant improvement in schizophrenia-like
negative symptoms in a NMDAR antagonist rat model
using dizocilpine (MK-801) was demonstrated in the pres-
ence of D-serine or by blocking glycine transporter-1 that
stimulates the NMDAr function directly or indirectly,
respectively*”. Administration of D-cycloserine, a co-ago-
nist at the glycine site on the NMDAr, attenuated attention-
al deficits in rats treated with MK-8013?, However,
although the current gold standard method for evaluating
the face validity of “schizophrenia-ness” of a given animal
model is behavioral, behavioral measurements are limited
in their ability to translate animal model outcomes to

18) Therefore, recent attention has turned to search-

humans
ing for biomarkers of schizophrenia that can be measured

in a similar manner in rodents and humans.

2. Animal models of MMN

Due to clinical relevance of the MMN for evaluating
normal and pathological auditory processing, the search for
evidence of MMN in several mammalian species, including

76) 98) , is

cats®, guinea pigs*®, monkeys®®, rats’®, and mice
underway in order to facilitate further understanding of the
neurophysiological and neurochemical mechanisms under-

lying MMN generation, and for exploring the mechanism

that leads to MMN reduction. Among other species,
rodents are well-suited for preclinical studies due to their
small size, easy handling, and faster breeding cycles, which
makes them cost-efficient models. In general, rats are often
the preferred species for behavioral and neuroscience
research because of their relatively larger brains, but mice
are more suited to molecular studies'”. Initial studies
observed MMN-like ERPs 63-253 ms post stimulus onset,
recorded epidurally from the auditory cortex of anesthe-
tized rats’®. In addition, dependence of MMN generation
on the presence of standard tones in a sequence was found
in anesthetized rats using DEV-alone condition, where
human-like MMN was not observed in response to DEV
tones in the DEV-alone paradigm vs an oddball paradigm,
consistent with human studies demonstrating the depen-
dence of human MMN on the echoic trace’®. In another
study on urethane-anesthetized rats, an MMN-like
response was observed at 60-100 ms in response to ascend-
ing DEV from stimulus onset during an auditory oddball
sequence”. Several studies demonstrated MMN-like

~» and awake

responses in anesthetized rats!
rats?72098748%  Qverall, there is strong evidence to support
the presence of MMN-like responses in both anesthetized
and awake rats.

A methodological feature making MMN a valuable
candidate for translation into animals is that the MMN in
humans is elicited without instructing the participant to
attend to the stimuli. Similarly, the recording of mismatch
responses (MMR) in animals does not require the active
participation of the animal (no prior training is required),
provided the animal can discriminate the sounds in the
sequences that are used to generate MMR. Second, the
auditory patterns that elicit MMN can be simple, for exam-
ple, auditory stimuli of different tone frequencies, as fre-
quency discrimination thresholds have been well estab-

lished in rodents®”

. However, the face validity of an animal
model of MMN needs to be established : how does a rat
MMR resemble human MMN? For preclinical research, it
is essential to show the adaptation-independent element of
human MMN in rodents. Harms and colleagues provided
evidence that the rat brain is capable of generating human-

like MMN, at least in terms of having some element of
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adaptation-independent prediction error (a criteria of
human MMN)?>%® by employing three different control
sequences—1. the flip-flop control (to control for differen-
tial responses to the physical characteristics of standards
and deviants as in®>) ; 2. the many-standards control (to
control for differential adaptation as in*”), and 3. the cas-
cade control (to control for differential adaptation)®”. In
the flip-flop oddball sequences, two oddball sequences are
present such that the identity of the standard and deviant
reverse, which means that a given tone frequency appears
as standard in one sequence and a deviant in the other
sequence (Figure 3A). Use of the flip-flop sequences
enables the control of the physical characteristics of the
deviant and standard stimuli. In the many-standards con-
trol sequence, the equivalent of the deviant tone from the
oddball sequence is presented among other equiprobable
tones equal to the probability of the deviant in the oddball
sequence and the tones are presented pseudo-randomly
such that no pattern of regularity is established (Figure
3B). Thus, no prediction can be set due to lack of regulari-
ty and no violation can occur. A comparison of the
responses to the deviant in the oddball sequence to the
same sound at the same probability of occurrence in the
many-standards control sequence excludes the explanation
that lower levels of adaptation of neural populations
responding to the deviant are responsible for the larger
response to a deviant stimulus. Instead, this comparison
yields a measure of adaptation-independent deviance
detection or prediction error’’*”. However, the many-stan-
dards control has been subjected to two criticisms. First, as
the many-standards sequence contains stimuli from a
broad frequency range, larger responses are produced than
with those from a narrower range, as the deviant response
from oddball undergoes more adaptation (thus, reduced
size amplitude) than the deviant response to the many-stan-
dards control, which is not affected much by adaptation
(thus, increased in amplitude). Overall, this potential
imbalance may result in an underestimation of deviance
detection. Second, the oddball sequence establishes a
repetitive and predictable sequence that is violated, but the
many-standards control, by design, does not violate a pre-

diction because one is never established.

832

To overcome these issues, the cascade control, initially
proposed by Schroger’s group’, was used by Harms and
colleagues. In the cascade control, stimuli are presented
varying from low to high frequency in a regular pattern,
with the highest frequency stimulus corresponding to the
deviant and the second highest frequency stimulus corre-
sponding to the standard within an ascending oddball
sequence (Figure 3C, D)?”. Unexpectedly, there were
inconclusive results in the cascade control design, possibly
because rats may be unable to encode the complex pattern
of the ascending and descending arms of the cascade con-
trol sequence. However, other researchers recording single
unit and multiple unit activity in oddball paradigms from
auditory brain regions found no difference in outcomes
between the cascade control and the many-standards con-

tr0169,7())

, although only ascending or descending cascade
sequences were used. Therefore, adaptation-independent
deviance detection was only evident for the many-stan-
dards control sequence, not for the cascade sequence in?”
(Figure 4). As shown in Figures 4A and 4B, larger ERPs
are generated in response to high frequency deviants, but
not low frequency deviants, suggesting the lack of effect on
descending deviants®”. Studies conducted in our laborato-
ry®® and other groups’?**%33% demonstrated that rodents
exhibit an adaptation-independent MMR, similar to human
MMN, which can even be observed in local recordings
from multiple auditory processing regions®. Of note, it
has only recently been demonstrated that this adaptation-
independent component of human MMN is reduced in

patients with schizophrenia*”.

3. Do animal mismatch responses (MMRs) exhibit
features of human MMN?

To establish the face validity of an animal model of
MMN, there are simple requirements, the first being that a
deviant response > standard response. To date, animal stud-
ies have reported this, as described above, although not for
low-frequency deviants in our laboratory. Some of the key
features of human MMN are adaptation independence (as
described above), sensitivity to the NMDAR perturbation,
sensitivity to deviance difference, sensitivity to deviant

probability, and sensitivity to environmental uncertainty
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A. Oddball Sequences-Flip-Flop Design
Stimulus Presentation Frequency
Ascending type rate (P) (H2)
] 0 ] deviant 0.125 8137
O Dol ER DoDoEDEEE M/ standard 0.875 6636
Descending
O OO0oOd OOoodod O standard 0.875 8137
| | | deviant 0.125 6636
B. Control Sequence-Many-Standards Design
L L 0.125 15000
O O 0.125 12233
[ [ 0.125 9977
L] ] control 0.125 8137
| O O control 0.125 6636
0.125 5412
O O 0.125 4414
[ u 0.125 3600
B &
C. Oddball sequences-Cascade Design
Ascending
B B B deviant 0.125 15000
| DD OD o DD E @ | standard 0.875 12233
Descending
00 DOO0O0OO0 OO0OOO0ODO 0 [0 standard 0.875 8137
O O O deviant 0.125 6636
D. Control Sequence-Cascade Design
] ] control 0.125 15000
o o o o 0.250 12233
Tl Tl Tl Tl 0.250 9977
0.250 8137
N N N N control 0.125 6636
O O O
\ \ \ \ \ \ \ \ \
1 2 3 4 5 6 7 8 Seconds

Figure 3 Design of control sequences
: Flip-flop oddball sequence, which enables the comparison of the response to a stimulus
when it is a DEV or when the same tone is a STD, thus this design controls for the differen-
tial responses to the physical characteristics of the stimuli.
: Many-standards control sequence enables measurement of adaptation-independent devi-

ance detection.
C : Oddball sequence for the cascade design.
D : Cascade control sequence. Adapted from?”

(Yitter’). In order to establish the face validity of an ani-
mal model of MMN, there is a need to determine how well
the animal model exhibits these features. Studies have
demonstrated consistent reductions in the MMN amplitude

in humans in the presence of NMDATr antagonists such as

with permission.

ketamine and phencyclidine?>*!42#9) Hyman MMN
amplitude increases in response to the higher degree of
deviance difference between the standard and the deviant
stimuli, lower probability of occurrence of the deviant, and

a stable stimulus onset asynchrony (SOA) in between the

Michie - ftt : Mismatch Negativity (MMN) as a Promising Translational Neurophysiological Biomarker in Schizophrenia 833



_20,

10+ PéO —— High Deviant
High Control
— High Standard
T T 20 T T T 1
-100 -50 0 50 100 150 200
Time (ms)

Oddball effect No significant effects

Deviance-

detection effect No significant effects

Adaptation
effect No significant effects
_20 -
. —15¢
S
3
~ -10
()
©
3
£ -5
a
£
c 0
3 mmm | ow Deviant
= 5r == Low Control
B | ow Standard
10

P13 N18 P30 N55 N85

B.
10 *F’TS\/ —— High Deviant
High Control
P30 — High Standard
f T 20 T . ; ‘
-100 -5 0 50 100 150 200
Time (ms)
D.
Oddball effect  * *ok Kok K ok
Deviance-
detection effect * *
Adaptation
effect * KoKk ok ok KKk
_20 -
. —15F
>
3
~ -10
[}
©
3
= -5
a
&
c 0
o mmm High Deviant
= T B High Control
BN igh Standard
10— ‘ ‘ | |
P13 P18 P30 P55 P85

Figure 4 Ratevent related potentials (ERPs) demonstrating effects of stimulus type and frequency
Averaged ERPs in response to deviant (red), the many-standards control (black), and the standard (blue) for the low-
(A) and high-(B) frequency stimuli. Mean amplitudes (*standard error, SE) of MMR components to low-(C) and
high-(D) frequency stimuli. Adapted from?” with permission.

two auditory stimuli (reviewed in*®). Several studies
reported that NMDAr hypofunction also reduces MMRs in
rodents!!17:28:30.708490.9D e found that the hypothesized
NMDAr antagonism exclusively affects the N55 MMR
component. There was a reduction in the size of MMR
amplitude for late negative potential (N55) at the highest
dose of the antagonist, but not on an early positive poten-
tial (P13) (Figure 5). This suggests that N55 is the most

MMN-like component®”. However, there is only limited

834

evidence of the sensitivity of the rodent MMR to the
degree of deviance, DEV probability, and environmental
uncertainty.

Considering the growing research interest in the
rodent MMRs as a translatable ‘biomarker’ for schizophre-
nia, it is important to examine how reliably rat MMRs
mimic the attributes of human MMN. An extensive review
on how well the MMN features recapitulate human fea-

tures in the studies of rodent MMRs is presented in® .
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Figure 5 NMDAr antagonism effects on the MMR amplitude
A : Grand-averaged deviance detection (deviant- control) difference waves in the drug-free condition (black), and after esca-
lating doses of 0.1 (blue), 0.3 (green), and 0.5 mg/kg MK-801 (red).
(B-F) : Graphs show the extracted deviance detection difference amplitudes (mean+SEM) for each of the components mea-
sured [P13 (B),N18 (C), P30 (D), N55 (E),and N85 (F)] over increasing MK-801 doses®®.

Although there are increasing preclinical studies on
MMRs, some gaps in understanding remain. To fill some of
these gaps, our laboratory used a rat model of MMN to
determine the degree to which the rat brain can recapitulate
features of MMN found in healthy human controls. We
asked whether MMRs in rats exhibit features of human
MMN, such as larger MMR amplitude, in response to 1. a
higher degree of deviance difference between the regular

standard tones and surprising deviant tones, 2. lower prob-
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ability of occurrence of deviant tone among regular stan-
dards, and 3. stable SOA (no jitter). Screw electrodes were
surgically-implanted epidurally, and using wireless telem-
etry in freely-moving rats, we observed human-like alter-
ations of MMRs®. Rat MMRs decreased in size with a
reduced degree of difference between the deviant and stan-
dard stimuli, with increased probability of the deviant stim-
uli, and with increased variability in the SOA of sound

sequences (Figure 6). This suggested that N54 MMR com-
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Figure 6 Effects of deviance difference, deviant probability, and jitter on event-related potentials averaged over auditory

(A-B) :

(C-D):

(E-F) :
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and frontal cortex of the control male and female rats
MMRs to pitch difference. A. MMR waveform. Difference wave obtained by subtracting the responses to standard stimulus
from the responses to the deviant stimulus for low (blue), mid (grey), and high (red) deviance differences. B. MMR mean
amplitude. Mean amplitudes (+standard error, SE) of N18, P32, N54, and N86 components of rat MMRs. There is a signifi-
cantly larger MMR amplitude in response to the high deviance difference (in red) compared with the low deviance difference
(in blue) or mid deviance difference (in grey).
MMRs to deviant probability. C. MMR waveform. Difference wave obtained by subtracting the responses to standard stimulus
from the responses to the deviant stimulus for low (red), mid (grey), and high (blue) probability. D. MMR mean amplitude.
Mean amplitudes (*standard error, SE) of N18, P32, N54, and N86 components of rat MMRs. There is a significant probabil-
ity effect on N54 and P32 MMR components.
MMRs under jitter conditions. E. MMR waveform. Difference wave obtained by subtracting the responses to standard stimu-
lus from the responses to the deviant stimulus for no (blue), low (grey), and high (red) jitter. F. MMR mean amplitude. Mean
amplitudes (*standard error, SE) of N18, P32, N54, and N86 components of rat MMRs. N54 MMR amplitude is larger under
no jitter conditions than under high jitter conditions. Adapted from3® with permission.
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Table1 Summary of findings suggesting N54 MMR
component as the most human-like

MMR components DDi?fV; fennccee Pr?)eb\;iljir;itty Jitter effect
N18 Y
P32 Y Y
N54 Y Y Y
N86 Y

ponent in rats is highly ‘MMN-like’, as it was significant-
ly influenced by all 3 alterations (Table 1)°®. The strongest
effects of stimulus type were previously observed in
response to high-frequency stimuli for the N55 component
of MMR?”. Furthermore, Harms et al. noted MK-801-
induced N55 MMR amplitude reduction, similar to human
MMN reductions, elicited by NMDAr antagonism®” . The

N54 component by Jalewa et al.*®

is equivalent to the N55
component reported by Harms et al.>?. The different label-
ling is the result of a naming convention of using the mean
peak latency across all animals in a study. Overall, these
studies suggest that rodent MMR mimics human MMN
attributes and that N54/N55 is the most-human like MMN

analogue in rats.

4, What are the implications of animal MMRs for
schizophrenia?

Although MMN impairment in schizophrenia patients
is one of the most highly replicated neurophysiological
features of the disorder“), there are few studies demon-
strating that MMN reduction is well-treated by current
antipsychotic drugs®*'°?. Compounds that pass the pre-
clinical stages in developing novel psychiatric treatments
often fail in human clinical trials due to lack of suitable
animal models of disease with associated biomarkers of
neural-circuit function across species’>'°>!%9 Moreover,
examining MMRs in rodents is a fairly new field of
research, and has only been pursued for the past 10 years
or so, with relatively few studies having looked for MMRs
in rats or mice, model species for which a wealth of exist-
ing knowledge, techniques, and relevant methodologies is

available'”°?. Examination of the clinical literature

reviewed earlier demonstrates that there is much that we
still do not know about MMN in schizophrenia. Animal
models are required in order to advance our understanding
of the neuro-circuitry of MMN generation and to provide
knowledge about the neurobiological basis of MMN reduc-

tion in schizophrenia®”

. This knowledge is essential for the
development of novel pharmaceuticals that can rescue the
impairments in function that underlie the reduced ampli-
tude of MMN. As noted earlier, a 1-uV increase in MMN
amplitude will likely result in improvements in both cogni-

tion and functional outcome®?.

Conclusion

There are several approaches to creating a rodent
model of MMN reduction in schizophrenia, including acute
pharmacological (NMDAR antagonists) challenge'3040
and genetic manipulations'®, and endogenous causes such
as exposure to neurodevelopmental insults associated with
schizophrenia risk? . The purpose of such approaches is not
to recapitulate schizophrenia in an animal model, but to
explore the details (the what, why, and how) of the under-
lying neurobiological mechanisms that result in attenuation
of MMN amplitude. Although we have learnt much from
acute pharmacological challenges based on NMDAR
antagonism, it is likely that a model based on endogenous
causes producing a large, enduring, and reproducible
reduction of MMN will be more informative. It may enable
multiple approaches, including molecular approaches, to
exploring the causes of MMN reduction, and the develop-
ment of new pharmaceuticals targeting increased MMN
based on this knowledge. Pre-clinical research of this type
may also offer insights into the optimal paradigms for use
in humans-are there particular features of the oddball para-
digm that are more likely to generate a reduced MMN in

animal models and why?
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