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Rapid antidepressant effects associated with ketamine have shifted the landscape for the
development of therapeutics to treat major depressive disorder (MDD) from a monoaminergic to
glutamatergic model. Treatment with ketamine, an N-methyl-D-aspartate (NMDA) receptor antagonist,
may be effective, but has many non-glutamatergic targets, and clinical and logistical problems are
potential challenges. These factors underscore the importance of manipulations of binding mechanics
to produce antidepressant effects without concomitant clinical side effects. This will require
identification of efficient biomarkers to monitor target engagement. The mismatch negativity (MMN)
is a widely used electrophysiological signature linked to the activity of NMDA receptors (NMDAR) in
humans and animals and validated in pre-clinical and clinical studies of ketamine. In this review, we
explore the flexibility of the MMN and its capabilities for reliable use in drug development for NMDAR
antagonists in MDD. We supplement this with findings from our own research with three distinct
NMDAR antagonists. The research described illustrates that there are important distinctions between
the mechanisms of NMDAR antagonism, which are further crystallized when considering the paradigm
used to study the MMN. We conclude that the lack of standardized methodology currently prevents
MMN from being ready for common use in drug discovery.

Clinical trial registration: This manuscript describes data collected from the following National
Institutes of Health (NIH) and Veterans Affairs (VA) studies: AV-101, NCT03583554; lanicemine,
NCT03166501; ketamine, NCT02556606.
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for NMDAR drug development

Introduction

The symptoms of major depressive disorder (MDD)
appear to arise from broad systemic dysfunctions that
disrupt processes such as salience monitoring, emotional
affect regulation, anhedonia, and depressed mood."? The
hypothesis concerning the biology of these dysfunctions
has shifted in recent years from broad depletion of
monoaminergic neurotransmitters to one focused on the
regulation of the glutamate system. Glutamate is the
primary excitatory neurotransmitter in the regulation of
excitation/inhibition (E/I) balance in the central nervous
system (CNS). Dysregulation of glutamate transmission
would imply a reduction in synaptic plasticity and an
impoverished degree of cognitive flexibility,® which would
place the system at risk for the development of many
depressive symptoms.
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The discovery of the rapid antidepressant effects of the
N-methyl-D-aspartate (NMDA) antagonist ketamine has
been pivotal to this shift in perspective.*® The consistent
replication of antidepressant effects from sub-anesthetic
intravenous ketamine (0.5 mg/kg) prompted detailed
study into the mechanism of action, implicating the
blockade of NMDA receptors (NMDAR) in the antide-
pressant effects.” Thus far the literature converges on a
mechanism involving inhibition of NMDARs on gamma
aminobutyric acid (GABA) interneurons and on glutamate
neurons that results in changing the balance between
concentration of glutamate and GABA. Blockade of
NMDARs located on GABA interneurons in the prefrontal
and temporal cortices®® is believed to reduce release of
GABA. GABAergic interneurons projecting to glutamate
neurons inhibit the release of glutamate. Ketamine-
induced lower GABA levels are believed to cause a surge
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of glutamate release within the prefrontal cortex, hippo-
campus, and nucleus accumbens, subsequently increas-
ing the neural E/I ratio.'®'? GABAergic and glutamate
receptors project to primary pyramidal neurons. Blockade
of NMDARs on pyramidal neurons results in activation of
post-synaptic  a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptors, promoting enhanced
neural signaling patterns within targeted regions.'®

Glutamatergic neurotransmission plays an important
role in the regulation of cortical excitability and is a critical
component in the organization of interregional commu-
nication.'* Animal studies of NMDAR antagonism demon-
strate that the glutamate system is strongly associated
with attention and memory,'® learning,'® cognitive con-
trol,"” regional neural signaling patterns,® and the regula-
tion of other neurotransmitter systems.'®

Despite promising evidence, there are several draw-
backs to ketamine as a primary antidepressant treatment.
These include behavioral dissociation, psychotogenic
effects, and elevated blood pressure, resulting in the
requirement of a licensed health care provider to oversee
administration. This has led to the development of
alternative NMDAR modulators, which aim to preserve
the antidepressant mechanism of ketamine while exploiting
variations in receptor binding characteristics to curtail
problematic side effects. The development of new NMDAR
modulators requires, first, demonstration that the medica-
tion engages the NMDAR complex similarly to ketamine;
and, second, demonstration that treatment response to the
agent is directly related to this biological mechanism.

Markers for drug development

The ideal route for confirmation of effective transfer of
a medication across the blood-brain barrier would be to
measure metabolism of a related ligand at the target
synapse pre- and posttreatment in combination with real-
time monitoring of functional consequences of receptor
engagement. This can be achieved with excellent spatial
resolution using positron emission tomography (PET);
however, this approach falls short of the ability to monitor
acute temporal changes in response to the drug, which
can provide crucial insight into the pharmacological
mechanism of action. This can instead be achieved more
effectively through electroencephalography (EEG).'®

EEG and magnetoencephalography (MEG) can demon-
strate neurotransmitter engagement by tapping into varia-
tion in E/I ratio.?° MEG and EEG operate by detecting large
electric field oscillations with a concomitant magnetic
field resulting from synchronized neuronal communica-
tions based on neurotransmission dynamics.?' Simple
yet robust physiological markers, such as the auditory
steady state response (ASSR)??2® and the mismatch
negativity (MMN) have been repeatedly shown to be
influenced by the neuropathological state of diseases
such as schizophrenia,?*?®> which may be linked to
hypoactivation of NMDARs.?* Studies in animal models
and healthy human volunteers have replicated disease
states such as schizophrenia using NMDAR antago-
nists, thus implicating a functional role of glutamatergic
signaling in these markers.2°28
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In this article, we will review the use of the MMN in the
study of NMDAR drug development, with a specific focus
on depression. The MMN is a robust neurophysiological
response that has been repeatedly linked to NMDAR
function in both human®® and animal research® through
clinical®' and pharmacological studies.®? In the remainder
of this review, we evaluate the utility of the MMN in the
context of drug development from the perspective of the
existing literature and from our own novel data.

What is the mismatch negativity?

The MMN is an event-related potential (ERP) measured
with an oddball task that presents frequent standard
stimuli and occasional deviant stimuli. The task can present
either auditory or visual stimuli, but is most commonly
performed as an auditory task. The MMN is estimated by
taking the difference between the grand average of the
deviant trials and the grand average of the standard trials
(Figure 1). The MMN appears as a negative peak between
120 and 250 ms at fronto-central electrodes. Imaging and
source reconstruction research supports primate studies
that suggest the response is generated by multiple sources
within the supra-granular layer of the primary and
secondary auditory cortex.333 More recently, this has
been expanded to demonstrate bilateral temporal, parietal,
and prefrontal engagement via functional connectivity,®*
supporting a cortical hierarchy model.

The basic framework for the MMN posits that it updates
network activity regarding the monitoring and processing
of a continuous stream of information.®®> When a deviant
element is detected, the processing network is updated
to signal the potential for a reallocation of resources.
The strength of this output is believed to represent the
plasticity of the system as well as the capacity for learning
how to handle the deviant response.®*%” Modern efforts
focused on modelling this have expanded this theory
to the realm of predictive coding. In this approach, the
perceptual system makes predictions about upcoming
sensory information based on the current context and
neuronal adaptation to the train of stimuli (including
repetition rate); the proto-object for sensory processing
(standard stimulus) is then compared against the incom-
ing information.®® When the prediction is correct (another
standard), no further response is necessary. However,
when the prediction does not match the input (deviant
stimulus), the system signals this by way of the MMN
evoked potential.®*4° In this context, the amplitude of the
MMN has also been interpreted as a coded response to
the strength of the match between the top-down and
bottom-up systems, where a larger response indicates a
more substantial error and thus a greater need to alter the
allocation of processing resources.*' It is therefore likely
that the MMN represents implicit trial-by-trial encoding of
prediction errors that depends on NMDAR-dependent
plasticity at glutamatergic synapses.*>*3

The relationship between NMDAR and the MMN

The mechanism by which NMDARs contribute to the
generation of MMN is complicated and involves the
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Figure 1 Outline of the cortical response to the generic mismatch negativity (MMN) paradigm. A) The schematic demonstrates
the frequency and nature of an oddball stimulus over time. B) The solid black trace represents the grand average of the
standard trials contrasted with the grand average of the deviant trials (dashed line) and the difference between them (deviant
minus standard, solid red line). The MMN appears within the 150 to 220 ms window and reflects the extent of the deviation
between the two conditions. C) Topographic response to each condition as recorded using a 64-channel EEG cap (10-20

montage).

balancing of processes that manipulate the extent of neu-
ronal adaptation to the response in the primary auditory
cortex (PAC), with changes (plasticity) along forward and
backward connections between the PAC and the rest of the
auditory processing hierarchy. The significance of NMDARs
to the generation of the MMN can perhaps best be explained
through the use of dynamic causal modelling (DCM).*°
Modelling of the synaptic communication in ketamine and
control conditions demonstrated the propensity of ketamine
to alter the plasticity of the neurons forming connections
between the PAC and the superior temporal gyrus, but did
not show ketamine to have an effect of the adaptiveness of
neurons within the PAC. In the ketamine comparison, the
distinction between effects on plasticity relative to adaptation
suggests that NMDAR activity plays a crucial role in
managing the connectivity profile at the heart of coordinating
the response to deviance detection.

This interpretation consolidates earlier findings that
demonstrate, in isolation, the important contributions of

neuronal adaptation to a stimulus** and long-term potentia-
tion (LTP).**“¢ Neuronal adaptation can be inferred by
measuring spike frequency in response to a repeated
stimulus. This is controlled by calcium-dependent potas-
sium channels and is affected by NMDAR activation, which
mediates intracellular calcium.** NMDARSs are also critical
for both LTP and long-term depression (LTD), mechanisms
that may underlie learning and memory.*” Pharmacological
blockade of NMDARs in hippocampal neurons reduces
pyramidal neuron spiking*® and extracellular synaptic
potentials,*>*¢ indicating disruption of LTP.

Ketamine studies of deviance detection and insights from
schizophrenia

Neurophysiological studies of ketamine have revealed that
antidepressant response is associated with decreased
parietal pyramidal neuron gain and reduced NMDA-
mediated connectivity across important functional networks

Braz J Psychiatry. 2022;44(1)
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Figure 2 Schematic depiction of an NMDA receptor (NMDAR). Mechanisms of NMDAR antagonists can include blockade
of subunits NR2B and NR1 (competitive antagonists), blockade of the glycine binding site (glycine antagonists), blockade
of allosteric sites (noncompetitive antagonist), and blockade of the pore (uncompetitive channel blockers). The MMN appears
to be affected by all types of NMDAR antagonists, indicating a generic role of NMDAR activation within its circuitry. Lanicemine
and ketamine are channel blockers with different trapping block profiles. Ketamine exhibits the strongest and lanicemine
the weakest trapping block. AV-101 (4-chlorokynurenine [4-CI-KYN]) blocks NMDAR activity through competitive antagonism

of the glycine-binding site.

implicated in affective cognition, including the frontal and
default mode networks.'® These effects occur within 1 hour
of infusion, demonstrating a rapid effect on pyramidal
neurons through activation of AMPA glutamate receptors.
The maintenance of these effects over a longer period of
time (24 hours, single infusion; 14 days, one infusion per
week) might then be propagated by slower, more complex,
downstream effects via increased brain derived neuro-
trophic factor (BDNF) release and upregulation of mam-
malian target of rapamycin (mTOR), critical factors in
neural plasticity.*®-°

Ketamine robustly reduces MMN amplitude across
different stimulus paradigms (duration, frequency, and
intensity deviance).**®'>* This effect is replicable in
rats®® and mice,?” supporting the MMN as a translational
biomarker of NMDA function. Reduced MMN amplitude
has consistently been reported in patients with schizo-
phrenia, animal models, and genetic models of NMDAR
hypofunction,®®°¢ leading to the hypothesis that NMDAR
hypofunction may underlie this disorder.>”">° Further, the
substantial relationship between the degree of MMN
disruption and cognitive decline in patients further
supports deleterious effects of NMDAR hypofunction
(e.g., Pochwat et al.?%) on MMN.3%40

Studies of the oscillatory components of deviance
detection in schizophrenia have more recently begun to
emerge due to an inherent advantage over traditional
ERP measurements for inferring circuit level activity.
The fine-grained distinction between patterns of activity
that occur at different timescales can inform us of discreet
changes in the state of local neuron populations.
In schizophrenia, the MMN has been associated with
reduced theta (4-7 Hz) power and disturbed phase
coherence,®'®® emphasizing that deviance detection is
additionally dependent upon the consistency of inputs
across time. Theta reduction occurs in tandem with
increased alpha activity (8-14 Hz) during standard
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stimulus trials,®® suggesting that pathological distress

within thalamocortical (alpha) and corticocortical (theta)
projections are critical anatomical components of deviance
detection, lending support to the DCM proposed by
Schmidt et al.*°

N-methyl-D-aspartate receptor structure and function

The NMDAR is a heterotetramer consisting of four
subunits. Two subunits respond to glutamate occupancy
of NMDAR subunit 1 (NR1) and two subunits respond
to glutamate occupancy of subunit 2 (NR2A to NR2D)
(Figure 2). NMDAR activation also requires simulta-
neous occupancy of glycine and multiple allosteric
binding sites, in addition to the glutamate binding sites.
NMDAR activation causes release of a magnesium ion
from the NMDAR pore, allowing entry of calcium and
generation of an action potential. Mechanisms of NMDAR
antagonists can include blockade of subunits (competitive
antagonists), blockade of the glycine binding site (glycine
antagonists), blockade of allosteric sites (noncompeti-
tive antagonist), and blockade of the pore (uncompetitive
channel blockers).

Competitive (CGS-19755) and noncompetitive (phen-
cyclidine [PCP]) NMDAR antagonists reduce MMN
responses, showing a reduced neural response to deviant
but not standard stimuli.>° Reductions in MMN were
also found using the NMDAR channel pore blocker
MK-801.4"%* Dose-dependent inhibition of the MMN by
the selective GIuUN2B antagonist traxoprodil (previously
CP-101,606) suggests that the effect on the MMN may be
mediated by the NR2B subunit of the NMDAR.®®° In terms
of NMDAR affinity, it was found that both moderate
affinity antagonist memantine and high-affinity antagonist
MK-801 bind to the NR2B subunit of the NMDAR at
similar binding locations.®® The varying presence of MMN
effects across NMDAR blockade mechanisms suggests



that the contribution of glutamatergic signaling to the
generation of MMN is broad and complex.

Impact of three NMDAR antagonists on the MMN:
our findings

The findings of MMN manipulation in response to a broad
variety of NMDAR antagonists present a clear case for
the MMN as a target for drug development. Drug
development to date has explored a number of different
NMDAR binding sites and binding properties to replicate
the antidepressant effects of ketamine while attempting to
avoid the side effects discussed earlier. To move forward,
it is important to study the specific physiological effects on
cell behavior that stem from this. For example, a recent
meta-analysis revealed that MMN amplitude is sup-
pressed and, with a lower effect size, latency increases
after ketamine administration in chronic schizophrenia
patients.?® However, there is also evidence to the
contrary, in which the low-affinity NMDAR antagonist
memantine increases MMN amplitude.®* The findings
from studies of memantine in both MMN and MDD
contexts provide a strong example of the challenges
faced in drug development for rapid acting antidepres-
sants. Although the purpose of memantine is to act as
an NMDAR antagonist, and one which is successfully
used in the treatment of Alzheimer's dementia,®” there
are currently no successful placebo-controlled trials in
MDD to demonstrate treatment efficacy.® It is possible
to speculate that the mechanistic design of memantine,
low affinity for NMDA and much more rapid trapping
kinetics,®® results in reduced potency at the 20 mg dose
typically prescribed. In this case, we might interpret
the failure to detect stereotypical effects of NMDAR
blockade via the MMN as an indication of poor target
engagement. A lesson to be learned in this instance
is that proper comparison against placebo and a
dose-response curve are imperative to determining
the strength of a tool such as the MMN. To date, this
is still an emerging technical area within research on
the interplay between NMDAR antagonist design and
MMN engagement.

Differences between drugs in receptor binding can
alter the release of glutamate considerably through
differentiation in how they manipulate sensitivity to
Ca?*. Manipulation of signaling has branching effects
on the connectivity between the prefrontal and other
systems being measured in the auditory and visual MMN.
The basis of this is explored in the DCM study by Schmidt
et al.,*® which demonstrates the importance of these
pathways and how their disruption scales with degrada-
tion in cognitive performance. However, the fine details of
this are still unexplored. For drug development, targeting
different binding sites and the different binding properties
of drugs could have different effects on changing the E/I
ratio, if the drugs have side effects on cognition, and on
how effective drugs are as an antidepressant. The MMN
could be used as a measure to test the reactivity of the
NMDAR complex as a function of NMDAR binding site
and binding properties.

Mismatch negativity and NMDA receptor drug development

As a demonstration of the first element for considera-
tion (binding-site specifics), we describe the procedures
and outcomes for three different NMDAR antagonists,
each using the same duration deviance auditory oddball
paradigm. The data presented are from three individual
studies (AV-101, NCT03583554°; lanicemine, NCT0316
6501; ketamine, NCT02556606), each designed to test
the MMN as a marker of NMDAR target engagement.

General methods

EEG was acquired using a 64 channel Brain Products
GmbH, EasyCap, at a 1,000 Hz sampling rate. MMN was
assessed at multiple time points relative to medication
administration. To generate the MMN, we used a duration
deviance oddball paradigm with 630 trials consisting of
50 ms standard tones (90 db., 1 kHz) presented 90% of
the time, and 100 ms deviant tones (90 db., 1 kHz) that
occurred in 10% of trials. To prevent adaptation effects,
each deviant tone had a minimum of four standard trials
preceding it. All trials had an interstimulus interval of
500 ms. Trials were presented passively and did not
require activity from the participant.

Continuous data were filtered between 1 and 30 Hz and
re-sampled to 250 Hz. Line noise at 60 Hz was removed
using the CleanLine plugin for EEGLab.?®’° Bad chan-
nels were identified using cap-wise thresholding, where
z scores for kurtosis greater than 3 were excluded from
analysis. Independent components analysis (ICA) was
used to inform the estimation and removal of blinks,
muscular activity, and other non-cortical artifacts from the
data. The spatially filtered data were then segmented into
epochs of length -100 to 400 ms. Bad trials were identified
and removed using in-house functions for statistical
thresholding. The MMN was measured as the difference
between the deviant and standard grand averages for
electrodes FZ and CZ, with the larger amplitude being
carried forward for statistical analysis. Group analysis
was performed using linear mixed models. Models were
varied according to the study design, but each model
consistently applied a random intercept and covaried for
effects of assessment time. Findings are summarized in
Figures 3, 4 and 5.

AV-101 (4-chlorokynurenine [4-CI-KYN])

AV-101 is an oral pro-drug that acts through the kynur-
enine pathway, which is investigated as an agent to treat
MDD and suicidality.”" In the brain, AV-101 is converted
to 7-chlorokynurenine by kynurenine aminotransferase
(KAT)-rich astrocytes, reducing NMDAR activity through
competitive antagonism of the glycine binding site”®
(Figure 2).

Methods

We explored the neurophysiological correlates of a single
dose of AV-101 on NMDAR functioning in a recent Phase
1b clinical trial (please see https://clinicaltrials.gov/ct2/
show/NCT03583554).”% The aim of this trial was to define
sensitive markers of NMDAR engagement at different
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Figure 3 Summary of the mismatch negativity (MMN) findings from the AV-101 (4-chlorokynurenine [4-CI-KYN]) investigation.
The MMN is visualized as a waveform corresponding to the difference between the standard and the deviant event-related
potential (ERP) waveforms (red). The plots show data averaged across the measurement time points for the placebo group,
low-dose group, and high-dose group (right). Black = standard ERP; blue = deviant ERP.
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Figure 4 Summary of the mismatch negativity (MMN) findings from the lanicemine investigation. The MMN is visualized as a
waveform corresponding to the difference between the standard and the deviant event-related potential (ERP) waveforms
(red). The plots show data averaged across the measurement time points for the placebo group (left) and lanicemine group
(right). Black = standard ERP; blue = deviant ERP.
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Figure 5 Summary of the mismatch negativity (MMN) findings from the ketamine investigation. The MMN is visualized as a
waveform corresponding to the difference between the standard and the deviant event-related potential (ERP) waveforms
(red). The plots show data averaged across the measurement time points for the placebo group (left) and ketamine group
(right). Black = standard ERP; blue = deviant ERP.
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individual doses of AV-101 relative to placebo. We
recruited 12 healthy U.S. veterans (mean age = 32.6
years = 6.11; n=1 female) and administered placebo,
720 mg AV-101, and 1,440 mg AV-101 on separate days
in a randomized placebo controlled cross-over design.
Visits were separated by a minimum of 1 week. Ten
subjects completed all conditions and were included in
the final analyses. At each visit, EEG was recorded
30 minutes prior to the dose, and then at hourly intervals
after dosing up until 5 hours post-dose. We expected
a dose-response effect on reducing MMN amplitude. In
the linear mixed model, we used a fixed effect of time
and dose, and a random effect of subject. The random
effect takes into consideration the potential for individual
variation in each data point and does not assume a
common intercept. We used covariates of baseline
measurement (pre-dose time point) and time to model
a generalized effect of dose on changes in MMN
amplitude and latency.

Results

Analysis of the fixed effects for AV-101 demonstrated that
there was no significant impact of dose on MMN
amplitude (F = 0.89, degrees of freedom [df] = 121.62,
p = 0.41) and latency (F = 0.94, df = 122.88, p = 0.39)
relative to placebo, falsifying the hypothesis.

Lanicemine (BHV-5500)

Lanicemine (BHV-5500, formerly AZD6765), a potent
and selective NMDAR antagonist, is parenterally admi-
nistered and is extensively studied in preclinical and early-
phase clinical studies in patients with stroke, sleep apnea,
and more recently in treatment-resistant depression
(TRD) and post-traumatic stress disorders (PTSD).
Lanicemine is an NMDAR channel blocker. In contrast
to other NMDAR channel blockers such as ketamine
and MK801, lanicemine is rapidly reversible (fast off-rate)
and binds high in the NMDAR pore (52-59%),”* proper-
ties associated with a favorable safety and tolerability
profile.”® At present, the primary focus of lanicemine
research has been TRD, with our study being the first of
its kind for PTSD. Earlier work demonstrates that NMDAR
blockade with lanicemine produces an increase in EEG
gamma power, a characteristic trait of NMDAR antagon-
ism,”® making it a suitable candidate to investigate in the
context of the MMN.

Methods

In our Phase 1b, parallel-arm, randomized, double-blind,
placebo-controlled study, we tested whether lanicemine
affected NMDAR functioning in subjects with high stress
reactivity measured as anxiety potentiated startle (APS)
and significant PTSD symptoms as correlates of induction
and expression of behavioral sensitization which invol-
ved changes in NMDAR functioning (please see https://
clinicaltrials.gov/ct2/show/NCT03166501 for details). Par-
ticipants received three 60-minute infusions of lanicemine
(100 mg, n=12; mean age 41+=10.8 years; n=6 females)

Mismatch negativity and NMDA receptor drug development

or placebo (n=12; mean age 40.7+7 years; n=8 females)
over a 5-day period. Of the patients, 83.3% had co-morbid
MDD. We evaluated change in MMN amplitude from
baseline to end of third infusion.”” We used a linear mixed
model to account for repeated measures, with a fixed
effect of time and treatment group and a random effect of
subject. The random effect takes into consideration the
potential for individual variation in each time point and
does not assume a common intercept. p-values < 0.05
were considered significant. Pre-infusion baseline values
for both infusion days were used as covariates, and
variance components were used as covariance structure.
We hypothesized a reduction in MMN amplitude with
lanicemine compared to placebo.

Results

Analysis of fixed effects of lanicemine demonstrated
a trend effect on MMN amplitude decrease (F = 3.919,
df = 24.84, p = 0.059), but no effect on latency (F = 0.903,
df = 20.05, p = 0.353), suggesting a minimum effect of
lanicemine on MMN. Lanicemine was well-tolerated and
no serious adverse events were reported.

Ketamine

Ketamine is a non-competitive NMDAR antagonist. It
occupies a binding site in the NMDAR channel pore
below the binding site of the magnesium ion that blocks
NMDAR activation in physiological conditions. In the
aging population, the increased prevalence of major
depressive episodes is a risk factor for dementia and
increased mortality,”® emphasizing a need for faster
acting treatments than conventional antidepressants.
Ketamine could be a viable option to rapidly treat
depression in elderly populations. Limited clinical data
are available in patients at advanced ages. We recently
conducted a proof-of-concept dose-response clinical trial
to assess the efficacy of ketamine in elderly U.S. veterans
with TRD. The details of this trial are registered at
ClinicalTrials.gov (NCT02556606) and in Mealing et al.”

Methods

We recruited 33 military veterans presenting with TRD.
The study design compared single infusions of midazolam
0.03 mg/kg (active placebo), ketamine 0.1 mg/kg,
ketamine 0.25 mg/kg, and ketamine 0.5 mg/kg on clinical
and EEG recorded at intervals of 30 minutes pre-infusion,
and 30, 60, 120, and 240 minutes relative to start of
infusion. Randomization was achieved by using a Bayesian
adaptive randomization strategy. Of the 33 subjects, 13
received midazolam (mean age 62.15 years * 5.34; n=4
females), and 11 received 0.5 mg/kg ketamine (60.91
years = 4.97; n=3 females). Due to the small number of
subjects randomized to the 0.1 (n=4) and 0.25 mg/kg
(n=5) conditions, only data from the midazolam and the
0.5 mg/kg groups were used for the final analysis.
Consistent with prior studies with ketamine, we expected
reduced MMN amplitude with ketamine. We used a
linear mixed model to account for repeated measures
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with a fixed effect of time and treatment group and a
random effect of subject. The random effect takes into
consideration the potential for individual variation in each
time point and does not assume a common intercept. We
used covariates of baseline measurement (pre-dose time
point) and time to model a generalized effect of treatment
on changes in MMN amplitude and latency.

Results

Analysis of the fixed effects of ketamine demonstrated
no significant effects on MMN amplitude (F = 0.03, df =
38.32, p = 0.86), but did identify a significant increase in
latency in the ketamine group relative to the control group
(F = 4.76, df = 47, p = 0.03).

Discussion of findings

In the studies described, we identified varied effects on
the MMN as a function of the specific mechanism of
NMDAR blockade. At the doses investigated, it would
appear that the variation in how NMDAR blockade occurs
does not drastically affect the ability of the system to
generate the mismatch response. The factor behind the
lack of response is unknown; however, it could encom-
pass a mixture of pharmacological and clinical factors.
Importantly, the lack of change in MMN is similar for all
compounds. For ketamine and lanicemine, this is sup-
ported by previous investigations of EEG gamma oscilla-
tions in response to therapeutically similar doses of each
drug. Both resulted in similar increases in gamma power,
suggesting that variations in receptor trapping do not
affect the ceiling for plastic changes in cortical excit-
ability.”® If we consider this in the context of the model
proposed by Schmidt et al.,* then the similar changes in
cortical excitability could be an indication of shared mani-
pulation of the plasticity of the feedback loop between the
PAC and its functional connections.

An additional element to factor into this model is the
latency of the MMN peak. We found that relative to the
control group, ketamine increased the latency of the MMN
response. This has previously been reported in a meta-
analysis of ketamine findings in schizophrenia.?® This
may be specific to binding of an antagonist in the NMDAR
pore, perhaps specific to the low binding site in the
NMDAR pore or the slow off-rate, which could be
compatible with the later MMN peaking time.

Functionally, the MMN latency represents the point at
which the distinction between the standard and deviant
stimuli is registered, which adds in a much stronger
dependency on the generation of the early and mid-
components of the standard and deviant auditory evoked
potentials. There is a litany of factors linked with changes
in latency, including stimulus presentation rate,”® com-
plexity of the stimuli,®° and cognitive ability.8! In the
context of the Schmidt model,*® this would point at
changes in the flexibility of the PAC to adapt to incoming
neural signals. However, without further investigation of
the detailed parameters of the MMN stimuli and of
how each of the evoked potentials interact this remains
speculative.
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It should be noted that each of these studies has a
relatively small sample size. Further, in our ketamine
study the advanced age of participants might contain
effects specific to aging which mask the influence of
ketamine on MMN amplitude; further the control sub-
stance used was the benzodiazepine midazolam and not
an inert saline, which could ostensibly reduce the gap
between the two groups in terms of systemic effects on
the MMN (e.g., Forsyth et al.?). The results of our
studies highlight the need for future work to break down
the MMN task itself and assess the relationship between
its cortical mechanics and the NMDA system. From
a pharmacological standpoint, it will be important to
consider how these can be understood using DCM, so
that we can appreciate the nuanced effects of different
antagonists on the interactions between nodes. The
general conclusion based on our data is that the MMN
amplitude may not be a sufficiently sensitive measure
of NMDAR target engagement of a pharmacological
intervention.

Findings of the MMN in major depressive disorder

MMN in MDD has been studied extensively and is widely
reported to be impaired relative to healthy controls
(Table 1). The difficulty with interpreting the literature is
that the direction of effects shows much inconsistency
between studies. This is due mostly to variations in study
and paradigm design (we refer the reader to Takei et al.®®
for intimate details of paradigm variations and their effects
on MMN morphology).

Amplitude effects

In studies that implemented a duration deviance para-
digm, patients with MDD typically demonstrated a dimi-
nished MMN amplitude relative to controls,83%68° while
frequency and pitch deviance amplitude was enhanced in
MDD.26839° The opposing effects of the different para-
digms in MDD implies that the tuning parameters of the
auditory cortex and the pre-attentive mechanisms of
deviance detection consist of numerous overlapping and
separate pathways which are affected differently by
neuropathology. By extension, this further implies that
any effects on NMDARs and their related counterparts
occur in an anatomically specific fashion and are not
distributed homogenously throughout the cortex.

Latency effects

In addition to the discrepancies in amplitude, several
studies have also noted that MMN peak latency is
increased in response to pitch deviance.”®%38* |n ERP
terms, the latency is often associated with the efficiency
of information transfer or the conduction velocity. This
has previously been associated with the concentration of
glial cells following the effects of chronic stress on the
cortex.83:87:88.91 Thjs could suggest that reductions in glial
concentrations in MDD have disproportionate effects on
subpopulations of neurons tuned for the coordination of
pitch detection.83:87
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Table 1 Summary of MMN findings by paradigm in MDD

Paradigm Paradigm notes

Major findings

References

Standard tone and deviant tons
are presented for different lengths

Duration deviance

of time.

Auditory Example: MMN amplitude is reduced in MDD relative to Bissonnette,”®
Standard = 75 dB, 1,000 Hz, 100 ms HC; in some cases also reduced relative to BPD Kim,°
Deviant = 75 dB, 1,000 Hz, 200 ms (which is also reduced relative to controls). Chen,®' Forsyth®

Visual Example:
Standard = black square,
1cm x 1.cm, 100 ms
Deviant = black square,
1cm x 1cm, 200 ms

Standard tone and deviant tone are
presented at different frequencies.
Everything else might remain
constant.

Example:

Standard = 75 dB, 1,000 Hz, 100 ms
Deviant = 75 dB, 2,000 Hz, 100 ms

Pitch/frequency
deviance

The standard and deviant differ in
terms of affective information.

Affective content

MMN amplitude has been shown to depend
on stimulus intensity (dB), with different
studies showing effects in both directions.

MMN latency is increased in MDD
relative to HC.

MMN amplitude was reduced in MDD, Qiud*
but only in response to longer duration
deviants (150 vs. 50 ms).

He,?® Bissonnette,”®
Restuccia®®

Bissonnette,”®
Restuccia,®® Qiao®

Auditory Example: MMN was absent for sad deviant stimuli in Pang®”
Standard = five-word sentence in MDD relative to controls. MMN amplitude and
neutral tone latency were similar between MDD and HC
Deviant = five-word sentence in for neutral, happy, and angry prosody.
sad tone
Visual Example: Subcomponents of the MMN are differentially Chang®®

Standard = 10 cm x 10 cm, 100 ms,
neutral face picture

Deviant = 10 cm x 10 cm, 100 ms,
angry face picture

affected by MDD. The early MMN amplitude
to all emotional faces was reduced

relative to HC.

The late MMN was absent.

BPD = bipolar disorder; HC = healthy controls; MDD = major depressive disorder; MMN = mismatch negativity.

Information processing

In the majority of studies, the MMN paradigm is based
on physical manipulations. In a recent study,®? extension
of the MMN to real-world information processing, such
as emotional information, captured important insights
into the generation of the MMN response. The authors
adapted the auditory oddball paradigm to incorporate
verbal prosody, which reflects more natural information
processing at the everyday level. Given that a core
feature of MDD is difficulty in accurately interpreting
emotional information, the system should respond less
effectively to emotional stimuli than neutrally presented
stimuli. The authors found that sad stimuli failed to elicit
an MMN in patients, while MMN for happy, angry, and
neutral stimuli were unaffected. This bias partially
replicates the results of a visual MMN study, which
investigated emotional expressions on face-like targets.®®
In that study, the MMN data revealed early and late
subcomponents within the temporal window of interest. In
MDD patients, the early MMN amplitude was diminished
in response to emotional stimuli relative to controls, while
the late MMN amplitude was absent. However, when the
stimuli were presented upside down, the MMN amplitude
was decreased in controls but unaffected in MDD. What is
apparent from both studies is that the architecture of
deviance detection and its general effects in MDD are
evident not only across sensory modalities, but also apply
to more complex cognitive realms, including emotion.

From the understanding that deficient prediction error
processing may lead to disrupted learning and suboptimal
inference on sensory inputs from environmental causes,*°
one could conclude that MMN would be a useful tool to
reflect disrupted cognition in patients.

Patient heterogeneity

The concept of non-uniform dysfunction in MDD is more
recently considered to be a major factor in issues such as
low treatment remission rates and wildly heterogeneous
symptom profiles." From source imaging we understand
that the MMN relies on a network of regions predomi-
nantly in the auditory, prefrontal, and parietal cortices,®*
and thus some discrepancies between MMN results in the
past could reflect heterogeneity of the patients recruited.
This is an important consideration which has gained trac-
tion in other aspects of MDD research such as predicting
the likelihood of a therapeutic response to treatment with
transcranial magnetic stimulation (TMS).%>°¢  Studies
in the context of repetitive TMS response have found
that greater connectivity between the left dorsolateral
prefrontal cortex (DLPFC) and the sub-genual® striatum
and related frontal regions® predicted a better response
to treatment. Presumably, this reflects the degree of
intact communication required at the sensory cortex level
to be able to entrain the frontal network responsible
for interpreting emotional information. In a similar man-
ner, several MMN studies show a correlation between
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symptom severity and the amplitude of the P1 and P3 (for
an example of the P1 [solid black line, peak at ~100 ms]
and P3 [solid red line, peak at ~300 ms] components we
refer the reader to the schematic depicted in Figure 1)
components, but not the MMN.8 While this would appear
to exclude any processes encapsulated within the basic
framework of the MMN, it does appear that there is
evidence of disruption in some of the systems involved in
the transfer of information between pre-attentive and
attentive states associated with the severity of MDD. The
lack of reported correlations between these variables
suggests that the different MMN findings might be stable
features of MDD and thus represent traits rather than
symptom-driven state markers of neuropathology. As is to
be expected, based on the history of the MMN findings
described thus far, there remains significant variation in
the symptom correlations associated with the paradigm
used. Bissonnette et al.”® found a significant negative
correlation between the location-deviant MMN amplitude
and the depression subscale of the Hospital Anxiety and
Depression Scale (HADS-D), whereas Naismith et al.%®
noted a correlation between pitch-deviant MMN amplitude
and semantic fluency scores. It should be noted that in the
latter of these examples, the MMN amplitudes were taken
from temporal cortex electrodes in late-life depression
patients, which raises the possibility that this correlation is
driven by age-related deterioration, comorbid mild cogni-
tive impairment, or both.

The efficacy of MMN as a marker of NMDA activity and
directions for future research

The literature available suggests that the MMN is a
promising tool that can aid with the development of
NMDAR-focused pharmaceuticals for MDD. However,
by assessing the effects of pharmacological mechanisms
of different drugs and experimental design on the
parameters of the MMN, we believe that more work is
required before commercial application of the MMN could
be relied upon. The general application of the MMN, to
better understand NMDAR antagonism, reveals varying
profiles of response between substances; however,
careful dissection of the investigational methods high-
lights an inconsistent application of the MMN between
studies. In its own right, the variation of the paradigm
parameters provides useful insight into the nuances of
NMDA antagonism between different patterns of neural
circuitry. The drawback, however, is the limited supply of
multivariate study designs that accurately capture the full
range of the MMN (e.g., Bissonnette et al.”®).

At present, we have the general understanding that
the MMN is tied to the activity of NMDARSs, and we have
seen evidence that under certain conditions it has the
sensitivity to detect physiological changes in these
circuits in MDD. Future research should aim to report
time and time-frequency domain analyses of the MMN
from different paradigm variations (duration, pitch,
stimulus type), so that we can create detailed models
of the relationship between the mechanisms of action for
different NMDA drugs and the MMN. The current lack of
a rigorous standard for MMN experiments is the most
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critical factor holding back the efficacy of the MMN for
this task.

As a final point of consideration for the future, it is worth
to note the progress being made in the imaging of
different receptor types. The successful application of
the ligand [11C]K-2 to the study of AMPA receptors in the
human brain®” opens up new avenues to study the more
complex elements in the mechanism of rapid antidepres-
sant response seen in ketamine. This will improve the
general understanding of up- and downstream mechan-
isms of response, and likely provide new clinical targets.
As it becomes possible, these should be studied in tandem
to gauge the full utility of NMDAR antagonism as a
therapeutic, as well as to determine whether or not
the MMN effects seen in the context of NMDARs can
also reflect other critical mechanisms of antidepressant
response.

Conclusions

The architecture of deviance detection contains different
branching pathways that each account for different
physical properties of the stimulus, whether that be pitch,
duration, location, or tone, as well as for how regularly
the stimulus is presented. In each case, the way the
encoding of a mismatch is performed appears to be
differently affected by MDD neuropathology. The exten-
sion of these findings into affective cognition further
amplifies the sensitivity of the MMN as a tool for studying
systemic manipulations in MDD. However, this sensitivity
also presents some complications when considering the
MMN as a clinical target for drug development. The
findings reviewed in this article demonstrate that different
variations of the MMN are not affected equally by NMDAR
blockade. We believe that due to its passive nature, the
MMN is a very simple and powerful tool, which can easily
be incorporated into physiological studies of NMDAR
blockade without any cognitive burden to the participant.
However, we conclude that careful steps should be made
to develop an MMN test battery so that manipulation of
NMDARs can be studied with greater respect for the
complex nuances of MMN generation.

Acknowledgements

Funding for the AV-101 study was provided by Michael E.
DeBakey VA Medical Center (MEDVAMC) Seed Grant
(ML). The authors would like to thank Dr. Charles Green
for his consultations on the statistical analysis, as well as
the veterans and their families, for their time commitment
to this study. We would also like to thank Megan Atkinson,
Cassius KB Mensah, and Edmund Wing-Hong Ho, who
aided with the IV-line insertion.

Funding for the lanicemine study was provided by the
National Institute of Mental Health of the National Insti-
tutes of Health under award number R61MH110540.
We thank Dr. Robert Berman, Lia Donahue, and Mitchell
Seymour for their valuable collaboration.

The ketamine study was supported by the Department
of Veterans Affairs Merit Award (grant #CX-001205-01Al)



awarded to SJM and with the use of facilities and
resources of MEDVAMC. The opinions expressed reflect
those of the authors and not necessarily those of the
Department of Veterans Affairs or the U.S. government.

Disclosure

VistaGen Therapeutics provided the AV-101 and placebo
capsules and analyzed AV-101 metabolites (AV-101 study).

Biohaven Pharmaceuticals provided the investigational
drug for the lanicemine study.

SJM has served as a consultant to Alkermes, Allergan,
Axsome Therapeutics, Clexio Biosciences, Greenwich
Biosciences, Intra-Cellular Therapies, Janssen, Neuro-
crine, Perception Neurosciences, Praxis Precision Med-
icines, and Sage Therapeutics. He has received research
support from Biohaven Pharmaceuticals and VistaGen
Therapeutics. ML has served as principal investigator for
trials funded by NeuroRx and Vistagen Therapeutics and
has received financial support from the MEDVAMC and
the Department of Defense. MAS is an employee of
VistaGen Therapeutics. The authors report no conflicts of
interest.

References

1 Williams LM. Precision psychiatry: a neural circuit taxonomy for
depression and anxiety. Lancet Psychiatry. 2016;3:472-80.

2 Cole MW, Bassett DS, Power JD, Braver TS, Petersen SE. Intrinsic
and task-evoked network architectures of the human brain. Neuron.
2014;83:238-51.

3 Reiner A, Levitz J. Glutamatergic signaling in the central nervous
system: ionotropic and metabotropic receptors in concert. Neuron.
2018;98:1080-98.

4 Berman RM, Cappiello A, Anand A, Oren DA, Heninger GR, Charney
DS, et al. Antidepressant effects of ketamine in depressed patients.
Biol Psychiatry. 2000;47:351-4.

5 Zarate CA Jr, Singh JB, Carlson PJ, Brutsche NE, Ameli R, Luck-
enbaugh DA, et al. A randomized trial of an N-methyl-D-aspartate
antagonist in treatment-resistant major depression. Arch Gen Psy-
chiatry. 2006;63:856-64.

6 Murrough JW. Ketamine as a novel antidepressant: from synapse to
behavior. Clin Pharmacol Ther. 2012;91:303-9.

7 Zanos P, Moaddel R, Morris PJ, Riggs LM, Highland JN, Georgiou P,
et al. Ketamine and ketamine metabolite pharmacology: insights into
therapeutic mechanisms. Pharmacol Rev. 2018;70:621-60.

8 Delorenzo C, DellaGioia N, Bloch M, Sanacora G, Nabulsi N,
Abdallah C, et al. In vivo ketamine-induced changes in [11C] ABP688
binding to metabotropic glutamate receptor subtype 5. Biol Psy-
chiatry. 2015;77:266-75.

9 Stone JM, Dietrich C, Edden R, Mehta MA, De Simoni S, Reed LJ,
et al. Ketamine effects on brain GABA and glutamate levels with
1H-MRS: relationship to ketamine-induced psychopathology. Mol
Psychiatry. 2012;17:664-5.

10 Abdallah CG, Jackowski A, Salas R, Gupta S, Sato JR, Mao X, et al.
The nucleus accumbens and ketamine treatment in major depressive
disorder. Neuropsychopharmacology. 2017;42:1739-46.

11 Abdallah CG, De Feyter HM, Averill LA, Jiang L, Averill CL,
Chowdhury GM, et al. The effects of ketamine on prefrontal gluta-
mate neurotransmission in healthy and depressed subjects. Neu-
ropsychopharmacology. 2018;43:2154-60.

12 Abdallah CG, Sanacora G, Duman RS, Krystal JH. The neurobiology
of depression, ketamine and rapid-acting antidepressants: is it glu-
tamate inhibition or activation? Pharmacol Ther. 2018;190:148-58.

13 Taylor AM, Bus T, Sprengel R, Seeburg PH, Rawlins JN, Bannerman
DM. Hippocampal NMDA receptors are important for behavioural
inhibition but not for encoding associative spatial memories. Philos
Trans R Soc Lond B Biol Sci. 2013;369:20130149.

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Mismatch negativity and NMDA receptor drug development

Nikiforuk A, Popik P, Drescher KU, van Gaalen M, Relo A-L,
Mezler M, et al. Effects of a positive allosteric modulator of group Il
metabotropic glutamate receptors, LY487379, on cognitive flexibility
and impulsive-like responding in rats. J Pharmacol Exp Ther.
2010;335:665-73.

Cartmell J, Schoepp DD. Regulation of neurotransmitter release by
metabotropic glutamate receptors. J Neurochem. 2000;75:889-907.
Rajkumar R, Farrher E, Mauler J, Sripad P, Brambilla CR, Kops ER,
et al. Comparison of EEG microstates with resting state fMRI and
FDG-PET measures in the default mode network via simultaneously
recorded trimodal (PET/MR/EEG) data. Hum Brain Mapp. 2018 Oct
27. doi: 10.1002/hbm.24429. Online ahead of print.

Mumtaz W, Malik AS, Yasin MA, Xia L. Review on EEG and ERP
predictive biomarkers for major depressive disorder. Biomed Signal
Process Control. 2015;22:85-98.

Buzsaki G, Draguhn A. Neuronal oscillations in cortical networks.
Science. 2004;304:1926-9.

O’Donnell BF, Vohs JL, Krishnan GP, Rass O, Hetrick WP, Morzorati
SL. The auditory steady-state response (ASSR): a translational
biomarker for schizophrenia. Suppl Clin Neurophysiol. 2013;62:
101-12.

Murphy N, Ramakrishnan N, Walker CP, Polizzotto NR, Cho RY.
Intact auditory cortical cross-frequency coupling in early and chronic
schizophrenia. Front Psychiatry. 2020;11:507.

Balu DT, Coyle JT. The NMDA receptor ‘glycine modulatory site’ in
schizophrenia: D-serine, glycine, and beyond. Curr Opin Pharmacol.
2015;20:109-15.

Sivarao DV, Chen P, Senapati A, Yang Y, Fernandes A, Benitex Y,
et al. 40 Hz auditory steady-state response is a pharmacodynamic
biomarker for cortical NMDA receptors. Neuropsychopharmacology.
2016;41:2232-40.

He W, Chai H, Zheng L, Yu W, Chen W, Li J, et al. Mismatch
negativity in treatment-resistant depression and borderline person-
ality disorder. Prog Neuro-Psychopharmacology Biol Psychiatry.
2010;34:366-71.

Ehrlichman RS, Maxwell CR, Majumdar S, Siegel SJ. Deviance-eli-
cited changes in event-related potentials are attenuated by ketamine
in mice. J Cogn Neurosci. 2008;20:1403-14.

Ahnaou A, Huysmans H, Biermans R, Manyakov NV, Drinkenburg
WH. Ketamine: differential neurophysiological dynamics in functional
networks in the rat brain. Transl Psychiatry. 2017;7:€1237.

Rosburg T, Kreitschmann-Andermahr |. The effects of ketamine on
the mismatch negativity (MMN) in humans--a meta-analysis. Clin
Neurophysiol. 2016;127:1387-94.

Javitt DC, Steinschneider M, Schroeder CE, Arezzo JC. Role of
cortical N-methyl-D-aspartate receptors in auditory sensory memory
and mismatch negativity generation: implications for schizophrenia.
Proc Natl Acad Sci U S A. 1996;93:11962-7.

Nagai T, Kirihara K, Tada M, Koshiyama D, Koike S, Suga M, et al.
Reduced mismatch negativity is associated with increased plasma
level of glutamate in first-episode psychosis. Sci Rep. 2017;7:2258.
Zhou Z, Zhu H, Chen L. Effect of aripiprazole on mismatch negativity
(MMN) in schizophrenia. PLoS One. 2013;8:52186.

Winkler I, Karmos G, N&atanen R. Adaptive modeling of the unat-
tended acoustic environment reflected in the mismatch negativity
event-related potential. Brain Res. 1996;742:239-52.

Zhang J, Dong X, Wang L, Zhao L, Weng Z, Zhang T, et al.
Gender differences in global functional connectivity during facial
emotion processing: a visual MMN study. Front Behav Neurosci.
2018;12:220.

Naatanen R. The perception of speech sounds by the human brain
as reflected by the mismatch negativity (MMN) and its magnetic
equivalent (MMNm). Psychophysiology. 2001;38:1-21.

Escera C, Alho K, Winkler |, Naatanen R. Neural mechanisms of
involuntary attention to acoustic novelty and change. J Cogn Neurosci.
1998;10:590-604.

Schréger E. Measurement and interpretation of the mismatch nega-
tivity. Behav Res Methods Instrum Comput. 1998;30:131-45.

Todd J, Heathcote A, Mullens D, Whitson LR, Provost A, Winkler I.
What controls gain in gain control? Mismatch negativity (MMN), priors
and system biases. Brain Topogr. 2014;27:578-89.

Lieder F, Daunizeau J, Garrido M, Friston KJ, Stephan KE. Modelling
trial-by-trial changes in the mismatch negativity. PLoS Comput Biol.
2013;9:1002911.

71

Braz J Psychiatry. 2022;44(1)


http://dx.doi.org/10.1002/hbm.24429

72 N Murphy et al.

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

Lieder F, Stephan KE, Daunizeau J, Garrido MI, Friston KJ. A neu-
rocomputational model of the mismatch negativity. PLoS Comput
Biol. 2013;9:21003288.

Garrido MI, Kilner JM, Stephan KE, Friston KJ. The mismatch
negativity: a review of underlying mechanisms. Clin Neurophysiol.
2009;120:453-63.

Stephan KE, Baldeweg T, Friston KJ. Synaptic plasticity and dys-
connection in schizophrenia. Biol Psychiatry. 2006;59:929-39.
Schmidt A, Diaconescu AO, Kometer M, Friston KJ, Stephan KE,
Vollenweider FX. Modeling ketamine effects on synaptic plasticity
during the mismatch negativity. Cereb Cortex. 2013;23:2394-406.
Faber ES, Sah P. Ca2+ -activated K+ (BK) channel inactivation
contributes to spike broadening during repetitive firing in the rat lat-
eral amygdala. J Physiol. 2003;552:483-97.

Wigstrém H, Gustafsson B. A possible correlate of the postsynaptic
condition for long-lasting potentiation in the guinea pig hippocampus
in vitro. Neurosci Lett. 1984;44:327-32.

Harris EW, Ganong AH, Cotman CW. Long-term potentiation in the
hippocampus involves activation of N-methyl-D-aspartate receptors.
Brain Res. 1984;323:132-7.

Harms L, Fulham WR, Todd J, Meehan C, Schall U, Hodgson DM,
et al. Late deviance detection in rats is reduced, while early deviance
detection is augmented by the NMDA receptor antagonist MK-801.
Schizophr Res. 2018;191:43-50.

Collingridge GL. Long term potentiation in the hippocampus: mecha-
nisms of initiation and modulation by neurotransmitters. Trends
Pharmacol Sci. 1985;6:407-11.

Phillips JL, Norris S, Talbot J, Hatchard T, Ortiz A, Birmingham M,
et al. Single and repeated ketamine infusions for reduction of suicidal
ideation in treatment-resistant depression. Neuropsychopharmacol-
ogy. 2020;45:606-12.

Singh JB, Fedgchin M, Daly EJ, De Boer P, Cooper K, Lim P, et al.
A double-blind, randomized, placebo-controlled, dose-frequency
study of intravenous ketamine in patients with treatment-resistant
depression. Am J Psychiatry. 2016;173:816-26.

Umbricht D, Schmid L, Koller R, Vollenweider FX, Hell D, Javitt DC.
Ketamine-induced deficits in auditory and visual context-dependent
processing in healthy volunteers: implications for models of cognitive
deficits in schizophrenia. Arch Gen Psychiatry. 2000;57:1139-47.
Kreitschmann-Andermahr I, Rosburg T, Demme U, Gaser E, Nowak
H, Sauer H. Effect of ketamine on the neuromagnetic mismatch field
in healthy humans. Brain Res Cogn Brain Res. 2001;12:109-16.
Heekeren K, Daumann J, Neukirch A, Stock C, Kawohl W, Norra C,
et al. Mismatch negativity generation in the human 5HT 2A agonist
and NMDA antagonist model of psychosis. Psychopharmacology
(Berl). 2008;199:77-88.

Gunduz-Bruce H, Reinhart RM, Roach BJ, Gueorguieva R, Oliver S,
D’Souza DC, et al. Glutamatergic modulation of auditory information
processing in the human brain. Biol Psychiatry. 2012;71:969-77.
Featherstone RE, Shin R, Kogan JH, Liang Y, Matsumoto M, Siegel
SJ. Mice with subtle reduction of NMDA NR1 receptor subunit
expression have a selective decrease in mismatch negativity: impli-
cations for schizophrenia prodromal population. Neurobiol Dis.
2015;73:289-95.

Witten L, Oranje B, Mark A, Steiniger-Brach B, Glenthgj BY, Bastlund
JF. Auditory sensory processing deficits in sensory gating and mis-
match negativity-like responses in the social isolation rat model of
schizophrenia. Behav Brain Res. 2014;266:85-93.

Salisbury DF, Shenton ME, Griggs CB, Bonner-Jackson A, McCarley
RW. Mismatch negativity in chronic schizophrenia and first-episode
schizophrenia. Arch Gen Psychiatry. 2002;59:686-94.

Light GA, Braff DL. Mismatch negativity deficits are associated with
poor functioning in schizophrenia patients. Arch Gen Psychiatry.
2005;62:127-36.

Umbricht D, Krljes S. Mismatch negativity in schizophrenia: a meta-
analysis. Schizophr Res. 2005;76:1-23.

Catts VS, Lai YL, Weickert CS, Weickert TW, Catts S V. A quanti-
tative review of the postmortem evidence for decreased cortical
N-methyl-d-aspartate receptor expression levels in schizophrenia:
how can we link molecular abnormalities to mismatch negativity
deficits? Biol Psychol. 2016;116:57-67.

Tikhonravov D, Neuvonen T, Pertovaara A, Savioja K, Ruusuvirta T,
Naatanen R, et al. Effects of an NMDA-receptor antagonist MK-801

Braz J Psychiatry. 2022;44(1)

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

on an MMN-like response recorded in anesthetized rats. Brain Res.
2008;1203:97-102.

Sivarao DV, Chen P, Yang Y, Li YW, Pieschl R, Ahlijanian MK. NR2B
antagonist CP-101,606 abolishes pitch-mediated deviance detection
in awake rats. Front Psychiatry. 2014;5:96.

Pochwat B, Szewczyk B, Sowa-Kucma M, Siwek A, Doboszewska U,
Piekoszewski W, et al. Antidepressant-like activity of magnesium in
the chronic mild stress model in rats: alterations in the NMDA
receptor subunits. Int J Neuropsychopharmacol. 2014;17:393-405.
Javitt DC, Lee M, Kantrowitz JT, Martinez A. Mismatch negativity as a
biomarker of theta band oscillatory dysfunction in schizophrenia.
Schizophr Res. 2018;191:51-60.

Lee M, Sehatpour P, Hoptman MJ, Lakatos P, Dias EC, Kantrowitz
JT, et al. Neural mechanisms of mismatch negativity dysfunction in
schizophrenia. Mol Psychiatry. 2017;22:1585-93.

Hochberger WC, Joshi YB, Thomas ML, Zhang W, Bismark AW,
Treichler EB, et al. Neurophysiologic measures of target engage-
ment predict response to auditory-based cognitive training in treat-
ment refractory schizophrenia. Neuropsychopharmacology. 2019;44:
606-12.

Swerdlow NR, Bhakta S, Chou HH, Talledo JA, Balvaneda B, Light
GA. Memantine effects on sensorimotor gating and mismatch nega-
tivity in patients with chronic psychosis. Neuropsychopharmacology.
2016;41:419-30.

Driesen NR, McCarthy G, Bhagwagar Z, Bloch MH, Calhoun VD,
D’Souza DC, et al. The impact of NMDA receptor blockade on human
working memory-related prefrontal function and connectivity. Neuro-
psychopharmacology. 2013;38:2613-22.

Murphy N, Ramakrishnan N, Vo-Le B, Vo-Le B, Smith MA, Igbal T,
et al. Electrophysiological correlates of AV-101 N-methyl-D-aspartate
receptor blockade in healthy young military veterans. Neuropsycho-
pharmacology. Forthcoming. 2021.

Thomas SJ, Grossberg GT. Memantine: a review of studies into its
safety and efficacy in treating Alzheimer's disease and other
dementias. Clin Interv Aging. 2009;4:367-77.

Amidfar M, Réus GZ, Quevedo J, Kim YK. The role of memantine in
the treatment of major depressive disorder: clinical efficacy and
mechanisms of action. Eur J Pharmacol. 2018;827:103-11.

Mullen T. CleanLine EEGLAB plugin. San Diego: Neuroimaging
Informatics Tools and Resour Clear; 2012.

Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component
analysis. J Neurosci Methods. 2004;134:9-21.

Lijffijt M, Green CE, Balderston N, Igbal T, Atkinson M, Vo-Le B, et al.
A proof-of-mechanism study to test effects of the NMDA receptor
antagonist lanicemine on behavioral sensitization in individuals with
symptoms of PTSD. Front Psychiatry. 2019;10:846.

Almeida OP, Hankey GJ, Yeap BB, Golledge J, Flicker L. Depression
as a modifiable factor to decrease the risk of dementia. Transl Psy-
chiatry. 2017;7:e1117.

Brundin L, Bryleva EY, Rajamani KT. Role of inflammation in suicide:
from mechanisms to treatment. Neuropsychopharmacology. 2017;42:
271-83.

Mealing GAR, Lanthorn TH, Murray CL, Small DL, Morley P.
Differences in degree of trapping of low-affinity uncompetitive
N-methyl-D-aspartic acid receptor antagonists with similar kinetics of
block. J Pharmacol Exp Ther. 1999;288:204-10.

O’Brien B, Green CE, Al-Jurdi R, Chang L, Lijffiit M, Igbal S, et al.
Bayesian adaptive randomization trial of intravenous ketamine for
veterans with late-life, treatment-resistant depression. Contemp Clin
Trials Commun. 2019;16:100432.

Sanacora G, Smith MA, Pathak S, Su HL, Boeijinga PH, McCarthy
DJ, et al. Lanicemine: a low-trapping NMDA channel blocker pro-
duces sustained antidepressant efficacy with minimal psychotomi-
metic adverse effects. Mol Psychiatry. 2014;19:978-85.

Amenedo E, Escera C. The accuracy of sound duration representa-
tion in the human brain determines the accuracy of behavioural
perception. Eur J Neurosci. 2000;12:2570-4.

Alain C, Woods DL, Ogawa KH. Brain indices of automatic pattern
processing. Neuroreport. 1994;6:140-4.

Bissonnette JN, Francis AM, Hull KM, Leckey J, Pimer L, Berrigan LI,
et al. MMN-indexed auditory change detection in major depressive
disorder. Clin EEG Neurosci. 2020;51:365-72.



80

81

82

83

84

85

86

87

88

Kim S, Baek JH, Shim SH, Kwon YJ, Lee HY, Yoo JH, et al.
Mismatch negativity indices and functional outcomes in unipolar and
bipolar depression. Sci Rep. 2020;10:12831.

Chen J, Zhang Y, Wei D, Wu X, Fu Q, Xu F, et al. Neurophysiological
handover from MMN to P3a in first-episode and recurrent major
depression. J Affect Disord. 2015;174:173-9.

Forsyth A, McMillan R, Campbell D, Malpas G, Maxwell E, Sleigh J,
et al. Comparison of local spectral modulation, and temporal corre-
lation, of simultaneously recorded EEG/fMRI signals during ketamine
and midazolam sedation. Psychopharmacology (Berl). 2018;235:
3479-93.

Takei Y, Kumano S, Hattori S, Uehara T, Kawakubo Y, Kasai K, et al.
Preattentive dysfunction in major depression: a magnetoencephalo-
graphy study using auditory mismatch negativity. Psychophysiology.
2009;46:52-61.

Qiu X, Yang X, Qiao Z, Wang L, Ning N, Shi J, et al. Impairment in
processing visual information at the pre-attentive stage in patients
with a major depressive disorder: a visual mismatch negativity study.
Neurosci Lett. 2011;491:53-7.

Restuccia D, Vollono C, Scaloni L, Buccelletti F, Camardese G.
Abnormality of auditory mismatch negativity in depression and
its dependence on stimulus intensity. Clin EEG Neurosci. 2016;47:
105-12.

Qiao Z, Yu Y, Wang L, Yang X, Qiu X, Zhang C, et al. Impaired
pre-attentive change detection in major depressive disorder patients
revealed by auditory mismatch negativity. Psychiatry Res. 2013;211:
78-84.

Pang X, Xu J, Chang Y, Tang D, Zheng Y, Liu Y, et al. Mismatch
negativity of sad syllables is absent in patients with major depressive
disorder. PLoS One. 2014;9:€91995.

Chang Y, Xu J, Shi N, Zhang B, Zhao L. Dysfunction of processing
task-irrelevant emotional faces in major depressive disorder patients
revealed by expression-related visual MMN. Neurosci Lett. 2010;472:
33-7.

89

90

91

92

93

94

95

96

97

Mismatch negativity and NMDA receptor drug development

Cotter DR, Pariante CM, Everall IP. Glial cell abnormalities in major
psychiatric disorders: the evidence and implications. Brain Res Bull.
2001;55:585-95.

Pittenger C, Duman RS. Stress, depression, and neuroplasticity:
a convergence of mechanisms. Neuropsychopharmacology. 2008;33:
88-109.

Ono Y, Lin YT, Liu HH, Hsieh MH. Source localization of mismatch
negativity response of the auditory event-related potential using
SPM8. 4:ffk[E 1% . 2015;53:5440-2.

Avissar M, Powell F, llieva I, Respino M, Gunning FM, Liston C, et al.
Functional connectivity of the left DLPFC to striatum predicts
treatment response of depression to TMS. Brain Stimul. 2017;10:
919-25.

Corlier J, Carpenter LL, Wilson AC, Tirrell E, Gobin AP, Kavanaugh
B, et al. The relationship between individual alpha peak frequency
and clinical outcome with repetitive Transcranial magnetic stimulation
(rTMS) treatment of major depressive disorder (MDD). Brain Stimul.
2019;12:1572-8.

Wang Q, Tian S, Tang H, Liu X, Yan R, Hua L, et al. Identification
of major depressive disorder and prediction of treatment response
using functional connectivity between the prefrontal cortices and
subgenual anterior cingulate: a real-world study. J Affect Disord.
2019;252:365-72.

Kahkénen S, Yamashita H, Rytsdld H, Suominen K, Ahveninen J,
Isometsd E. Dysfunction in early auditory processing in major
depressive disorder revealed by combined MEG and EEG. J Psy-
chiatry Neurosci. 2007;32:316-22.

Naismith SL, Mowszowski L, Ward PB, Diamond K, Paradise M, Kaur
M, et al. Reduced temporal mismatch negativity in late-life depres-
sion: an event-related potential index of cognitive deficit and func-
tional disability? J Affect Disord. 2012;138:71-8.

Miyazaki T, Nakajima W, Hatano M, Shibata Y, Kuroki Y, Arisawa T,
et al. Visualization of AMPA receptors in living human brain with
positron emission tomography. Nat Med. 2020;26:281-8.

73

Braz J Psychiatry. 2022;44(1)



	title_link
	Introduction
	Markers for drug development
	What is the mismatch negativityquest
	The relationship between NMDAR and the MMN
	Ketamine studies of deviance detection and insights from schizophrenia

	Figure�1Outline of the cortical response to the generic mismatch negativity (MMN) paradigm. A) The schematic demonstrates the frequency and nature of an oddball stimulus over time. B) The solid black trace represents the grand average of the standard tria
	N-methyl-D-aspartate receptor structure and function

	Figure�2Schematic depiction of an NMDA receptor (NMDAR). Mechanisms of NMDAR antagonists can include blockade of subunits NR2B and NR1 (competitive antagonists), blockade of the glycine binding site (glycine antagonists), blockade of allosteric sites (non
	Impact of three NMDAR antagonists on the MMN: our findings
	General methods
	AV-101 (4-chlorokynurenine lsqb4-Cl-KYNrsqb)
	Methods


	Figure�4Summary of the mismatch negativity (MMN) findings from the lanicemine investigation. The MMN is visualized as a waveform corresponding to the difference between the standard and the deviant event-related potential (ERP) waveforms (red). The plots 
	Figure�5Summary of the mismatch negativity (MMN) findings from the ketamine investigation. The MMN is visualized as a waveform corresponding to the difference between the standard and the deviant event-related potential (ERP) waveforms (red). The plots sh
	Figure�3Summary of the mismatch negativity (MMN) findings from the AV-101 (4-chlorokynurenine lsqb4-Cl-KYNrsqb) investigation. The MMN is visualized as a waveform corresponding to the difference between the standard and the deviant event-related potential
	Outline placeholder
	Results

	Lanicemine (BHV-5500)
	Methods
	Results

	Ketamine
	Methods
	Results

	Discussion of findings

	Findings of the MMN in major depressive disorder
	Amplitude effects
	Latency effects
	Information processing
	Patient heterogeneity

	Table t01 Table�1Summary of MMN findings by paradigm in MDD
	The efficacy of MMN as a marker of NMDA activity and directions for future research

	Conclusions
	ACKNOWLEDGMENTS
	Disclosure

	REFERENCES

