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Mismatch negativity (MMN)
� Schizophrenia has been linked to a hypofunction of the glutamatergic N-methyl-D-aspartate (NMDA)
receptor.

� Administration of ketamine as an NMDA antagonist consistently leads to diminished amplitudes of
the auditory mismatch negativity (MMN), similar to findings in schizophrenia patients.

� There is no evidence by previous research that the MMN to duration deviants is more impaired by
ketamine than the MMN to frequency deviants.

a b s t r a c t

Objective: To investigate whether effects of the glutamatergic N-methyl-D-aspartate (NMDA) receptor
antagonist ketamine on the mismatch negativity (MMN) vary between duration and frequency deviants,
as suggested by clinical studies on schizophrenia patients.
Methods: Our meta-analysis included previous studies that used ketamine in order to induce psychotic
experiences in healthy participants and that recorded the MMN either by electroencephalography or
magnetoencephalography.
Results: The analysis revealed systematic MMN amplitude decreases and, with a lower effect size, latency
increases after ketamine administration. However, the observed amplitude and latency effects did not
vary between duration and frequency deviants.
Conclusion: Across studies, there is no evidence that ketamine effects on the MMN are larger for duration
than frequency deviants.
Significance: Our findings tentatively suggest that, in addition to an NMDA receptor hypofunction, other
factors might contribute to the sometimes observed pattern of impaired MMN responses to duration
deviants, but unimpaired MMN responses to frequency deviants in schizophrenia.
� 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

Investigations of the pathophysiological mechanisms behind
schizophrenia are important for an understanding of this disease,
but also for the development of novel pharmaceutical treatment
strategies. On the level of biochemical neurotransmission, a num-
ber of receptors and neurotransmitters have been considered to
contribute to the symptoms of schizophrenia. Historically,
dopamine was the first neurotransmitter that was presumed to
play a crucial role in schizophrenia. The so-called dopamine
hypotheses were primarily based on to two observations: first,
the administration of dopaminergic agonists (such as high doses
of amphetamines) transiently induces psychotic symptoms in
healthy subjects similar to those observed in patients with
schizophrenia (Angrist et al., 1974; Lieberman et al., 1987). Second,
the administration of dopaminergic antagonists, such as haloperi-
dol, alleviates symptoms in schizophrenia patients whereby the
dopamine receptor binding properties of such antipsychotics pre-
dict their clinical and pharmacological potencies (Creese et al.,
1976). Comprehensive recent reviews of the presumed role of
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dopaminergic neurotransmission in schizophrenia are found in
Brisch (2014) and Howes et al. (2015).

Similar to dopaminergic agonists, glutamatergic antagonists,
blocking the N-methyl-D-aspartate (NMDA) receptor, induce tran-
sient psychotic symptoms in healthy subjects and even cause pro-
longed psychotic states after excessive abuse (Luby et al., 1959;
Jacob et al., 1981; Javitt and Zukin, 1991; Krystal et al., 1994;
Vollenweider et al., 1997; Domino and Luby, 2012). Moreover, such
drugs worsen symptoms in schizophrenia patients (Lahti et al.,
1995). Further evidence for an NMDA hypofunction in schizophre-
nia stems from glutamatergic drug treatments for schizophrenia
(e.g. from treatments with glycine, D-serine, or glycine transporter
inhibitors) and in vivo imaging studies in such patients (for review:
Howes et al., 2015). For completeness, it should be noted at
this point that other receptors, such as acetylcholine, c-
aminobutyric acid (GABA), and serotonin have been implicated in
schizophrenia as well (Benes, 2001; Meltzer and Massey, 2011;
Rowe et al., 2015).

For clinical neurophysiologists, the NMDA receptor hypofunc-
tion hypothesis in schizophrenia has gained importance because
event-related potential (ERP) research showed that the mismatch
negativity (MMN), an ERP component elicited by deviant sounds
interspersed in an otherwise uniform auditory stimulation, is
reduced in amplitude and, less consistently, delayed in latency in
patients with schizophrenia (for review: Michie, 2001; Rosburg
et al., 2004; Umbricht and Krljes, 2005; Näätänen and Kähkönen,
2009; Näätänen et al., 2015). These alterations have been linked
to NMDA receptor hypofunction: the MMN amplitudes, recorded
from the primary auditory cortex in macaques, decreased after
the focal infusion of a potent NMDA antagonist (phencyclidine,
PCP) (Javitt et al., 1996). Such an MMN amplitude reduction was
also found in non-invasive recordings in healthy humans after
administration of ketamine, which acts primarily as an NMDA
antagonist (Umbricht et al., 2000; Kreitschmann-Andermahr
et al., 2001). Additionally, ketamine led to an increase of the
MMN latency (Umbricht et al., 2000; Kreitschmann-Andermahr
et al., 2001). It was also found that the MMN amplitude before
ketamine administration predicts the extent of psychotic experi-
ence induced by the drug, with smaller MMN amplitudes at base-
line being associated with stronger psychotomimetic effects of
ketamine, leading to the hypothesis that the MMN amplitude
might index the functional state of NMDA receptor-mediated neu-
rotransmission (Umbricht et al., 2002). The association between
the NMDA receptor functionality, MMN, and psychotic experi-
ence/behavior was further strengthened by a study that investi-
gated the effects of N-acetyl-cysteine (NAC), a glutathione
precursor, in schizophrenia patients: NAC administration as add-
on medication led to an increase of the MMN amplitude (Lavoie
et al., 2008), as well as to an improvement of schizophrenia symp-
toms (Berk et al., 2008).

More recently, this deficient MMN response in patients with
schizophrenia has been characterized as a ‘‘break-through biomar-
ker in predicting psychosis onset” (Näätänen et al., 2015, see also
Belger et al., 2012). Indeed, in one study with individuals clinically
at high risk for developing a psychosis, the MMN amplitude to
duration deviants (but not to frequency deviants) could predict
the conversion to a full-blown psychosis (Bodatsch et al., 2011;
see also Atkinson et al., 2012; Jahshan et al., 2012; Shaikh et al.,
2012; Higuchi et al., 2013). There are also reports that schizophre-
nia patients with a short illness duration show deficits in the MMN
to duration deviants but not to frequency deviants (Todd et al.,
2008; see also Brockhaus-Dumke et al., 2005; Domján et al.,
2012). Whereas Näätänen et al. (2015) emphasize that in particular
the MMN to change in tone duration is of relevance as potential
biomarker and the authors also highlight the association between
MMN generation and NMDA receptor functionality, little attention
has been paid to the question of whether the administration of
NMDA receptor antagonists actually leads to a specific or more
pronounced disruption of the MMN to duration deviants, as com-
pared to frequency (and other kinds of) deviants.

In the current meta-analysis, we aimed at clarifying whether
the effects of ketamine as an NMDA antagonist on the MMN ampli-
tude varies between the different kinds of deviants used for elicit-
ing it. For that purpose, we analyzed ERP studies with healthy
participants who received ketamine doses strong enough to evoke
psychotic experiences. We analyzed the ketamine effects on the
MMN amplitudes and latencies. Our analysis aimed at providing
an estimate of the general effect sizes (does the administration of
ketamine result in strong, medium or weak effects?) and at assess-
ing whether the effects vary between different kinds of deviants.
More specifically, we addressed the question of whether the
administration of ketamine leads to a more pronounced disruption
of the MMN elicited by duration deviants as compared to fre-
quency deviants.

2. Methods

2.1. Study selection: inclusion and exclusion criteria

In our meta-analysis, we included only studies that used either
ketamine or S-ketamine as psychoactive drugs in healthy partici-
pants and recorded the MMN either by electroencephalographic
or magnetoencephalographic (MEG) recordings. Pharmaceutical
preparations of ketamine are racemats of S-ketamine and R-
ketamine (1:1 mixtures). S-ketamine exhibits a voltage- and use-
dependent blockade of NMDA receptor currents twice as large as
R-ketamine (Zeilhofer et al., 1992). R-ketamine was reported not
to induce psychotic symptoms (Vollenweider et al., 1997). A liter-
ature search was conducted in MEDLINE using the following key
words (‘‘MMN” or ‘‘mismatch negativity”) and ‘‘ketamine”. In stud-
ies detected by this search, the reference lists were checked for
additional studies.

Inclusion criteria: Included studies needed to report the MMN
amplitude at midfrontal/central electrodes (±standard deviations,
SD, or standard errors, SE) or another measure of the MMN magni-
tude, such as the dipole moment of the underlying MMN generator.
For electroencephalographic studies, preference was given for
unrefined amplitude measures of the MMN, also in order to reduce
the methodological heterogeneity across studies. For the investiga-
tion of the effects of ketamine on the MMN latency, studies needed
to report the MMN peak latency (±SD/SE). In case of missing values
or inconsistent reports, we sought to contact the authors of the
studies. In almost every case, the contacted authors were willing
and able to provide the requested information.

Exclusion criteria: Studies that used other NMDA antagonists
than ketamine and recorded the MMNwere not considered. Specif-
ically, we did not include the study of Korostenskaja et al. (2007)
using memantine (an NMDA antagonist also used in the treatment
of patients with Alzheimer’s disease) because the administration of
memantine (30 mg) did, as expected, not result in any psychotic
experiences. For the same reason, we did not consider the study
of Knott et al. (2012) that administered ketamine, but in rather
low, explicitly non-psychotomimetic doses. When studies used
more than one ketamine dosage (Heekeren et al., 2008), the data
of the lower drug doses were not considered. Conditions in which
ketamine was administered in combination with other drugs were
not considered for the meta-analysis either. Furthermore, we did
not include animal studies in our analysis even though we
acknowledge that such research provides complementary informa-
tion to human studies.

We identified 8 studies that fulfilled our inclusion criteria. All
studies but one recorded the MMN by electroencephalography
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(EEG). The one study using MEG recordings was our previous own
study where we investigated the effects of ketamine on the neuro-
magnetic MMN (Kreitschmann-Andermahr et al., 2001). Overall,
frequency, duration, and intensity deviants were used in the iden-
tified studies for eliciting the MMN, whereby some studies used
just a single kind of deviant and others used several kinds of devi-
ants. For the purpose of the current analysis, the MMN to each kind
of deviant and its modulation by ketamine was considered as an
independent observation. For the analysis of ketamine effects on
the MMN latency, data of one study using frequency deviants were
not at hand (Oranje et al., 2000). All included studies manipulated
the factor drug in within-subject designs.

The selected articles were reviewed to extract the following
data: the sample size, the kind of deviance, number of trials, per-
centage of deviants, the mean MMN amplitude (±SD) after admin-
istration of ketamine and the mean MMN amplitude (±SD) either
before ketamine administration or after administration of a pla-
cebo, as well as the peak MMN latencies (±SD) in these two test
conditions (ketamine vs. baseline/placebo). Effect sizes were calcu-
lated on the basis of ERP data from frontal electrodes or, for the
MEG study, on the basis of the reconstructed left-temporal dipole
source (Table 1). For the analysis of the drug effects, the mean
amplitudes and latencies (±SD) of each study were entered into
OpenMeta Analyst (Brown University, Wallace et al., 2012) and
effects sizes of the ketamine effects were calculated. Mean effects
sizes were assessed by using a random effect model. The kind of
deviance (DEVIANCE) was used as moderator variable in a meta-
regression in order to reveal whether the effects sizes varied
between frequency and duration deviants. The ketamine effects
on the MMN to intensity deviants were not considered for the lat-
ter analysis, as only two studies used such deviants.
3. Results

The eight studies collected data in 120 (99 male, 21 female)
healthy participants. There were seven studies that used frequency
deviants, six that used duration deviants, and two that used
intensity deviants (Table 1). Five of the eight studies were
placebo-controlled. The other studies used baseline recordings
either collected in separate recording sessions or directly before
the ketamine administration, for evaluating the ketamine effects.
Umbricht et al. (2000) reported MMN data from both a placebo
condition and a within-session baseline recording as control condi-
tions; for this study, we selected the within-session baseline
recording for calculating the effect sizes. The used ketamine
dosages showed some variance between studies as well (Table 2).
3.1. MMN amplitude

Across all deviants, studies showed a significant decrease of the
MMN amplitude after administration of ketamine (pooled standard
mean difference, SMD: 0.490, 95% CI: 0.300–0.618, SE: 0.097,
p < 0.001). There was no statistical indication that heterogeneity
was present (s2 < 0.001, I2 = 0%, Q14 = 8.063, n.s.). Inclusion of
DEVIANCE as moderator variable did not reveal an influence of
the kind of stimulation on the ketamine effects on the MMN ampli-
tude either. Ketamine effects on the MMN amplitude were signifi-
cant for duration and frequency deviants, when analyzed
separately (pooled SMD: 0.369, 95% CI: 0.061–0.677, SE: 0.157,
p = 0.019; pooled SMD: 0.545, 95% CI: 0.278–0.813, SE: 0.137,
p < 0.001, respectively, Fig. 1).

Aside from the kind of deviance, effects of ketamine on the
MMN amplitude could also be modulated by the size of the
MMN amplitude at baseline. It might be argued that the impact
of ketamine could be larger for deviants that are easily detectable
and result in large MMN responses. In an additional analysis, we
only included the EEG studies and entered the amplitude of the
MMN at baseline as moderator variable into the meta-analysis.
However, this analysis did not reveal a significant influence of
the MMN amplitude on the observed effect sizes (b = 0.055, SE
0.084, n.s.).
3.2. MMN latency

Across all deviants, studies showed a significant increase of the
MMN latency after administration of ketamine (pooled SMD:
�0.280, 95% CI: �0.476 to �0.083, SE: 0.100, p = 0.005). There
was no statistical indication that heterogeneity was present
(s2 < 0.001, I2 = 0%, Q13 = 9.889, n.s.). Inclusion of DEVIANCE as
moderator variable did not reveal an influence of the kind of stim-
ulation on the ketamine effects on the MMN amplitude either.
However, ketamine effects on the MMN were significant only for
frequency deviants, but not for duration deviants, when analyzed
separately (pooled SMD: �0.389, 95% CI: 0.678 to �0.101, SE:
0.147, p = 0.008; pooled SMD: �0.199, 95% CI: �0.553–0.155, SE:
0.180, p = 0.270, respectively, Fig. 2).
4. Discussion

Our meta-analysis across eight studies revealed decreased
MMN amplitudes and increased MMN latencies after ketamine.
Studies showed on average a strong effect for the MMN amplitude
(pooled SMD: 0.490), whereas the ketamine effects on the MMN
latency were less pronounced (pooled SMD: �0.280). Moreover,
our study found no evidence that the MMNs to duration deviants
were more affected by ketamine administration than the MMNs
to frequency deviants. For both the MMN amplitudes and the
MMN latencies, the effects were across studies numerically larger
(and consequently more significant) for frequency deviants than
for duration deviants.

In general, the current findings support the assumption that an
NMDA receptor hypofunction leads to a decrease and delay of the
MMN response. This evidence stems not just from the reported
human MMN recordings but such reductions were also found in
a range of animal models, including recordings in mice
(Umbricht et al., 2005; Ehrlichman et al., 2008), rats
(Tikhonravov et al., 2008), monkeys (Javitt et al., 1996; Gil-da-
Costa et al., 2013), and even pigeons (Schall et al., 2015). Thus,
the relationship between potent NMDA antagonists and the
MMN can be considered as established. However, contrasting
results, such as a lack of significant alterations of the MMN after
ketamine (e.g. Roser et al., 2011) or a reversed pattern (signifi-
cantly shorter MMN latencies after ketamine, Mathalon et al.,
2014) have been published. Furthermore, this general picture of
delayed and decreased MMN after ketamine administration may
be obscured at times by the variance of the drug’s effects between
MMNs elicited by different kinds of deviants, as reported in indi-
vidual studies, with drug effects present for the MMN to one kind
of deviant and absent for another. Umbricht et al. (2000), for exam-
ple, found a significant latency delay after ketamine for the MMN
to duration deviants, whereas the delay was insignificant for fre-
quency deviants.

Such a stronger impact of ketamine on the MMN to duration
deviants is in line with observations from clinical studies showing
that schizophrenia patients with a short illness duration exhibit
deficits in the MMN to duration deviants but not to frequency devi-
ants (Todd et al., 2008) or that the MMN amplitude to duration
deviants (but not to frequency deviants) could predict the conver-
sion to a full-blown psychosis in individuals at risk (Bodatsch et al.,
2011). However, it still needs to be shown how systematically and



Table 1
Details of the studies included in the current meta-analysis.

Authors and year Participants
(male, female)

Auditory stimulation Trials % dev SOA MMN quantification

Standard Frequency
deviant

Duration deviant Intensity deviant

Oranje et al. (2000) 18 (18 M, 0 F) 1000 Hz 1100 Hz – – 600 Fz
50 ms 50 ms 20%
95 dB SPL 95 dB SPL 1800–2200 ms

Umbricht et al. (2000) 20 (14 M, 6 F) 1000 Hz 1500 Hz 1000 Hz – 6068 Fz
100 ms 100 ms 250 ms 5%/each
75 dB SPL 75 dB SPL 75 dB SPL 300 ms

Kreitschmann-Andermahr et al. (2001) 10 (10 M, 0 F) 1000 Hz 1050 Hz 1000 Hz 1000 Hz 594 Left-hemispheric
dipole moment50 ms 50 ms 100 ms 50 ms 10%/each

90 dB SPL 90 dB SPL 90 dB SPL 80 dB SPL 1050 ms

Heekeren et al. (2008) 9 (7 M, 2 F) 1000 Hz 1200 Hz 1000 Hz – 3000 Fz
50 ms 50 ms 100 ms 10%/each
75 dB SPL 75 dB SPL 75 dB SPL 550 ms

Roser et al. (2011) 20 (20 M, 0 F) 1000 Hz 1500 Hz 1000 Hz – 3000 Fz
100 ms 100 ms 250 ms 10%
75 dB SPL 75 dB SPL 75 dB SPL 300 ms

Gunduz-Bruce et al. (2012) 16 (13 M, 3 F) 500–1500 Hz 550–1650 Hz & 500–1500 Hz 500–1500 Hz 1800 Fz
75 ms 450–1350 Hz 125 ms 75 ms 16.7%/each
76 dB SPL 75 ms 76 dB SPL 66/86 dB SPL 500 ms

76 dB SPL

Schmidt et al. (2012) 19 (12 M, 7 F) 500 to 800 Hz (in 50 Hz steps) Roving standard procedure – – �1600 Mean Fz, F3, F4
70 ms �14%

570 ms

Mathalon et al. (2014) 8 (5 M, 3 F) 633 Hz – 633 Hz – 1740 Fz
50 ms 100 ms 10%
80 dB SPL 80 dB SPL 510 ms

The table provides information about the number of participants investigated in each study and the auditory stimulation (tone stimuli used as standards and deviants, as well as the total number of presented tones [Trials],
percentage of deviant tone trials [% dev], and stimulus onset asynchrony [SOA]). The right column documents how the MMN was quantified for the current study purpose, which might vary from the originally presented data
analysis.
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Table 2
Ketamine administration and used baseline.

Authors and year Substance Bolus [mg/kg] Continuous injection
[mg/kg per hour]

Approximate time point of
MMN recording [minutes after bolus]

Baselinea

Oranje et al. (2000) Ketamine 0.30 0.213 60–135 Placebo
Umbricht et al. (2000) Ketamine 0.24 0.9b 20–35 Session baseline
Kreitschmann-Andermahr et al. (2001) Ketamine 0.30 – 0–15 Session baseline
Heekeren et al. (2008) Esketamine 0.15–0.20 0.6–0.9 20–50 Baseline (separate session)
Roser et al. (2011) Ketamine 0.24 0.5 20–40 Baseline (separate session)
Gunduz-Bruce et al. (2012) Ketamine 0.23 0.29c 35–50 Placebo
Schmidt et al. (2012) Esketamine 10 mg bolus 0.36 Placebo
Mathalon et al. (2014) Ketamine 0.26 0.65 5–35 Placebo

a The baseline as used for the current meta-analysis.
b The dose was further reduced by 10% every 15 min.
c At the time point of MMN recording.

Fig. 1. The forest plot illustrates the effect sizes of ketamine on the MMN amplitudes, separately for the MMN to duration deviants (top), intensity (middle), and frequency
deviants (bottom). Positive effect sizes indicate smaller MMN amplitudes after ketamine.
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reliably this specific impairment of the MMN to duration deviants
(as opposed to frequency deviants) occurs in schizophrenia
patients. The meta-analysis of Umbricht and Krljes (2005) on the
MMN in schizophrenia reported numerically, but not statistically,
larger effect sizes for the duration MMN than for the frequency
MMN. One aspect that might confound this observed variance
between MMN deficits to different deviants in schizophrenia
patients is the comparative size of the MMN amplitudes, as also
discussed by Todd et al. (2008). For frequency deviants, the MMN
deficit in patients with schizophrenia was more pronounced for
large as opposed to small frequency deviants (Javitt et al., 1998).
On the basis of this study, one might expect generally larger
MMN reductions in patients for deviants that elicit larger MMNs
and, in consequence, differences in the MMN amplitudes to dura-
tion and frequency deviants in controls might have an impact on
the findings obtained in patients. Whereas this might provide an
explanation for some of the differential findings for frequency
and duration MMN reductions in schizophrenia patients (Todd
et al., 2008; Domján et al., 2012), other studies also found such
differences even though the MMN amplitudes to different deviants
in controls were highly comparable (Brockhaus-Dumke et al.,
2005; Bodatsch et al., 2011). For the ketamine studies, we did
not observe a coherent pattern between the MMN amplitudes
and effect sizes either. The mean peak MMN amplitudes were lar-
ger for frequency deviants than for duration deviants (3.8 ± 1.5 lV
vs. 3.2 ± 1.3 lV). However, the MMN amplitude at baseline did not
modulate the size of the ketamine effects on the MMN amplitude.
The effects were sometimes present even though the amplitudes at
baseline were low (e.g. Heekeren et al., 2008); sometimes the
effects were absent even though the MMN amplitudes were pro-
nounced (e.g. Mathalon et al., 2014).

In patients with schizophrenia, there is some evidence of pro-
gression of the MMN deficit in the course of the disease, as pro-
vided by the meta-analysis of Umbricht and Krljes (2005) and by
a longitudinal study (Salisbury et al., 2007). Studies investigating
patients with chronic schizophrenia usually find a clear MMN
reduction, but it is yet unclear to what extent this reduction is pre-
sent at the onset of disease: Umbricht et al. (2006), Salisbury et al.



Fig. 2. The forest plot illustrates the effect sizes of ketamine on the MMN latencies, separately for the MMN to duration deviants (top), intensity (middle), and frequency
deviants (bottom). Negative effect sizes indicate longer MMN latencies after ketamine.
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(2002), and Magno et al. (2008) did not find MMN reductions in
first-episode schizophrenia patients (independently of the kind of
deviant used), whereas others reported such a reduction
(Atkinson et al., 2012; Kaur et al., 2011). However, the progression
of the MMN deficit over the course of the disease on the basis of
cross-sectional comparisons might be overestimated since only a
proportion of the first-episode patients develop chronic
schizophrenia (an der Heiden and Häfner, 2000). Findings in
first-degree relatives of patients with schizophrenia are also some-
what mixed with some studies reporting MMN reductions in such
relatives (Jessen et al., 2001; Michie et al., 2002; S�evik et al., 2011),
whereas other studies reported an unimpaired MMN in this group
(Ahveninen et al., 2006; Magno et al., 2008; Hong et al., 2012). The
lack of a difference in the study of Hong et al. (2012) is particularly
noteworthy because a large sample of relatives was recruited
(n = 71) and duration deviants were used for eliciting the MMN.
Thus, in this study, neither the lack of statistical power nor the
choice of the deviant can be blamed for the absence of significant
group differences.

The magnitude of the effects of ketamine analyzed here on the
MMN amplitude in healthy participants is more comparable to the
pronounced effects observed in patients with chronic schizophre-
nia (Umbricht and Krljes, 2005) than to the apparently weak effects
in first-episode patients and first-degree relatives. In addition,
ketamine effects are equally found for different kinds of deviants.
The latter finding indicates that the NMDA receptor hypofunction
model of schizophrenia does not provide an explanation for differ-
ential MMN deficits to duration and frequency deviants in
schizophrenia patients, as observed in some studies (Brockhaus-
Dumke et al., 2005; Todd et al., 2008; Bodatsch et al., 2011;
Domján et al., 2012), and implies that other factors contribute to
such differential pattern. It has for example been suggested that
the cannabinoid receptor CB1 system interacts with the NMDA
neurotransmission. In healthy participants, the administration of
ketamine in combination with the CB1 antagonist rimonabant
led to somewhat more pronounced reductions of the MMN to
duration deviants as compared to the MMN to frequency deviants
(Roser et al., 2011). However, at the current time point, the
influence of additional factors, either triggering the NMDA receptor
hypofunction or interacting with it, has to remain speculative, due
to the lack of empirical data.

On a theoretical account, NMDA receptor hypofunction has
been linked to inhibitory GABAergic interneurons (Deutsch et al.,
2001; Coyle, 2004). Premedication with benzodiazepines as
GABAergic agonists is used to reduce dysphoric symptoms emerg-
ing from ketamine anesthesia. Yet, in a study investigating the psy-
chotropic effects of ketamine alone and in combination with
lorazepam, the benzodiazepine failed to reduce positive symptoms
elicited by ketamine (Krystal et al., 1998). There are very few MMN
studies that investigated the effects of ketamine in interaction with
a second drug. The two previous studies that aimed at blocking the
ketamine effects on the MMN by a second drug were not success-
ful: Contrary to what has been suggested by animal data, neither
the pre-treatment of N-acetylcysteine (NAC) nor the mentioned
pre-treatment of rimonabant reversed the ketamine effects in
humans (Roser et al., 2011; Gunduz-Bruce et al., 2012).
5. Conclusion

Ketamine reduces the MMN amplitude and increases the MMN
latency, widely independent of the kind of deviance used for elic-
iting the MMN. This pattern resembles the MMN deficits found
in chronic schizophrenia patients. Other factors might contribute
to MMN reductions specific to duration deviants, as observed in
schizophrenia patients with a short illness duration (Todd et al.,
2008) or in individuals at risk that later on convert to psychosis
(Bodatsch et al., 2011).
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