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Schizophrenia patients exhibit a decreased ability to detect change in their auditory environ-
ment as measured by auditory event-related potentials (ERP) such as mismatch negativity.
This deficit has been linked to abnormal NMDA neurotransmission since, among other
observations, non-selective channel blockers of NMDA reliably diminish automatic deviance
detection in human subjects as well as in animal models. Recent molecular and functional
evidence links NR2B receptor subtype to aberrant NMDA transmission in schizophrenia.
However, it is unknown if NR2B receptors participate in pre-attentive deviance detec-
tion. We recorded ERP from the vertex of freely behaving rats in response to frequency
mismatch protocols. We saw a robust increase in N1 response to deviants compared
to standard as well as control stimuli indicating true deviance detection. Moreover, the
increased negativity was highly sensitive to deviant probability. Next, we tested the effect
of a non-selective NMDA channel blocker (ketamine, 30 mg/kg) and a highly selective
NR2B antagonist, CP-101,606 (10 or 30 mg/kg) on deviance detection. Ketamine attenu-
ated deviance mainly by increasing the amplitude of the standard ERP. Amplitude and/or
latency of several ERP components were also markedly affected. In contrast, CP-101,606
robustly and dose-dependently inhibited the deviant’s N1 amplitude, and as a consequence,
completely abolished deviance detection. No other ERPs or components were affected.
Thus, we report first evidence that NR2B receptors robustly participate in processes of
automatic deviance detection in a rodent model. Lastly, our model demonstrates a path
forward to test specific pharmacological hypotheses using translational endpoints relevant

to aberrant sensory processing in schizophrenia.
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INTRODUCTION
While recording event-related potentials (ERPs), when a stream of
identical stimuli are interrupted occasionally by an atypical stim-
ulus, the so-called odd ball, an enhanced negativity to the odd ball
or deviant is observed from fronto-central regions of the scalp-
recorded clinical electroencephalogram. This response is called
the mismatch negativity (MMN) and has been recognized as a pre-
attentive neurocognitive mechanism for change detection in the
environment (1-3). Not surprisingly, an ability to rapidly detect
change is evolutionarily conserved and can be detected across a
variety of species in addition to primates (4—7). Key generators for
auditory mismatch-related negativity have been found within the
primary and secondary auditory cortex with additional sources in
frontal and parietal cortical regions (8—13). Although MMN is per-
haps the best characterized pre-attentive mechanism for deviance
detection that manifests about 100-200 ms after stimulus presen-
tation, it is not the only mechanism for automatic change detection
(1, 14). It is now known that there is neural activity in anatomi-
cal structures along the sensory processing hierarchy involved in
change detection, some apparent as early as 30 ms after stimulus
presentation (15).

Mismatch negativity has been shown to be disrupted in a
variety of mental disorders including schizophrenia, autism, and

dementias (16, 17) and constitutes a convenient measure to eval-
uate neurophysiological function especially because it does not
need engagement from the subjects in terms of participation or
motivation to complete the test — an obvious advantage when
studying psychiatric or neurologically challenged subjects. These
characteristics also make it an attractive model for translation
into preclinical species where apart from studying the neuro-
physiological mechanisms and neural circuits more intensively,
therapeutic hypotheses can be tested to develop potential new
remedies (6, 7, 18).

While mismatch-like deviance detection has been demon-
strated in multiple species, such data from the most commonly
used laboratory species, i.e., rodents has been controversial and
conflicting. In general, when deviance detection was investigated
at the single-unit level or at the local field potential within the
primary auditory cortex, the results have not been encouraging in
thata clear electrophysiological substrate for deviance could not be
established (19, 20). On the other hand, epidural macroelectrode
recordings have generally found evidence for true deviance (4, 21—
23), suggesting that the neural sources may be distributed more
widely (7). Previously, robust deviance detection was shown in
anesthetized Guinea pigs from vertex ERPs but not from the tem-
poral cortex, which is the location for primary cortical processing
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(24, 25). These authors concluded that there are parallel auditory
pathways, and in Guinea pig, the temporal lemniscal stream was
not contributing to deviance detection. Rather, the midline struc-
tures (with input from caudomedial thalamic nucleus) projecting
to multisensory cortical regions below vertex were involved. How-
ever, it is not known if the vertex potentials in rats, which represent
a non-lemniscal processing stream (26, 27), also model deviance
detection.

NMDA receptors have been implicated in the generation of
mismatch negativity. Local application of NMDA antagonists like
PCP disrupts MMN in monkey auditory cortex in a layer-specific
manner (28). Several clinical reports indicate a disruption of
MMN in the presence of a non-selective antagonist like keta-
mine (29-33). Indeed, MMN has been argued as an index of
NMDA receptor dysfunction in schizophrenia in part based on
these findings (28, 32). However, NMDA receptors are heterote-
tramers made of two NR1 and two NR2 subunits with considerable
heterogeneity in expression and distribution within the brain (34,
35). Non-selective cation channel blockers disrupt all NMDA neu-
rotransmission irrespective of subunit composition. Thus, as phar-
macological tools, they have limited utility and cannot decipher
the relative contribution of specific subunits to deviance detec-
tion. While selective ligands are not available for all of the extant
NMDA subunits, highly selective NR2B ligands have been avail-
able for sometime making it possible to test their role in deviance
detection (36, 37). Moreover, although the contribution of NR2B
receptor to deviance detection has not been investigated, several
recent reports have indicated robust participation of NR2B recep-
tors in mediating higher cognitive functions such as behavioral
flexibility in rodents (38—40) and working memory in primates
(41), using tasks that engage medial prefrontal cortex. Interest-
ingly, medial prefrontal cortex has been implicated in auditory
deviance detection (42, 43) and MMN deficits in schizophrenia
patients are explained in the context of selective decrease in gray
matter volume in prefrontal and temporal regions of the brain
and their aberrant mutual connectivity (44—46). In addition to
deviance detection, distinct cortical ERP components such as the
P1-N1-P2 complex represent cortical registration of auditory sen-
sory input (47). These components, especially the N1 and P2,
unlike the early evoked potentials such as the brain-stem responses,
can be modulated by endogenous factors such as attention (48,
49) and are often also reported to be aberrant in schizophre-
nia patients (50-52). However, there is incomplete understanding
of how such observations are modeled by NMDA antagonists.
Rodent ERP components like N1, although not identical to their
human namesake in every respect, nevertheless share important
features, are frequently modulated in similar ways and are regarded
as homologs (53, 54). For example, non-selective NMDA channel
blockers such as ketamine have been shown to modulate the N1
response in healthy controls (33, 55) as well as in rodents (56, 57).
However, there are no published data that examine NR2B effects
on these ERP components.

In the following report, we first tested if there was reliable and
true deviance detection to simple auditory tones in the vertex
potentials of conscious rats. We then tested a single odd-ball pro-
tocol and characterized the effects of two different NMDA channel
modulators at multiple time points after dosing. Additionally, we

also determined the effect of these drugs on three individual ERP
components: P1, N1, and P2, elicited in response to frequent and
infrequent tones. Effects on quantitative EEG (qEEG) parameters
30 min after drug administration were also evaluated. Lastly, brain
samples were collected from a satellite colony of rats at a designated
time point after treatment and processed to estimate the degree of
NR2B receptor engagement using ex vivo occupancy technique.

MATERIALS AND METHODS

SURGERY

All experimental procedures were approved by the Bristol Myers
Squibb Animal Care and Use Committee. Sixteen adult male
Sprague-Dawley rats were anesthetized with isoflurane and
implanted with epidural screw electrodes at the following coor-
dinates (frontal; 6 mm anterior to bregma and 1 mm lateral to
midline; vertex, 5.5 mm caudal to bregma and 1 mm lateral to mid-
line; above auditory cortex, 4.8 mm caudal to bregma and 6 mm
lateral to midline). Access to the electrodes was through a plastic
multi-channel pedestal (Plastics One, Roanoke, VA, USA) fixed on
the skull at the time of the surgery. Post-implantation, the rats were
housed singly in shoe box cages and had unrestricted access to food
and water. The current study used recordings from frontal and ver-
tex leads only. Twelve of the 16 rats used were littermate controls
for a neonatal treatment protocol and as such received once a day
sterile saline injections on postnatal days 9—11. These and other
rats were not used in any other study before electrode implanta-
tion and were thoroughly acclimated to the recording boxes and
the recording tethers in the presence of brief auditory tones similar
to what was used in the current study. The approximate age of the
rats was 10 months at the time of the study.

EEG RECORDING

For EEG recordings, rats were brought to the laboratory in their
home cages and placed individually in sound attenuated record-
ing boxes equipped with a video camera, a house speaker, and
a shielded light-weight cable attached to a commutator (Plastics
One, Roanoke, VA, USA). Using the plastic head mounts, the cables
were attached for continuous EEG recording while permitting free
access to explore within the cage. For the pharmacological study,
rats were first treated as per design and then placed inside the
boxes. Recordings began as early as 10 or 30 min after treatment
(see below).

ERP PROTOCOLS

In order to first determine if there was deviance detection, rats
were subjected to the following three ERP protocols run as part of
one recording session. In the first protocol, 50 ms tones of 1.0 kHz
(90% probability), or 1.5 kHz (deviant; 10% probability) were pre-
sented in a random order while frames of EEG beginning 100 ms
before tone onset and 250 ms after onset were sampled at a 2 kHz
rate. The interstimulus interval (ISI) was fixed at 351 ms. In a
second protocol, the frequencies were flipped to make 1kHz as
the infrequent stimulus (10%) and 1.5 kHz as the frequent stim-
ulus (standard; 90%). Lastly, a third protocol was used where
10 different frequency tones including a 1.5kHz tone (control)
were presented randomly at a 10% probability each with the same
ISI as before. Two difference waves were generated for each sub-
ject: by subtracting the averaged ERP to standard (1.5kHz; 90%
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probability, protocol 2) from that of the deviant (1.5 kHz; 10%
probability, protocol 1); and by subtracting the averaged ERP to
control (1.5kHz; 10% probability, protocol 3) from that of the
deviant. To test whether the deviance was sensitive to the probabil-
ity of the odd ball, protocols were tested also at 33 and 50% deviant
probability. This was done on a different test session, several days
after the first testing.

PHARMACOLOGICAL TESTING

The experimental protocol used to study the effect of the NMDA
antagonists on deviance detection is illustrated in Figure 3. Sub-
jects were administered with vehicle (saline, sc) or drug (ketamine
30 mpk, ip; CP-101,606, 10 or 30 mpk sc in a cross-over design) and
placed inside recording boxes. ERP protocols were run at 30 min
post-dosing and 60 min post-dosing after each treatment. Addi-
tionally, a 10 min time point was included for vehicle and ketamine
treatments only, to accommodate ketamine’s rapid onset of action.
The 30 min test period was preceded by a 5 min free-running EEG
and video recording to evaluate if the treatments had any effect
on the EEG measure itself as determined by qEEG. Only ERP
protocols 1 and 2 were run in this phase. Thus, there was only
one difference wave generated (deviant-standard). Ketamine was
sourced as the injectible drug Ketaset (Fort Dodge, IA, USA). CP-
101,606 was synthesized in-house by BMS chemists. Free base mass
was used for all dose calculations.

EVOKED RESPONSE POTENTIALS

Single trial data were baseline corrected using the first 99 ms and
low-pass filtered using a second order Butterworth IIR filter with
a 30 Hz cutoff. The filtered individual trials were further visually
evaluated to isolate traces that showed extreme movement-related
fluctuations (typically, >150 WV but this threshold was tailored
based on inspection of the individual ERPs). No more than 15% of
the 1000 frames per subject were identified as unsuitable for analy-
sis and excluded. With the remaining artifact free traces, averaged
ERPs were generated for standard and deviant stimuli as described
above.

DEVIANCE COMPUTATION

Examination of the grand average ERP traces from the three pro-
tocols outlined above indicated enhanced negativity around the
N1 peak (Figure 2) in the deviant ERP relative to the standard and
the control ERP. Based on this, we computed area under the curve
of the difference waves (deviant—standard and deviant—control)
in four regions; 30-60 ms, the region encompassing the enhanced
negativity and three other contiguous regions (—30 to 0, 0-30, and
60-90 ms) with zero time defined as the onset of the auditory tone.
These areas were then compared to a hypothetical zero value using
a two-tailed one-sample ¢-test to determine statistical significance
using an adjusted p-value to account for multiple comparisons
(<0.0125; Graphpad Prism 5.01). Consistent positive or negative
deflection of the difference wave across subjects in this measure
will reflect as a significant difference from zero. Moreover, we chose
to use AUC rather than peak and used all available artifact free trials
to construct deviant (~85), standard (~765), and control (~85).
Doing this allowed us to take advantage of the statistical power
inherent in a larger sample of standard ERP while avoiding a bias

associated with an extreme measure such as the peak amplitude
that may be distorted by unequal trials (58).

ERP COMPONENT MEASUREMENT

ERP components (P1-N1-P2) were identified from averaged trace
for each subject using an automated peak/trough detection fea-
ture (Signal 4.10, CED, UK) with close manual supervision. To
do this, the temporal bounds for ERP components were surveyed
first using the grand average of 16 subjects for each treatment
condition and at each time point. These bounds served as a guide
for automatic peak/trough determination for each animal in a
treatment and time-specific manner. While ERP components were
clearly defined under most conditions, this was not the case for a
few subjects immediately after ketamine (10 min). In such cases,
the highest amplitude within the time range was taken. Once the
peak was determined, mean amplitude in microvolts over a 10 ms
period centered on it was tabulated along with the latency. A one-
way ANOVA with repeated measures followed by Bonferroni’s
post-tests or Student’s t-test was used to determine significant
effects.

To examine treatment effects, AUC30_g0 ms from multiple time
points were compared between vehicle treatment and ketamine
on one hand and vehicle and CP-101,606 (10 and 30 mpk) on
the other, using two-way ANOVAs with repeated measures, using
treatment as one factor and time of the ERP sampling as the
second factor (Graphpad Prism 5.01). Detection of statistical sig-
nificance was followed by Bonferroni post-tests between vehicle
and drug treatments at designated times. A p < 0.05 (unless oth-
erwise stated) was deemed to be statistically significant. To further
characterize the effect of NMDA antagonists on ERPs, we looked at
mean N1 amplitude of standards and deviants under all treatment
conditions as outlined above.

FREE-RUNNING EEG

Thirty seconds of EEG data were chosen from each rat for Fourier
analysis while reviewing the associated and time-locked video.
Care was taken to choose an EEG segment that excluded slow wave
activity to control for vigilance state as well as gross movement-
related artifacts. The EEG segments were then Fourier transformed
for absolute and relative power in the conventional frequency
bands using a Hanning window to taper with 50% overlap between
data blocks and an FFT block size of 1024, yielding a resolution of
0.976 Hz. Absolute and relative signal power in frequency bands
(delta, 0.5-4 Hz; theta, 4-9 Hz; alpha, 9—13 Hz; beta 1, 13-19 Hz;
beta 2, 20-30 Hz; gamma 1, 30-55 Hz; gamma 2, 55-100 Hz) were
computed and compared between vehicle and treatments using a
two-way ANOVA with treatment and frequency as the two factors.
Significant treatment or frequency effects were followed-up by
Bonferroni post-tests, which compared individual power bands
between vehicle and drug treatments (GraphpadPrism 5.1). A
p < 0.05 was deemed to be statistically significant.

EX VIVO RADIOLIGAND BINDING FOR NR2B OCCUPANCY

Rats were administered subcutaneously with CP-101,606 at 10 and
30 mg/kg [vehicle: acidified water (pH 4)]. Sixty minutes post-
dose, the rats were killed and the forebrain tissues (after removal
of the cerebellum and brainstem) were rapidly frozen in chilled
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isopentane and stored at —80°C until needed. On the day of occu-
pancy assessment, the brain tissues were thawed and homogenized
inan ice-cold homogenization buffer containing 50 mM KH2PO4,
1 mM ethylenediaminetetraacetic acid (EDTA), 0.005% Triton-
X, 1:1000 dilution of Sigma protease inhibitor 3843 (pH =7.4).
The brain tissue concentration was 115 mg/ml buffer. In a 96-well
plate, 23 mg of tissue (92 mg/ml) was incubated at 4°C for 5 min
in 5mM Tris—HCI (pH = 7.4) containing 5.5 nM [PH]RO25-6981,
a highly potent and selective NR2B antagonist (59). [’H]RO25-
6981 was synthesized by the Radiosynthesis Group in Bristol Myers
Squibb. Non-specific binding was defined by inclusion of 10 uM
RO25-6981. At the end of the incubation period, the reactions
were stopped by filtration through FPXLR-196 filters (Brandel,
Gaithersburg, MD, USA) that had been soaked in 0.5% poly-
ethyleneimine for 1h at 4°C. The filters were washed with ice-
cold assay solution and the radioactivity was measured using a
Wallac Microbeta liquid scintillation counter (Perkin Elmer Life
Sciences, Boston, MA, USA). The specific binding to NR2B recep-
tors was calculated by subtracting the value of the non-specific
binding from that of the total binding in each sample. The per-
cent occupancy was calculated as (1—specific binding in drug
treated/specific binding in vehicle treated) x 100%.

DRUGS

Vehicle used in these studies was acidified sterile water for injec-
tion adjusted to a pH of 4.0 and administered subcutaneously.
CP-101,606 was synthesized by BMS chemists in-house and was
dissolved in pH 4.0 sterile water for injection before sc admin-
istration. Ketamine HCI was purchased in its marketed form
(Ketaset, Fort Dodge, NY, USA) and was administered through
the intraperitoneal route.

RESULTS

ERP TO AUDITORY TONES

An overlay of grand averaged ERPs from 16 subjects in response
to a 1.5kHz tone delivered as a standard, control, or deviant are
shown in Figure 1 (left panel). The grand averaged ERPs showed
a prominent positive, negative, and positive components identi-
fied as P1, N1, and P2, respectively. The grand averaged difference
waves were obtained by subtracting the standard or the control
ERP from that of the deviant ERP and displayed in Figure 1 (right
panel). The two difference waves showed a similar pattern of a
distinct negative peak around 50 ms after stimulus onset. Con-
sequently, areas under the curve were computed for the visually
identified region of negativity 30-60 ms post-stimulus onset for
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FIGURE 1 | Left panel, overlay of standard, deviant, and control ERPs
averaged from 16 rats with ERP components identified. Note prominent
increased negativity under deviant condition. Right panel, difference waves
(deviant-standard and deviant-control) indicating a prominent negativity in the

region of 30-60 ms after stimulus onset. Only 30-60 ms region was
significant (Bonferroni corrected P < 0.0125) compared to contiguous 30 ms
areas (—30 to 0, 0-30, and 60-90 ms). Tone onset was defined as time 0 and
is marked by a vertical bar in this and all other figures that show ERP traces.
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-0.00025- 10%  33%  50% 10%  33% was not used in this part of the study.
Dev-Std Dev-Control KETAMINE EFFECTS ON DEVIANCE DETECTION
) Grand averaged ERPs to standard, deviant, and the difference
FIGURE 2 | Top panel, AUCs; ¢, areas from difference waves show robust . . . . .
I~ . . . wave are shown overlaid for the 10 min time point after vehicle
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both difference waves. These measures showed a robust deviance
from zero (Figure 2, top panel) using a corrected p-value (0.0125)
while no other contiguous bands of area, i.e., —30 to 0 ms; 0-30 ms;
60-90 ms showed any significant deviance, positive or negative,
from zero (data not shown). Significantly, there was no difference
between the 30 and 60 ms areas generated by the two difference
waves; that is, deviant-standard and deviant—control generated
similar negativity. Increasing odd-ball probability from 10 to 33%
or higher resulted in the elimination of the deviance from both
the difference waves (Figure 2, bottom panel). Since the peak
negativity in the difference waves was coincidental with the N1
response, we hypothesized that it is being driven by an increased
N1 in the deviant waveform. We, therefore, tested the correla-
tion between the AUC3_goms Of the respective difference waves
with that of N1 amplitude difference between standard or control
and deviant and found robust and highly significant correlations
(r* > 0.89; P < 0.0001 for both sets of data). The mean amplitude
and latency of each of the three ERP components are summarized
in Table 1. One-way ANOVA analysis showed robust effects on P1
(and N1) amplitudes depending on whether the ERP components
are derived from a deviant or a standard/control ERP. Subsequent
Bonferroni post hoc tests established a significant reduction in P1
(and an enhancement in N1) of the deviant waveform, compared
to the standard and the control. No such difference was noted

difference waves 10 min after treatment confirm this difference
(Figure 5) and indicate a lack of temporally consistent pat-
tern of negativity across 16 subjects following ketamine dosing.
Deviance computed as AUCsp_goms across three time points is
shown in Figure 6 (top panel). A robustly significant treatment
effect [F(1) =8.44; P =0.0068] but no significant time or treat-
ment x time interaction was noted. While mean AUC3(_g0 ms mea-
sure was consistently lower under ketamine vs. vehicle, Bonferroni
post-tests found the difference at individual time points to be not
significant (P > 0.05). Since N1 components were visibly delayed
under ketamine treatment (Figure 4), it is possible that we were
underestimating the deviance by using the 30-60 ms time window
for the AUC determination. To address this, we measured mean
N1 amplitude of standard and deviant under both treatments for
each subject as outlined in the Section “Materials and Methods”.
These data are summarized in Figure 7. As expected, under vehicle
condition (Figure 7, top panel) there was a robust treatment effect
[F(1) =27.85; P < 0.0001] but no treatment or treatment X time
interaction (P > 0.05). Moreover, Bonferroni post-tests showed
significant difference between standard and deviant at all three
time points (Figure 7, top panel). Whereas under ketamine treat-
ment, while there was a significant treatment effect [F(1) = 6.82;
P =0.012], only the 30 min time point showed a significant dif-
ference (Figure 8, bottom panel). Moreover, there was a small but
significant treatment effect in the form of an overall augmenta-
tion in standard N1 amplitude under ketamine condition when
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Table 1| ERP component latency and amplitude under three conditions of evocation.

ERP P1

N1 P2

Latency (ms) Mean amplitude (nV)

Latency (ms)

Mean amplitude (pV) Latency (ms) Mean amplitude (pV)

(range) (range) (range)
Standard 28.70 £ 1.66 3.60+1.07* 52.87+£2.61 —9.77 £ 1.44* 94.16 £2.62 8.39+1.47
Control 32.45+0.97 4.81 £ 1.40%* 54.30+2.03 —9.08+ 1.64** 90.02+4.78 9.23+1.70
Deviant 28.43+2.04 1.12+1.30 52.35+1.80 —13.87+1.86 91.00£2.93 11.07+£1.42
One-way ANOVA F(2,15)=746; P=0.0023 F(2,15)=6.02; P=0.0063

*/**Indicate significant difference from corresponding deviant (p < 0.05/0.01, one-way ANOVA followed by Bonferroni post-tests).
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FIGURE 4 | Overlay of standard (blue), deviant (red), and difference
wave (deviant-standard; green) ERPs approximately 10 min after
vehicle or ketamine treatment is shown. Notice a well-defined

negativity in the difference wave 30-60 ms (dashed box) post-stimulus
onset after vehicle treatment only. Also notice a visible delay in N1 after
ketamine treatment.

compared to N1 under vehicle [F(1) = 5.55; P = 0.022] (Table 2).
There were, however, no time or time X treatment effects noted
(P > 0.05) (Table 2). No significant effects were noted on the
deviant N1 ERP amplitude. However, robust treatment effects were
noted on standard as well as deviant N1 latencies (Table 2) in the
form of significant delays. Robust treatment effects were noted on
the P2 component as well; ketamine suppressed and delayed P2

component of standard ERP (Table 3). Deviant P2 component
was suppressed as well but the delay in latency was not signifi-
cant (P > 0.05) (Table 3). Moreover, a significant treatment effect
only was noted on the P1 component of standard ERP where
ketamine suppressed P1 amplitude [F(1) =5.49; P =0.023; data
not shown]. Bonferroni post-tests showed no significance between
vehicle and ketamine treatments on P1 at any of the time points.
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FIGURE 5 | Overlay of difference waves after vehicle or ketamine approximately 10 min after treatment. A consistent pattern of negativity is apparent

P1 latency was unaffected (data not shown). No significant P1
effects were noted on the deviant ERP (data not shown). Thus
ketamine treatment profoundly altered the amplitude and latency
of multiple ERP components in a time-sensitive fashion.

EFFECT OF SELECTIVE NR2B ANTAGONIST CP-101,606 ON DEVIANCE
DETECTION

An overlay of the standard, deviant, and difference ERPs 60 min
after vehicle or CP-101,606 treatment are shown in Figure 8.
Whereas a robust negativity of the difference wave is appar-
ent in the 30-60 ms period after stimulus onset after vehicle,
there is little negativity under CP-101,606 treatment. To confirm,
AUC30_60 min across two time points (30 and 60 min after dosing)
were compared between vehicle and CP-101,606, using a two-way
ANOVA with repeated measures. A highly significant treatment
effect [F(2) =11.86; p < 0.0001] but no significant time or treat-
ment X time interaction effects (P > 0.05) were noted. Further,
Bonferroni tests revealed significant difference between vehicle
and CP-101,606 (10 and 30 mpk; p < 0.05 or greater) at every time
point. These results are summarized in Figure 6 (bottom panel).
Although difference waves were clearly affected by the NR2B antag-
onist, to document if this is driven by the drug response to standard

or deviant or both, we looked at mean N1 amplitude of standard
and deviant ERPs under vehicle and CP-101,606 (10 and 30 mpk)
treatments using a two-way ANOVA. Standard ERPs did not differ
in amplitude or latency between treatments (Figure 9, top panel).
On the other hand, a robust treatment effect in the form of an
amplitude reduction was apparent in deviant N1 [F(2) =6.01;
P =0.0042]. Bonferroni post-tests showed a robust suppression
of the deviant N1 treated with CP-101,606 (60 min; 30 mpk only)
compared to vehicle response (Figure 9, bottom panel). No treat-
ment effects on latency were noted for either the standard or
the deviant ERPs (data not shown). To test whether any signif-
icant deviance detection under CP-101,606 treatment remained,
we directly compared N1 of the deviant and standard ERPs at
the two time points at both doses using paired ¢-tests. No sig-
nificant differences were found (data not shown). Interestingly,
at the 30 mpk dose only, there was a trend level significance for
treatment [F(1) =2.28; P =0.1008], indicating a trend toward a
smaller deviant relative to the standard. The two remaining ERP
components of the vertex potentials, namely P1 and P2 were also
scrutinized. No treatment effect or time effect or their interaction
was significant across groups, suggesting that these components
were unaffected by CP-101,606 (data not shown).
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FIGURE 6 | Top panel, AUCy ¢ Of difference waves contrasted after
vehicle or ketamine (10 mg/kg, ip) treatment at three time points. Two-way
ANOVA with repeated measures revealed a strong overall treatment effect
[F(1)=8.44; P=0.0068]. Bottom panel, AUCs;, 4 Values contrasted after
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EFFECT OF NON-SELECTIVE AND SELECTIVE BLOCKERS OF NMDA
TRANSMISSION ON QUANTITATIVE EEG MEASURES

Careful EEG review along with synchronized video feed found lit-
tle evidence for sleep under the recording conditions. Moreover,
a dominant theta oscillatory activity, indicative of a wakeful state,
was apparent in all subjects (Figure 10), irrespective of the treat-
ment. As expected, ketamine produced robust increases in absolute
and relative gamma power (Figure 10, left panels). A robust reduc-
tion in relative theta power and a small but significant reduction in
beta 1 relative power were also noted under ketamine. In contrast,
there was an overall increase in theta power under CP-101,606
treatment and a small but significant reduction in beta 1 and 2
relative powers at the 30 mg/kg dose only (Figure 10, top right
panel). No other bands were significantly affected with CP-101,606
treatment.

EX VIVO NR2B OCCUPANCY

A small group of rats were dosed with CP-101,606 (10
and 30mpk sc; n=4/dose) and brain samples were col-
lected 60 min post-dosing for ex vivo occupancy. A robust
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FIGURE 7 | Standard and deviant N1 amplitudes compared are shown.
Top panel summarizes post-vehicle responses across three time points.
Two-way ANOVA with repeated measures showed a robust effect of
condition (standard or deviant) on N1 response [F(1)=27.85; P <0.0001].
Bottom panel shows post-ketamine data. A significant condition effect was
noted [F(1) =6.82; P =0.012]. */**Indicate significant treatment effect
(P < 0.05/0.01 respectively; Bonferroni post-tests).

occupancy of the NR2B receptor at both doses was noted
(79+£4% at 10mpk sc and 87+8% at 30mpk sc com-
pared to 0=£5% under vehicle condition). These results
are in agreement with rodent ex vivo occupancy of CP-
101,606 reported previously (60, 61). Ketamine occupancy was
not studied.

DISCUSSION

Using two different but complementary approaches to register
deviance, we found reproducible deviance detection in the vertex
ERPs of conscious rats, centered on the N1 response. This effect
was reproducible across multiple sessions and was highly sensitive
to deviant probability. Deviance as defined by deviant—standard
ERP was attenuated by the non-selective NMDA channel blocker
ketamine, validating our approach. On the other hand, the com-
plete disruption of deviance detection by a selective NR2B blocker
suggests that these subunits play a vital and hitherto unexplored
role in automatic deviance detection.

Recent rodent literature on MMN has focused on establishing
whether there is deviance detection in the auditory cortex of rats.
In contrast to some reports in the past that failed to find an MMN-
like response in the primary auditory cortex of anesthetized (19) or
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Table 2 | N1 component latency and amplitude tabulated as standard and deviant across vehicle and ketamine treatments.

N1 only Vehicle Ketamine 30 mpk
ERP Latency (ms) Mean amplitude (nV) Latency (ms) Mean amplitude (pnV)
Standardg min 50.2+2.0 6.7+12 6754+2.9%** 8.1+18
Standardsg min 54.3+2.2 52+15 58.3+2.3 8.56+17
Standardgg min 524424 55+2.1 53.4+2.9 8.2+19
Two-way ANOVA Treatment; F(1)=15.67; P=0.0003 Treatment; F(1)=5.55; P=0.02;
Treat x Time; F(2)=703; P=0.0022 Treat x Time, ns
Time, ns Time, ns
Deviantigmin 46.2+1.7 10.7+16 65.4 +£2.6%** 10.4+£3.2
Deviantsomin 50.2+1.8 9.7+16 573+2.4 14.0+2.6
Deviantgg min 50.8+1.7 M4+25 495433 10.4+15

Two-way ANOVA

Treatment; F(1)=21.8; P <0.0001
Treat x Time; F(2)=11.2; P=0.0001
Time, ns

Treatment, ns
Treat x Time, ns
Time, ns

***Indicate p < 0.001 (Bonferroni post-tests) when compared to corresponding value under vehicle condition. Note a robust latency delay and an augmentation of

amplitude (standard only) under ketamine.

awake rats (20), many recent rat studies show deviance detection
either as an increase in negativity (22, 62, 63) or an increased pos-
itivity (63), in response to the occasional odd ball by focusing on
epidural ERPs. Moreover, these responses are sensitive to the prob-
ability of deviance and are demonstrable using the rigorous “many
standards” condition first proposed by Jacobsen and Schroeger
(64). The qualitative difference in findings between extracellular
single-unit recordings and local field potentials on one hand and
ERPs on the other appears to be critical (7). Whereas the former
samples from a limited and highly localized group of neurons,

epidural ERPs reflect activity from multiple brain regions, includ-
ing subcortical sources as in the case of midline vertex potentials.
Of course the limitation of an epidural ERP measure is the inability
to unequivocally determine the primary source or generator of the
deviance signal, without extensive further investigation. In the cur-
rent studies, we have focused on midline vertex ERPs that are not
solely dependent on input from the primary auditory cortex (26),
a key source for auditory MMN. Instead, midline ERP responses
are more symmetric across the hemispheres and may reflect activ-
ity from midline subcortical structures that are not a part of the
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Table 3 | N2 component latency and amplitude tabulated as standard and deviant across vehicle and ketamine treatments.

P2 only Vehicle Ketamine 30 mpk

ERP Latency (ms) Mean Amplitude (nV) Latency (ms) Mean Amplitude (nV)

Standardqg min 85.6+2.4 9.2+14 103.5+6.5** 2.9+ 15%**

Standardsg min 89.8+2.2 57415 914+24 3£ 11

Standardgg min 85.6+4.2 51+15 874+3.0 57+14

Two-way ANOVA Treatment; F(1)=5.48; P=0.023 Treatment; F(1)=11.79; P=0.003

Treat x Time; F(2)=3.2; P=0.0501 Treat x Time; F(2) =6.00; P=0.0049

Time, ns Time, ns

Deviantig min 88.0+2.4 12.7+17 95.1+6.7 3.9+ 1.9%**

Deviantzg min 878+2.0 9.6+2.0 88.5+2.8 2.3+ 1.4%*

Deviantgg min 89.0+£2.6 9.6+18 88.4+2.8 8.5+ 18

Two-way ANOVA

Treatment; F(1)=20.14; P <0.0001
Treat xTime; F(2)=3.43; P =0.041
Time, ns

Treatment, ns
Treat x Time, ns
Time, ns

**/***Indicate p < 0.01/0.001 (Bonferroni post-tests) when compared to corresponding value under vehicle condition. Note a robust latency delay (standard only) and

a suppression of amplitude under ketamine that wanes over time.

primary lemniscal pathway (24, 25, 65) as well as structures such as
the hippocampus and the anterior cingulate (26). Since deviance
detection may be a fundamental ability required for species sur-
vival, it is not surprising that there are parallel pathways to support
this vital function.

We saw robust separation between deviant and standard or con-
trol beginning about 30 ms post-stimulus onset that peaked within
the following 30 ms. It is possible that the relatively brief tone dura-
tion of 50 ms may have punctuated the negativity as a robust “off”
response at the end of the auditory stimulus was always prominent
culminating in the P2 response. Indeed, it was recently noted that
by prolonging the stimulus duration, the duration of negativity
could be improved (62).

Opverall, the only consistent increased negativity we saw hov-
ered around the N1 response and clearly distinguished the larger
deviant response from standard. One criticism about this com-
parison is that since the standard is repeated more frequently than
the deviant, there is a greater neuronal habituation to the standard
stimulus relative to the infrequent deviant and that this does not
represent a true memory trace that is presumed to underlie MMN.
Nevertheless, such a habituation is evidence of a pre-attentive abil-
ity to discriminate a stimulus by means of its context (repetitive or
infrequent). To discount habituation as the only viable mechanism
of deviance detection, however, Jacobsen and Schroeger designed
a control protocol in which multiple stimuli including the deviant
tone are presented randomly at a probability identical to that of the
deviant (64). Since the presentation rate of the stimulus is same
as the deviant, it is expected to have little additional inhibition.
Moreover, because it is presented randomly as part of many other
tones, no necessary context for novelty exists unlike a typical odd
ball, which is presented rarely amidst a stream of identical stan-
dards. Significant difference between a stimulus delivered as part
of a control protocol vs. the same stimulus delivered as an odd
ball is argued to represent true deviance. We saw robust negativity
under standard as well as control conditions suggesting genuine
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FIGURE 10 | Summary graphs of quantitative EEG parameters analyzed approximately 30 min after vehicle or ketamine (30 mg/kg, ip), or CP-101,606
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deviance detection in the vertex potentials. Moreover, the differ-
ence wave generated by either condition was robustly sensitive to
deviant probability with both 33 and 50% evoking no significant
deviance, suggesting that low deviant probability is critical for
establishing a context of regularity. Within the same group of rats
used in the current studies, the deviance identified as negativity
between 30 and 60 ms after stimulus onset was consistent within
as well as across sessions, allowing us to study the effect of the
NMDA antagonists in a balanced cross-over design that lasted a
few weeks.

Often MMN has been defined operationally as a late negativ-
ity that appears subsequent to the N1 response. Yet in practice,
it is common for the deviance to appear even before the N1 has
peaked and therefore, showing a clear overlap in the deviant N1
recovery trajectory and that of the MMN. This is particularly the
case when there is a robust spectral separation between standard
and deviant tones as in the current study (66). A close examina-
tion of frequency MMN papers that include standard, deviant, and
MMN traces supports this notion of overlap (67-69). Indeed, May
and Tinnen (70) as well as others (71) have argued that MMN is
not distinct from an N1 response modulated by stimulus contin-
gency. We found a strong correlation between AUC3¢_¢pms and
the amplitude difference between deviant and standard ERPs on
one hand and deviant and control ERPs on the other, establish-
ing that deviance in our studies was being driven by a heightened
N1 response to novel stimuli. Additionally, we saw no consistent

protracted negativity in the difference wave going beyond the N1
time frame. This was unexpected since the midline vertex poten-
tials in Guinea pigs showed robust negativity that not only had an
early onset similar to our finding but also continued throughout
the subsequent ERP trace (24, 25). However, unlike in our data,
they did not see an “off” response that culminated in a P2 wave. In
future studies, it would be interesting to see if the negativity can
be prolonged by prolonging the tone duration as has been shown
recently (62).

In addition to the N1 component being driven by novelty, we
also saw evidence for P1 component in the deviant ERP being sub-
stantially smaller than both standard and control ERPs, suggesting
that even as early as 25 ms after stimulus onset, a deviance was
being registered. Although we have not seen literature evidence
for such early deviance in preclinical ERP recordings, stimulus-
specific adaptation, a putative mechanism for deviance detection,
has been reported as early as 20 ms from stimulus onset in both the
inferior colliculus and the dorsal portion of the medial geniculate,
structures that mediate the non-lemniscal processing of audi-
tory signals (72, 73). Thus, the observed early changes in vertex
recordings may reflect activity from these subcortical structures.
While deviance detection in components earlier than N1 is not
generally reported or discussed typically in the clinical literature on
MMN, a recent report has found evidence for deviance detection
as early as 40 ms in human scalp EEG (74). It has been argued that
N1-MMN-N2b may represent a continuum of deviance detection
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(1). Support for early auditory detection of deviance including
some that precedes MMN has been reviewed recently (14, 75).

Attenuation of MMN by NMDA antagonists has been an
important pharmacological validation ever since it was first
demonstrated in monkeys with PCP (28), and subsequently repli-
cated in multiple species including human, primate, and rodent
(5, 30, 31, 33, 56, 76, 77). Moreover, ketamine, a fast acting,
non-selective NMDA channel blocker with rapid pharmacoki-
netics has been frequently studied for its effects on MMN in
healthy humans. Although a few studies have failed to demonstrate
significant modulation (55, 78, 79), a majority reported diminu-
tion of MMN. In studies where ketamine diminished deviance
response, the basis is often unclear since the difference wave is a
virtual construct materialized by subtracting the standard from
the deviant and frequently standard and deviant ERPs are not
shown.

Given the temporal overlap between standard, deviant, and the
difference wave in our study, we suspected that the N1 com-
ponent could be contributing to the reduced deviance follow-
ing ketamine administration. While ketamine treatment clearly
delayed the appearance of ERP components like N1, the overall
ERP morphology was preserved, allowing component measure-
ments. A significant disinhibition of the standard N1 across three
time points was noted under ketamine (Table 2). Since a stan-
dard ERP is presented many more times than a deviant, it is
under a greater inhibition (i.e., stimulus-specific adaptation). It
is this inhibition that ketamine appears to relieve somewhat. This
effect clearly contributed to the diminished significance between
the deviant and standard ERPs under ketamine. This observa-
tion supports the contention that stimulus-specific adaptation is a
key mechanism underlying deviance detection and non-selective
NMDA blockers interfere with this process. A similar observa-
tion was previously made by Ehrlichman and colleagues using
mouse hippocampal field recordings (56). That ketamine has dis-
inhibitory effects on ERPs is not unprecedented as at least two
clinical studies documented disinhibitory effect of ketamine on
N1 amplitude (33, 55) while using an odd-ball paradigm. Other
reports have described an augmentation of sensory or somatosen-
sory ERPs under ketamine (80, 81), perhaps a result of cortical
glutamate efflux and activation of non-NMDA mediated excita-
tory transmission through AMPA receptors (82). However, others
have found no effect on N1 amplitude in an odd-ball proto-
col (76). We speculate that these differences can be attributed
to variable dose and testing regimens that in turn affect the
degree of NMDA channel blockade obtained in these studies. A
careful temporal characterization of ketamine dose—response on
ERPs generated by an odd-ball protocol could reveal the excita-
tory and inhibitory effects of ketamine on ERPs and reconcile
these differences.

Apart from its amplitude effects, ketamine robustly suppressed
and delayed the latency of ERPs, especially at the first time point
(~10 min post-injection), suggesting a relative slowing of signal
processing and delay in peak synchrony of the neural oscillators
generating the ERP response. Ketamine-induced slowing of ERPs
has been reported both in clinical (30, 83) as well as in experimen-
tal subjects previously (56, 84, 85). Apart from its effects on N1
amplitude and latency, Ketamine impacted other ERP components

as well. Generally, both P1 and P2 components tended to be sup-
pressed relative to vehicle at the 10 and 30 min time points and
recovered by the 60 min time point. Compared to P1, effects on
P2 were more robust. Lastly, ketamine’s effects on qEEG have been
well characterized previously and the current results are in line
with these findings (86, 87). In addition, the dominant power of
theta band is indicative of the strong hippocampal contribution
to the vertex recorded EEG.

Perhaps, the most significant finding of our report was the com-
plete elimination of deviance after treatment with CP-101,606, a
highly selective antagonist of NR2B receptors (88, 89). In con-
trast to ketamine, no significant disinhibition of the standard
N1 response was noted. Instead, there was a dose-dependent
and robust suppression of the deviant N1 response. This sug-
gests that NR2B receptors may be mediating true context-based
deviance detection rather than stimulus-specific adaptation alone.
For example, if NR2B receptors affected adaptation, one would
expect a clear increase in standard ERPs and consequently, no sig-
nificant difference between the less suppressed deviant and the
disinhibited standard. Instead, we saw the opposite; i.e., a sig-
nificant and dose-dependent suppression of the deviant and no
significant disinhibition of the standard ERP. Since a shift in atten-
tion involving frontal cortical regions is believed to be responsible
for enhanced deviant negativity (44, 46, 48, 90), we can speculate
that the NR2B mechanism may be vital for mediating this function
and that selective NR2B antagonists interfere with this process.
Moreover, it has been recently argued that whereas sensory cortices
participate in deviance detection by means of stimulus-specific
adaptation (where neighboring cortical columns are suppressed
from responding to repeated stimuli), connectivity from frontal
regions such as the medial prefrontal cortex to the temporal cor-
tex modulates the gain of this process in an NMDA-dependent
mechanism (31). Consistent with this hypothesis, patients with
localized lesions within the medial prefrontal cortex have poor
deviance detection (42, 43). Moreover, schizophrenia patients as a
group have highly reproducible and stable deficits in MMN even
as they consistently show deficits in cognitive tasks that are driven
by this region such as working memory and executive function
(45, 91-93). Prefrontal cortical neurotransmission is believed to
be especially sensitive to NMDA transmission (94, 95). Recently,
there have been several reports that show that NR2B-based neu-
rotransmission is critical for the optimal function of this region
(39, 41, 96, 97). We speculate that disruption of NR2B neuro-
transmission in prefrontal cortex may contribute to the loss of
deviance detection in NR2B-treated rats. Interestingly, a recent
report showed molecular evidence for potential aberrant traffick-
ing of NR2B receptors, but not NR2A, within cortical layers of
schizophrenia patients (98). The differential effects of CP-101,606
and ketamine on qEEG parameters further highlight how individ-
ual subunit modulation can alter the field response in a way that
is not reflected by non-selective channel blockers.

To conclude, robust deviance detection to pitch changes were
noted in vertex potentials of awake and freely behaving rats. The
deviance detection was diminished by pretreatment with the non-
selective NMDA channel blocker ketamine which disinhibited and
enlarged standard ERP response. On the other hand, the NR2B
selective antagonist CP-101,606 completely abolished deviance
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detection by selectively inhibiting the deviant ERPs. This is the
first demonstration that reducing function of NR2B receptors dis-
rupts the pre-attentive auditory deviance detection mechanism
in rats.

REFERENCES

1.

o8]

w

ks

152

o

N

o

e

10.

1

—

12.

14.

15.

16.

17.

18.

19.

Naatanen R, Kujala T, Winkler I. Auditory processing that leads to conscious
perception: a unique window to central auditory processing opened by the
mismatch negativity and related responses. Psychophysiology (2011) 48:4-22.
doi:10.1111/j.1469-8986.2010.01114.x

. Naatanen R, Tervaniemi M, Sussman E, Paavilainen P, Winkler 1. “Primi-

tive intelligence” in the auditory cortex. Trends Neurosci (2001) 24:283-8.
doi:10.1016/S0166-2236(00)01790-2

. Shelley AM, Silipo G, Javitt DC. Diminished responsiveness of ERPs in schiz-

ophrenic subjects to changes in auditory stimulation parameters: implications
for theories of cortical dysfunction. Schizophr Res (1999) 37:65-79.

Astikainen P, Stefanics G, Nokia M, Lipponen A, Cong F, Penttonen M, et al.
Memory-based mismatch response to frequency changes in rats. PLoS One
(2011) 6:24208. doi:10.1371/journal.pone.0024208

. Gil-da-Costa R, Stoner GR, Fung R, Albright TD. Nonhuman primate model of

schizophrenia using a noninvasive EEG method. Proc Natl Acad Sci U S A (2013)
110:15425-30. doi:10.1073/pnas.1312264110

Javitt DC, Spencer KM, Thaker GK, Winterer G, Hajos M. Neurophysiological
biomarkers for drug development in schizophrenia. Nat Rev Drug Discov (2008)
7:68-83. d0i:10.1038/nrd2463

Todd J, Harms L, Schall U, Michie PT. Mismatch negativity: translating the
potential. Front Psychiatry (2013) 4:171. doi:10.3389/fpsyt.2013.00171

. Jemel B, Achenbach C, Muller BW, Ropcke B, Oades RD. Mismatch negativity

results from bilateral asymmetric dipole sources in the frontal and temporal
lobes. Brain Topogr (2002) 15:13-27. doi:10.1023/A:1019944805499

Kasai K, Nakagome K, Itoh K, Koshida I, Hata A, Iwanami A, et al. Multiple
generators in the auditory automatic discrimination process in humans. Neu-
roreport (1999) 10:2267-71. doi:10.1097/00001756-199908020-00008
Miyanishi T, Sumiyoshi T, Higuchi Y, Seo T, Suzuki M. LORETA current source
density for duration mismatch negativity and neuropsychological assessment
in early schizophrenia. PLoS One (2013) 8:¢61152. doi:10.1371/journal.pone.
0061152

. Molholm S, Martinez A, Ritter W, Javitt DC, Foxe JJ. The neural circuitry of

pre-attentive auditory change-detection: an fMRI study of pitch and duration
mismatch negativity generators. Cereb Cortex (2005) 15:545-51. doi:10.1093/
CERCOR/BHH155

Naatanen R, Alho K. Generators of electrical and magnetic mismatch responses
in humans. Brain Topogr (1995) 7:315-20. doi:10.1007/BF01195257

. Oknina LB, Wild-Wall N, Oades RD, Juran SA, Répcke B, Pfueller U, et al. Frontal

and temporal sources of mismatch negativity in healthy controls, patients at
onset of schizophrenia in adolescence and others at 15 years after onset. Schizo-
phr Res (2005) 76:25—41. doi:10.1016/j.schres.2004.10.003

Escera C, Malmierca MS. The auditory novelty system: an attempt to integrate
human and animal research. Psychophysiology (2014) 51:111-23. doi:10.1111/
psyp-12156

Nelken I, Yaron A, Polterovich A, Hershenhoren I. Stimulus-specific adaptation
beyond pure tones. Adv Exp Med Biol (2013) 787:411-8. doi:10.1007/978-1-
4614-1590-9_45

Niitinen R, Kujala T, Escera C, Baldeweg T, Kreegipuu K, Carlson S, et al. The
mismatch negativity (MMN) — a unique window to disturbed central auditory
processing in ageing and different clinical conditions. Clin Neurophysiol (2012)
123:424-58. doi:10.1016/j.clinph.2011.09.020

Naatanen R, Kujala T, Kreegipuu K, Carlson S, Escera C, Baldeweg T, et al. The
mismatch negativity: an index of cognitive decline in neuropsychiatric and neu-
rological diseases and in ageing. Brain (2011) 134:3435-53. doi:10.1093/brain/
awr064

Light GA, Naatanen R. Mismatch negativity is a breakthrough biomarker for
understanding and treating psychotic disorders. Proc Natl Acad Sci U S A (2013)
110:15175-6. doi:10.1073/pnas.1313287110

Lazar R, Metherate R. Spectral interactions, but no mismatch negativity, in audi-
tory cortex of anesthetized rat. Hear Res (2003) 181:51-6. doi:10.1016/S0378-
5955(03)00166-7

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

von der Behrens W, Bauerle P, Kossl M, Gaese BH. Correlating stimulus-specific
adaptation of cortical neurons and local field potentials in the awake rat. | Neu-
rosci (2009) 29:13837—49. doi:10.1523/JNEUROSCI.3475-09.2009

Ahmed M, Millo T, Leppdnen PH, Hiamil4inen J, Ayrdvdinen L, Ruusuvirta T,
et al. Mismatch brain response to speech sound changes in rats. Front Psychol
(2011) 2:283. doi:10.3389/fpsyg.2011.00283

Nakamura T, Michie PT, Fulham WR, Todd J, Budd TW, Schall U, etal.
Epidural auditory event-related potentials in the rat to frequency and dura-
tion deviants: evidence of mismatch negativity? Front Psychol (2011) 2:367.
doi:10.3389/fpsyg.2011.00367

Shiramatsu TI, Kanzaki R, Takahashi H. Cortical mapping of mismatch neg-
ativity with deviance detection property in rat. PLoS One (2013) 8:¢82663.
doi:10.1371/journal.pone.0082663

Kraus N, McGee T, Carrell T, King C, Littman T, Nicol T. Discrimination of
speech-like contrasts in the auditory thalamus and cortex. J Acoust Soc Am
(1994) 96:2758-68. doi:10.1121/1.411282

Kraus N, McGee T, Littman T, Nicol T, King C. Nonprimary auditory thalamic
representation of acoustic change. J Neurophysiol (1994) 72:1270-7.

Simpson GV, Knight RT. Multiple brain systems generating the rat audi-
tory evoked potential. II. Dissociation of auditory cortex and non-lemniscal
generator systems. Brain Res (1993) 602:251-63. doi:10.1016/0006-8993(93)
90689-K

Simpson GV, Knight RT. Multiple brain systems generating the rat auditory
evoked potential. I. Characterization of the auditory cortex response. Brain Res
(1993) 602:240-50. doi:10.1016/0006-8993(93)90689-K

Javitt DC, Steinschneider M, Schroeder CE, Arezzo JC. Role of cortical N-
methyl-p-aspartate receptors in auditory sensory memory and mismatch nega-
tivity generation: implications for schizophrenia. Proc Natl Acad Sci U S A (1996)
93:11962—7. doi:10.1073/pnas.93.21.11962

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. doi:10.1016/j.biopsych.2011.
09.031

Knott V, Shah D, Millar A, McIntosh J, Fisher D, Blais C, et al. Nicotine, audi-
tory sensory memory, and sustained attention in a human ketamine model of
schizophrenia: moderating influence of a hallucinatory trait. Front Pharmacol
(2012) 3:172. doi:10.3389/fphar.2012.00172

Schmidt A, Bachmann R, Kometer M, Csomor PA, Stephan KE, Seifritz E,
et al. Mismatch negativity encoding of prediction errors predicts S-ketamine-
induced cognitive impairments. Neuropsychopharmacology (2012) 37:865-75.
doi:10.1038/npp.2011.261

Umbricht D, Koller R, Vollenweider FX, Schmid L. Mismatch negativity
predicts psychotic experiences induced by NMDA receptor antagonist in healthy
volunteers. Biol Psychiatry (2002) 51:400-6. doi:10.1016/S0006-3223(01)
01242-2

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.

Huntley GW, Vickers JC, Morrison JH. Cellular and synaptic localization of
NMDA and non-NMDA receptor subunits in neocortex: organizational fea-
tures related to cortical circuitry, function and disease. Trends Neurosci (1994)
17:536—43. doi:10.1016/0166-2236(94)90158-9

Kohr G. NMDA receptor function: subunit composition versus spatial distrib-
ution. Cell Tissue Res (2006) 326:439—46. doi:10.1007/s00441-006-0273-6
Mony L, Kew JN, Gunthorpe MJ, Paoletti P. Allosteric modulators of
NR2B-containing NMDA receptors: molecular mechanisms and therapeutic
potential. Br ] Pharmacol (2009) 157:1301-17. doi:10.1111/j.1476-5381.2009.
00304.x

Santangelo RM, Acker TM, Zimmerman SS, Katzman BM, Strong KL, Traynelis
SE, et al. Novel NMDA receptor modulators: an update. Expert Opin Ther Pat
(2012) 22:1337-52. doi:10.1517/13543776.2012.728587

Brigman JL, Daut RA, Wright T, Gunduz-Cinar O, Graybeal C, Davis M], et al.
GluN2B in corticostriatal circuits governs choice learning and choice shifting.
Nat Neurosci (2013) 16:1101-10. doi:10.1038/nn.3457

Dalton GL, Ma LM, Phillips AG, Floresco SB. Blockade of NMDA GluN2B
receptors selectively impairs behavioral flexibility but not initial discrimination
learning. Psychopharmacology (Berl) (2011) 216:525-35. doi:10.1007/s00213-
011-2246-z

www.frontiersin.org

August 2014 | Volume 5 | Article 96 | 13


http://dx.doi.org/10.1111/j.1469-8986.2010.01114.x
http://dx.doi.org/10.1016/S0166-2236(00)01790-2
http://dx.doi.org/10.1371/journal.pone.0024208
http://dx.doi.org/10.1073/pnas.1312264110
http://dx.doi.org/10.1038/nrd2463
http://dx.doi.org/10.3389/fpsyt.2013.00171
http://dx.doi.org/10.1023/A:1019944805499
http://dx.doi.org/10.1097/00001756-199908020-00008
http://dx.doi.org/10.1371/journal.pone.0061152
http://dx.doi.org/10.1371/journal.pone.0061152
http://dx.doi.org/10.1093/CERCOR/BHH155
http://dx.doi.org/10.1093/CERCOR/BHH155
http://dx.doi.org/10.1007/BF01195257
http://dx.doi.org/10.1016/j.schres.2004.10.003
http://dx.doi.org/10.1111/psyp.12156
http://dx.doi.org/10.1111/psyp.12156
http://dx.doi.org/10.1007/978-1-4614-1590-9_45
http://dx.doi.org/10.1007/978-1-4614-1590-9_45
http://dx.doi.org/10.1016/j.clinph.2011.09.020
http://dx.doi.org/10.1093/brain/awr064
http://dx.doi.org/10.1093/brain/awr064
http://dx.doi.org/10.1073/pnas.1313287110
http://dx.doi.org/10.1016/S0378-5955(03)00166-7
http://dx.doi.org/10.1016/S0378-5955(03)00166-7
http://dx.doi.org/10.1523/JNEUROSCI.3475-09.2009
http://dx.doi.org/10.3389/fpsyg.2011.00283
http://dx.doi.org/10.3389/fpsyg.2011.00367
http://dx.doi.org/10.1371/journal.pone.0082663
http://dx.doi.org/10.1121/1.411282
http://dx.doi.org/10.1016/0006-8993(93)90689-K
http://dx.doi.org/10.1016/0006-8993(93)90689-K
http://dx.doi.org/10.1016/0006-8993(93)90689-K
http://dx.doi.org/10.1073/pnas.93.21.11962
http://dx.doi.org/10.1016/j.biopsych.2011.09.031
http://dx.doi.org/10.1016/j.biopsych.2011.09.031
http://dx.doi.org/10.3389/fphar.2012.00172
http://dx.doi.org/10.1038/npp.2011.261
http://dx.doi.org/10.1016/S0006-3223(01)01242-2
http://dx.doi.org/10.1016/S0006-3223(01)01242-2
http://dx.doi.org/10.1016/0166-2236(94)90158-9
http://dx.doi.org/10.1007/s00441-006-0273-6
http://dx.doi.org/10.1111/j.1476-5381.2009.00304.x
http://dx.doi.org/10.1111/j.1476-5381.2009.00304.x
http://dx.doi.org/10.1517/13543776.2012.728587
http://dx.doi.org/10.1038/nn.3457
http://dx.doi.org/10.1007/s00213-011-2246-z
http://dx.doi.org/10.1007/s00213-011-2246-z
http://www.frontiersin.org
http://www.frontiersin.org/Schizophrenia/archive

Sivarao et al.

NR2B antagonist abolishes MMN-like response

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5

—

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

—

Wang H, Stradtman GG III, Wang XJ, Gao WJ. A specialized NMDA receptor
function in layer 5 recurrent microcircuitry of the adult rat prefrontal cortex.
Proc Natl Acad Sci U S A (2008) 105:16791-6. doi:10.1073/pnas.0804318105
Wang M, Yang Y, Wang CJ, Gamo NJ, Jin LE, Mazer JA, et al. NMDA recep-
tors subserve persistent neuronal firing during working memory in dorsolateral
prefrontal cortex. Neuron (2013) 77:736—49. doi:10.1016/j.neuron.2012.12.032
Alain C, Woods DL, Knight RT. A distributed cortical network for auditory
sensory memory in humans. Brain Res (1998) 812:23-37.

Alho K, Woods DL, Algazi A, Knight RT, Naatanen R. Lesions of frontal cortex
diminish the auditory mismatch negativity. Electroencephalogr Clin Neurophysiol
(1994) 91:353-62. doi:10.1016/0013-4694(94)00173- 1

Doeller CF, Opitz B, Mecklinger A, Krick C, Reith W, Schroger E. Pre-
frontal cortex involvement in preattentive auditory deviance detection: neu-
roimaging and electrophysiological evidence. Neuroimage (2003) 20:1270-82.
doi:10.1016/51053-8119(03)00389-6

Light GA, Braff DL. Mismatch negativity deficits are associated with poor
functioning in schizophrenia patients. Arch Gen Psychiatry (2005) 62:127-36.
doi:10.1001/archpsyc.62.2.127

Opitz B, Rinne T, Mecklinger A, von Cramon DY, Schroger E. Differential con-
tribution of frontal and temporal cortices to auditory change detection: fMRI
and ERP results. Neuroimage (2002) 15:167-74. doi:10.1006/nimg.2001.0970
Martin BA, Tremblay KL, Korczak P. Speech evoked potentials: from the
laboratory to the clinic. Ear Hear (2008) 29:285-313. doi:10.1097/AUD.
0b013e3181662c0e

Herrmann CS, Knight RT. Mechanisms of human attention: event-related
potentials and oscillations. Neurosci Biobehav Rev (2001) 25:465-76. doi:10.
1016/50149-7634(01)00027-6

Woldorff MG, Hillyard SA. Modulation of early auditory processing during
selective listening to rapidly presented tones. Electroencephalogr Clin Neurophys-
iol (1991) 79:170-91.

Dias EC, Butler PD, Hoptman M]J, Javitt DC. Early sensory contributions
to contextual encoding deficits in schizophrenia. Arch Gen Psychiatry (2011)
68:654—64. doi:10.1001/archgenpsychiatry.2011.17

. Hall MH, Levy DL, Salisbury DF, Haddad S, Gallagher P, Lohan M, et al. Neuro-

physiologic effect of GWAS derived schizophrenia and bipolar risk variants. Am
] Med Genet B Neuropsychiatr Genet (2014) 165:9—18. doi:10.1002/ajmg.b.32212
Salisbury DF, Collins KC, McCarley RW. Reductions in the N1 and P2 auditory
event-related potentials in first-hospitalized and chronic schizophrenia. Schizo-
phr Bull (2010) 36:991-1000. doi:10.1093/schbul/sbp003

Amann LC, Gandal MJ, Halene TB, Ehrlichman RS, White SL, McCarren
HS, et al. Mouse behavioral endophenotypes for schizophrenia. Brain Res Bull
(2010) 83:147-61. doi:10.1016/j.brainresbull.2010.04.008

Umbricht D, Vyssotky D, Latanov A, Nitsch R, Brambilla R, D’Adamo P, et al.
Midlatency auditory event-related potentials in mice: comparison to midla-
tency auditory ERPs in humans. Brain Res (2004) 1019:189-200. doi:10.1016/j.
brainres.2004.05.097

Oranje B, van Berckel BN, Kemner C, van Ree JM, Kahn RS, Verbaten MN.
The effects of a sub-anaesthetic dose of ketamine on human selective attention.
Neuropsychopharmacology (2000) 22:293-302. doi:10.1016/50893-133X(99)
00118-9

Ehrlichman RS, Maxwell CR, Majumdar S, Siegel SJ. Deviance-elicited changes
in event-related potentials are attenuated by ketamine in mice. ] Cogn Neurosci
(2008) 20:1403-14. doi:10.1162/jocn.2008.20097

Maxwell CR, Ehrlichman RS, Liang Y, Trief D, Kanes SJ, Karp J, et al. Ketamine
produces lasting disruptions in encoding of sensory stimuli. J Pharmacol Exp
Ther (2006) 316:315-24. doi:10.1124/jpet.105.091199

Luck SJ. An Introduction to the Event-Related Potential Technique. Cambridge,
MA: MIT Press (2004). 388 p.

Fischer G, Mutel V, Trube G, Malherbe P, Kew JN, Mohacsi E, et al. Ro 25-6981, a
highly potent and selective blocker of N-methyl-D-aspartate receptors contain-
ing the NR2B subunit. Characterization in vitro. J Pharmacol Exp Ther (1997)
283:1285-92.

Lord B, Wintmolders C, Langlois X, Nguyen L, Lovenberg T, Bonaventure P.
Comparison of the ex vivo receptor occupancy profile of ketamine to several
NMDA receptor antagonists in mouse hippocampus. Eur J Pharmacol (2013)
715:21-5. doi:10.1016/j.¢jphar.2013.06.028

. Murray F, Kennedy J, Hutson PH, Elliot J, Huscroft I, Mohnen K, et al. Mod-

ulation of [3H]MK-801 binding to NMDA receptors in vivo and in vitro. Eur
J Pharmacol (2000) 397:263-70. doi:10.1016/S0014-2999(00)00263-6

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Jung E Stephan KE, Backes H, Moran R, Gramer M, Kumagai T, et al. Mismatch
responses in the awake rat: evidence from epidural recordings of auditory cor-
tical fields. PLoS One (2013) 8:¢63203. doi:10.1371/journal.pone.0063203
Ruusuvirta T, Lipponen A, Pellinen E, Penttonen M, Astikainen P. Auditory
cortical and hippocampal-system mismatch responses to duration deviants in
urethane-anesthetized rats. PLoS One (2013) 8:e54624. doi:10.1371/journal.
pone.0054624

Jacobsen T, Schroger E. Is there pre-attentive memory-based comparison of
pitch? Psychophysiology (2001) 38:723-7. doi:10.1111/1469-8986.3840723
King C, McGee T, Rubel EW, Nicol T, Kraus N. Acoustic features and
acoustic changes are represented by different central pathways. Hear Res (1995)
85:45-52.

Scherg M, Vajsar J, Picton TW. A source analysis of the late human auditory
evoked potentials. ] Cogn Neurosci (1989) 1:336-55. doi:10.1162/jocn.1989.1.4.
336

Alho K. Cerebral generators of mismatch negativity (MMN) and its magnetic
counterpart (MMNm) elicited by sound changes. Ear Hear (1995) 16:38-51.
Escera C, Alho K, Winkler I, Naatanen R. Neural mechanisms of involuntary
attention to acoustic novelty and change. ] Cogn Neurosci (1998) 10:590-604.
doi:10.1162/089892998562997

Garrido MI, Kilner JM, Stephan KE, Friston KJ. The mismatch negativity:
a review of underlying mechanisms. Clin Neurophysiol (2009) 120:453—63.
doi:10.1016/j.clinph.2008.11.029

May PJ, Tiitinen H. Mismatch negativity (MMN), the deviance-elicited auditory
deflection, explained. Psychophysiology (2010) 47:66—122. doi:10.1111/j.1469-
8986.2009.00856.x

Jaaskelainen IP, Ahveninen J, Bonmassar G, Dale AM, Ilmoniemi RJ, Levi-
nen S, etal. Human posterior auditory cortex gates novel sounds to con-
sciousness. Proc Natl Acad Sci U S A (2004) 101:6809-14. doi:10.1073/pnas.
0303760101

Antunes FM, Malmierca MS. An overview of stimulus-specific adaptation in the
auditory thalamus. Brain Topogr (2014) 27:480-99. doi:10.1007/5s10548-013-
0342-6

Ayala YA, Malmierca MS. Stimulus-specific adaptation and deviance detection
in the inferior colliculus. Front Neural Circuits (2012) 6:89. doi:10.3389/fncir.
2012.00089

Grimm S, Escera C. Auditory deviance detection revisited: evidence for a hier-
archical novelty system. Int ]| Psychophysiol (2012) 85:88-92. do0i:10.1016/j.
ijpsycho.2011.05.012

Escera C, Leung S, Grimm S. Deviance detection based on regularity encoding
along the auditory hierarchy: electrophysiological evidence in humans. Brain
Topogr (2014) 27:527-38. doi:10.1007/s10548-013-0328-4

Heekeren K, Daumann J, Neukirch A, Stock C, Kawohl W, Norra C, etal.
Mismatch negativity generation in the human 5HT2A agonist and NMDA
antagonist model of psychosis. Psychopharmacology (Berl) (2008) 199:77-88.
doi:10.1007/s00213-008-1129-4

Tikhonravov D, Neuvonen T, Pertovaara A, Savioja K, Ruusuvirta T, Néiti-
nen R, et al. Effects of an NMDA-receptor antagonist MK-801 on an MMN-
like response recorded in anesthetized rats. Brain Res (2008) 1203:97-102.
doi:10.1016/j.brainres.2008.02.006

Mathalon DH, Ahn KH, Perry EB Jr, Cho HS, Roach B]J, Blais RK, et al. Effects
of nicotine on the neurophysiological and behavioral effects of ketamine in
humans. Front Psychiatry (2014) 5:3. doi:10.3389/fpsyt.2014.00003

Roser P, Haussleiter IS, Chong HJ, Maier C, Kawohl W, Norra C, et al. Inhibi-
tion of cerebral type 1 cannabinoid receptors is associated with impaired audi-
tory mismatch negativity generation in the ketamine model of schizophrenia.
Psychopharmacology (Berl) (2011) 218:611-20. do0i:10.1007/s00213-011-2352-y
Plourde G, Baribeau J, Bonhomme V. Ketamine increases the amplitude of the
40-Hz auditory steady-state response in humans. Br | Anaesth (1997) 78:524-9.
doi:10.1093/bja/78.5.524

Schubert A, Licina MG, Lineberry PJ. The effect of ketamine on human
somatosensory evoked potentials and its modification by nitrous oxide. Anes-
thesiology (1990) 72:33-9. doi:10.1097/00000542-199001000- 00007
Moghaddam B, Adams B, Verma A, Daly D. Activation of glutamatergic neu-
rotransmission by ketamine: a novel step in the pathway from NMDA receptor
blockade to dopaminergic and cognitive disruptions associated with the pre-
frontal cortex. ] Neurosci (1997) 17:2921-7.

Kreitschmann-Andermahr I, Rosburg T, Demme U, Gaser E, Nowak H,
Sauer H. Effect of ketamine on the neuromagnetic mismatch field in healthy

Frontiers in Psychiatry | Schizophrenia

August 2014 | Volume 5 | Article 96 | 14


http://dx.doi.org/10.1073/pnas.0804318105
http://dx.doi.org/10.1016/j.neuron.2012.12.032
http://dx.doi.org/10.1016/0013-4694(94)00173-1
http://dx.doi.org/10.1016/S1053-8119(03)00389-6
http://dx.doi.org/10.1001/archpsyc.62.2.127
http://dx.doi.org/10.1006/nimg.2001.0970
http://dx.doi.org/10.1097/AUD.0b013e3181662c0e
http://dx.doi.org/10.1097/AUD.0b013e3181662c0e
http://dx.doi.org/10.1016/S0149-7634(01)00027-6
http://dx.doi.org/10.1016/S0149-7634(01)00027-6
http://dx.doi.org/10.1001/archgenpsychiatry.2011.17
http://dx.doi.org/10.1002/ajmg.b.32212
http://dx.doi.org/10.1093/schbul/sbp003
http://dx.doi.org/10.1016/j.brainresbull.2010.04.008
http://dx.doi.org/10.1016/j.brainres.2004.05.097
http://dx.doi.org/10.1016/j.brainres.2004.05.097
http://dx.doi.org/10.1016/S0893-133X(99)00118-9
http://dx.doi.org/10.1016/S0893-133X(99)00118-9
http://dx.doi.org/10.1162/jocn.2008.20097
http://dx.doi.org/10.1124/jpet.105.091199
http://dx.doi.org/10.1016/j.ejphar.2013.06.028
http://dx.doi.org/10.1016/S0014-2999(00)00263-6
http://dx.doi.org/10.1371/journal.pone.0063203
http://dx.doi.org/10.1371/journal.pone.0054624
http://dx.doi.org/10.1371/journal.pone.0054624
http://dx.doi.org/10.1111/1469-8986.3840723
http://dx.doi.org/10.1162/jocn.1989.1.4.336
http://dx.doi.org/10.1162/jocn.1989.1.4.336
http://dx.doi.org/10.1162/089892998562997
http://dx.doi.org/10.1016/j.clinph.2008.11.029
http://dx.doi.org/10.1111/j.1469-8986.2009.00856.x
http://dx.doi.org/10.1111/j.1469-8986.2009.00856.x
http://dx.doi.org/10.1073/pnas.0303760101
http://dx.doi.org/10.1073/pnas.0303760101
http://dx.doi.org/10.1007/s10548-013-0342-6
http://dx.doi.org/10.1007/s10548-013-0342-6
http://dx.doi.org/10.3389/fncir.2012.00089
http://dx.doi.org/10.3389/fncir.2012.00089
http://dx.doi.org/10.1016/j.ijpsycho.2011.05.012
http://dx.doi.org/10.1016/j.ijpsycho.2011.05.012
http://dx.doi.org/10.1007/s10548-013-0328-4
http://dx.doi.org/10.1007/s00213-008-1129-4
http://dx.doi.org/10.1016/j.brainres.2008.02.006
http://dx.doi.org/10.3389/fpsyt.2014.00003
http://dx.doi.org/10.1007/s00213-011-2352-y
http://dx.doi.org/10.1093/bja/78.5.524
http://dx.doi.org/10.1097/00000542-199001000-00007
http://www.frontiersin.org/Schizophrenia
http://www.frontiersin.org/Schizophrenia/archive

Sivarao et al.

NR2B antagonist abolishes MMN-like response

84.

85.

86.

87.

88.

89.

90.

9

—_

92.

93.

humans. Brain Res Cogn Brain Res (2001) 12:109-16. doi:10.1016/S0926-
6410(01)00043-X

Pineda JA, Holmes TC, Swick D, Foote SL. Brain-stem auditory evoked poten-
tials in squirrel monkey (Saimiri sciureus). Electroencephalogr Clin Neurophysiol
(1989) 73:532-43. doi:10.1016/0013-4694(89)90262-9

Rennaker RL, Carey HL, Anderson SE, Sloan AM, Kilgard MP. Anesthesia sup-
presses nonsynchronous responses to repetitive broadband stimuli. Neuroscience
(2007) 145:357-69. doi:10.1016/j.neuroscience.2006.11.043

Kittelberger K, Hur EE, Sazegar S, Keshavan V, Kocsis B. Comparison of
the effects of acute and chronic administration of ketamine on hippocam-
pal oscillations: relevance for the NMDA receptor hypofunction model of
schizophrenia. Brain Struct Funct (2012) 217:395-409. doi:10.1007/s00429-
011-0351-8

Lazarewicz MT, Ehrlichman RS, Maxwell CR, Gandal MJ, Finkel LH, Siegel
SJ. Ketamine modulates theta and gamma oscillations. J Cogn Neurosci (2010)
22:1452-64. doi:10.1162/jocn.2009.21305

Menniti F, Chenard B, Collins M, Ducat M, Shalaby I, White F. CP-101,606, a
potent neuroprotectant selective for forebrain neurons. Eur J Pharmacol (1997)
331:117-26. doi:10.1016/50014-2999(97)10092-9

Taniguchi K, Shinjo K, Mizutani M, Shimada K, Ishikawa T, Menniti FS, et al.
Antinociceptive activity of CP-101,606, an NMDA receptor NR2B subunit
antagonist. Br J Pharmacol (1997) 122:809-12.

Yago E, Escera C, Alho K, Giard MH. Cerebral mechanisms underlying orient-
ing of attention towards auditory frequency changes. Neuroreport (2001) 12:
2583-7.

. Javitt DC. When doors of perception close: bottom-up models of disrupted cog-

nition in schizophrenia. Annu Rev Clin Psychol (2009) 5:249-75. doi:10.1146/
annurev.clinpsy.032408.153502

Light GA, Braff DL. Stability of mismatch negativity deficits and their relation-
ship to functional impairments in chronic schizophrenia. Am J Psychiatry (2005)
162:1741-3. doi:10.1176/appi.ajp.162.9.1741

Lisman JE, Coyle JT, Green RW, Javitt DC, Benes FM, Heckers S, etal.
Circuit-based framework for understanding neurotransmitter and risk gene
interactions in schizophrenia. Trends Neurosci (2008) 31:234—42. doi:10.1016/j.
tins.2008.02.005

94. Arnsten AF. Prefrontal cortical network connections: key site of vulnerability
in stress and schizophrenia. Int ] Dev Neurosci (2011) 29:215-23. doi:10.1016/j.
ijdevneu.2011.02.006

95. Lett TA, Voineskos AN, Kennedy JL, Levine B, Daskalakis Z]J. Treating working
memory deficits in schizophrenia: a review of the neurobiology. Biol Psychiatry
(2014) 75:361-70. doi:10.1016/j.biopsych.2013.07.026

96. Cui, Jin J, Zhang X, Xu H, Yang L, Du D, et al. Forebrain NR2B overexpression
facilitating the prefrontal cortex long-term potentiation and enhancing work-
ing memory function in mice. PLoS One (2011) 6:¢20312. doi:10.1371/journal.
pone.0020312

97. Gilmartin MR, Kwapis JL, Helmstetter FJ. NR2A- and NR2B-containing NMDA
receptors in the prelimbic medial prefrontal cortex differentially mediate
trace, delay, and contextual fear conditioning. Learn Mem (2013) 20:290—4.
doi:10.1101/lm.030510.113

98. Kristiansen LV, Bakir B, Haroutunian V, Meador-Woodruff JH. Expression of
the NR2B-NMDA receptor trafficking complex in prefrontal cortex from a
group of elderly patients with schizophrenia. Schizophr Res (2010) 119:198-209.
doi:10.1016/j.schres.2010.02.1069

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 17 April 2014; accepted: 18 July 2014; published online: 05 August 2014.
Citation: Sivarao DV, Chen P, Yang Y, Li Y-W, Pieschl R and Ahlijanian MK (2014)
NR2B antagonist CP-101,606 abolishes pitch-mediated deviance detection in awake
rats. Front. Psychiatry 5:96. doi: 10.3389/fpsyt.2014.00096

This article was submitted to Schizophrenia, a section of the journal Frontiers in
Psychiatry.

Copyright © 2014 Sivarao, Chen, Yang, Li, Pieschl and Ahlijanian. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

www.frontiersin.org

August 2014 | Volume 5 | Article 96 | 15


http://dx.doi.org/10.1016/S0926-6410(01)00043-X
http://dx.doi.org/10.1016/S0926-6410(01)00043-X
http://dx.doi.org/10.1016/0013-4694(89)90262-9
http://dx.doi.org/10.1016/j.neuroscience.2006.11.043
http://dx.doi.org/10.1007/s00429-011-0351-8
http://dx.doi.org/10.1007/s00429-011-0351-8
http://dx.doi.org/10.1162/jocn.2009.21305
http://dx.doi.org/10.1016/S0014-2999(97)10092-9
http://dx.doi.org/10.1146/annurev.clinpsy.032408.153502
http://dx.doi.org/10.1146/annurev.clinpsy.032408.153502
http://dx.doi.org/10.1176/appi.ajp.162.9.1741
http://dx.doi.org/10.1016/j.tins.2008.02.005
http://dx.doi.org/10.1016/j.tins.2008.02.005
http://dx.doi.org/10.1016/j.ijdevneu.2011.02.006
http://dx.doi.org/10.1016/j.ijdevneu.2011.02.006
http://dx.doi.org/10.1016/j.biopsych.2013.07.026
http://dx.doi.org/10.1371/journal.pone.0020312
http://dx.doi.org/10.1371/journal.pone.0020312
http://dx.doi.org/10.1101/lm.030510.113
http://dx.doi.org/10.1016/j.schres.2010.02.1069
http://dx.doi.org/10.3389/fpsyt.2014.00096
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Schizophrenia/archive

	NR2B antagonist CP-101,606 abolishes pitch-mediated deviance detection in awake rats
	Introduction
	Materials and methods
	Surgery
	EEG recording
	ERP protocols
	Pharmacological testing
	Evoked response potentials
	Deviance computation
	ERP component measurement
	Free-running EEG
	Ex vivo radioligand binding for NR2B occupancy
	Drugs

	Results
	ERP to auditory tones
	Effect of NMDA antagonists on deviance detection
	Ketamine effects on deviance detection
	Effect of selective NR2B antagonist CP-101,606 on deviance detection
	Effect of non-selective and selective blockers of NMDA transmission on quantitative EEG measures
	Ex vivo NR2B occupancy

	Discussion
	References


