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Abstract
Background—NMDA receptor (NMDA-R) hypofunction plays an important role in cognitive
impairment in schizophrenia. NMDA-R antagonists elicit psychotic symptoms in human and
schizophrenia-relevant signs in rodents, including a strong increase in cortical gamma activity.
NMDA-Rs are composed of different subunits and accumulating evidence indicates that neuronal
damage due to NMDA-R antagonists depends on their action on a specific type of the receptor
containing the NR2A subunit. In human schizophrenics, NR2A is selectively reduced in fast firing
interneurons. These neurons are critical for gamma oscillations indicating that pathological
changes in gamma activity may depend on subunit-specific NMDA-R deficit. The present study
tested this hypothesis.

Methods—Cortical electroencephalograms were recorded in freely moving rats and the changes
in gamma power were measured after administration of NMDA-R antagonists with different
subunit selectivity, including NR2A-preferring (PEAQX, n=5; NVP-AAM077, n=18), NR2B-
selective (ifenprodil, n=6; threo-ifenprodil, n=4; Ro25–6985, n=13), and NR2C/D-selective
(PPDA, n=8) antagonists, along with vehicle and non-selective NMDA-R antagonists (ketamine,
n=10, MK801, n=12). Changes in prepulse inhibition of startle was tested after MK-801(n=6),
NVP-AAM077, and Ro-6891 (n=5) injection.

Results—Strong increase in gamma power was induced by non-selective NMDA-R antagonists
and by blockade of NMDA-Rs containing the NR2A subunit, with co-occurring gating deficits
and diminished low frequency modulation of gamma oscillations. In contrast, selective blockade
of NR2B, C, or D subunit-containing receptors had minor effects.

Conclusions—Major subtype-specific differences in the role of NMDA-Rs in cortical gamma
oscillation may have implications for the pathomechanism and treatment of cognitive impairment
in schizophrenia.
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Introduction
NMDA receptor (NMDA-R) hypofunction has been strongly implicated in the
pathomechanism of schizophrenia (1–4). NMDA-Rs are involved in various aspects of
cortical information processing and their dysfunction leads to cognitive deficits. Gamma
oscillation is a key mechanism of cognitive processes and it’s been proposed that, in
schizophrenia, insufficient NMDA-R mediated drive of fast firing, parvalbumin (PV)
expressing interneurons (4) lead to disturbances in gamma oscillations thus preventing
normal neuronal synchrony necessary for cognitive functions (5). NMDA-R antagonists, e.g.
the abused drug ketamine, recapitulate most clinical symptoms of schizophrenia (1–3). In
addition to their detrimental effect on cognitive performance, they elicit psychotic symptoms
in human (3) and schizophrenia-relevant acute signs in rodents, including a strong increase
in gamma activity in different cortical areas (6–8).

The NMDA-R is a hetero-oligomeric complex consisting primarily of two NR1 and two of
several types of NR2 subunits. NMDA-Rs in the cortex are expressed in both pyramidal
cells and interneurons but the subunit-composition of the receptor differs between cell types;
a disproportional distribution was reported of NR2A-containing receptors on fast firing
interneurons expressing PV (9–10). This group of interneurons is essential for oscillatory
synchronization of pyramidal cells (11–12), and show characteristic deficits in GAD67 and
PV expression both in animal models of schizophrenia and in human postmortem material
(13). There are major functional differences between NMDA-Rs containing the NR2A and
NR2B subunits, including a dominant role of NR2A in phencyclidine-induced apoptosis
(14) and in maintenance of PV and GAD67 immunoreactivity (9). These properties may be
relevant for the pathomechanism of schizophrenia, as a selective decrease of interneurons
co-expressing NR2A and PV was found in post-mortem studies in schizophrenic patients
(15). The known developmental switch from NR2B- to NR2A-containing receptors (16–18)
provides further support for such hypothesis.

There has been considerable progress in understanding the differences in development,
regulation, trafficking, and subcellular signaling of NMDA-R subtypes but less is known
about the implications of these differences on network level neural activity. Differences in
the distribution of the two receptor subtypes and in their dynamical properties (19–20)
indicate that the two receptors may indeed play different roles in network activity, and that
hypofunction of these receptors may differently affect gamma oscillations. To test this
hypothesis, the changes in cortical gamma oscillation were studied in the present study in
freely behaving rats before and after administration of NMDA-R antagonists with different
subunit selectivity.

Methods and Materials
A more detailed description of Methods and Materials is provided in Supplement 1.

Experimental procedures
Cortical EEG over the frontal and occipital corticies were recorded in 33 rats along with
EMG was in the neck muscles. In two rats, gross movements were also monitored using
accelerometers. Electrophysiological recordings started after a 7–10 day recovery period.
Experiments with drug injections started after several daily control recordings. For recording
sessions, the rats were placed in a recording box and connected to a slip-ring commutator or
had the telemetric transmitter mounted on the head connector. The recordings started early
morning and lasted 10–24 hours; the drugs were administered after 4 hr control recording.
Other than the drug injection, the rats were left undisturbed. Each rat received 1–5 injections
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(in 1ml/kg volume, intraperitoneal or subcutenoaus injections), separated by at least 4 days
to allow time for washout.

Prepulse inhibition of startle
(PPI) was tested in a subset of animals (n=11) on three occasions separated by 4–5 days. Six
rats were taken to the PPI apparatus once before an injection, once 60–90 min after MK801
injection on the height of the induced gamma oscillation, and once 5–6 hours after the
injection i.e. after the large on-going gamma subsided and the normal sleep-wake cycles
returned, verified by electrophysiological monitoring. In another 5 rats, PPI was tested in
control, after injection of Ro--25–6891 and after injection of NVP-AAM077. Cortical EEG
was monitored before and after the PPI test to ensure timing at the height of the changes in
EEG gamma power. PPI measures the gating of the startle response induced by a 120 dB
auditory stimulus by a preceding subthreshold stimulus (21–22).

Drugs
The list of test compounds and their origin and principal features of NMDA-R subunit
selectivity is as follows. Non-selective NMDA-R antagonists ketamine (10 mg/kg, n=10,
Fort Dodge Animal Health, USA) and MK801 (0.2 mg/kg, n=12, Tocris). NR2A-preferring
antagonists NVP-AAM077 (10 and 20 mg/kg s/c, n=12 or i/p n=8, Novartis, 12-120 fold
IC50 differences for NR2A vs. NR2B) and PEAQX (10 mg/kg, n=5, SIGMA, it is the
racemic version of NVP-AAM077, i.e. the PEAQX dose used in this study was equivalent to
5 mg/kg of this NVP-AAM077). NR2B-selective antagonists, ifenprodil (5 and 10 mg/kg,
n=6, Tocris; NMDA antagonist acting on at the polyamine site), threo-ifenprodil (10 mg/kg,
n=4, Tocris; IC50 values are 0.22 and 324 µM at NR2B and NR2A, respectively), and Ro25–
6985 (5, 10, 20, and 30 mg s/c, n=13, Tocris; IC50 values are 0.009 and 52 µM for cloned
receptor subunit combinations NR1C/NR2B and NR1C/NR2A, respectively). Selective
antagonist of NR2C/D receptors (PPDA 10 and 20 mg/kg, n=8, Tocris; Ki values are 0.096,
0.125, 0.31 and 0.55 µM for NR2C, NR2D, NR2B and NR2A subunits, respectively).
Vehicle: saline.

Electrophysiology and data analysis
EEG signals were subjected to Fast Fourier transform to generate power spectra for
consecutive 16 s windows. Gamma oscillations were assessed using the average spectral
power in the gamma band surrounding 40 Hz (+/−10Hz) and in the higher gamma band (65–
90 Hz). For detailed examination of the features of spectral components, average power
spectra of two hours of control recording and two hours at the height of the drug effect were
generated and the difference between the two was used. For comparison between rats and
different compounds, including all drugs at all doses, the time course of the changes in
gamma band power was built for each recording session and the values for gamma power
were normalized using the average of gamma power during the first hr of control recording,
i.e. the changes in this case were expressed as after vs. before injection ratio. Statistical
analysis was based on pair-wise comparison between each individual drug with saline using
Student’s t-test and on ANOVA and post-hoc Bonferroni for testing dose-dependence.

Intrastructural theta-gamma cross-frequency coupling was calculated using the algorithm of
Canolty et al. (23–24). Briefly, the instantaneous theta phase and gamma amplitude were
determined and used to construct a continuous, complex-valued signal. The modulus length
of this signal was then compared with the distribution of surrogate lengths to obtain a
measure of coupling strength. The resulting modulation index (M) is a normalized z-score
value which can directly be used to determine the probability that the results would be due
to chance. When it is calculated using recording boxes of the same length, the comparison of
this metric between different signals and between signals recorded under different

Kocsis Page 3

Biol Psychiatry. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



conditions are valid (see (23–24) for more details and discussions). The intrastructural M
index was calculated on consecutive 5 min segments and were averaged over 1hr periods for
the frontal and occipital cortex EEGs, separately, in 8 rats before and after MK801 (0.2 mg/
kg) injection and in 6 of these rats also before and after administration of NVP-AAM077 (20
mg/kg) and Ro-25 6891 (10 or 20 mg/kg).

Neck muscle EMG and the accelerometer signals were processed by calculating the root-
mean square (RMS) values in the same time windows as used for the EEG signals. EMG/
movement signals were correlated with gamma band power using average gamma power vs.
RMS over 5 min segments. Thus, these correlations detect co-occurrence of fluctuations
rather than correlation on the short time scale (or interference). Besides a certain steady tone
present when the animal is awake, necks muscle activity fluctuates with motor activity as
most movements of the rat, confined to a limited space (e.g. digging, turning, rearing,
grooming, wiskering, sniffing, etc.), involve head movement.

Results
NMDA-R antagonists induce high power gamma oscillations coincident with lasting motor
activity and PPI deficit

Non-selective NMDA-R antagonists ketamine and MK801 increased spectral power in a
wide range between 30 and 90 Hz (Fig. 1A, 3A, 3B) at short latencies (<5 min and <20 min,
for ketamine and MK801). The effect lasted for ~1 hr and 3–4 hrs, respectively, after
ketamine and MK-801 (Figs. 1B and 3C). During this period, the animals showed
characteristic behavior, i.e. increased motor activity (Fig. 3C), stereotypic head movements
(21), and impaired performance on the schizophrenia-relevant cognitive test of prepulse
inhibition of startle (PPI; Figs. 2A, 3E, decrease of gating from 60±3.4% to 27±6.1%, t-test,
n=6, p=0.03) as shown previously (21–22).

The peak frequency of the increased gamma activity varied between experiments and
between simultaneously recorded signals in different areas of the cortex. As shown in the
examples in Figs. 3A and 3B, gamma enhancement was not limited to the frequencies
surrounding 40 Hz, but covered higher frequencies as well, often generating a separate or
even dominant peak around 65 Hz. The large fluctuations associated with behavioral activity
vs. immobility reported earlier (6), mostly appeared in this band (see example of control
recording after saline injection in Fig. 3D). After ketamine or MK-801, both the low and
high frequency gamma power showed steady elevation, accompanied by continuously
increased muscle activity. On average, the gamma increase in the frontal cortex reached
93±15% (n=10, p<0.001, t-test comparison with saline) after ketamine and 166±30% (n=12,
p=0.008) after MK801 in the 30–50 Hz band and 316±57% (p<0.001) and 341±40%
(p<0.001) for ketamine and MK801, respectively, in the 62–90Hz band (Fig. 1C and 1D).
The changes were similar in the occipital cortex (Figure S1 in the Supplement).

The functional characteristics of the elevated gamma activity were further tested using theta-
gamma cross-frequency coupling which is important for cognitive processing in rodents
(25–26) as well as in human (23) and which was shown to be impaired in mice with
genetically induced NMDA-R hypofunction (24). In pre-injection control recordings, the
average modulation index was 2.45±0.26 in the frontal cortical EEG, i.e. above the 5%
significance level (Fig 2C), and was even higher in the occipital cortex (M=3.07±1.43, Fig
2D). After MK-801 injection, there was a transient increase in cross frequency coupling
(M=2.89±0.92 in frontal and 4.09±0.74 in occipital cortex during the first hour) followed by
a significant decrease (M=1.79± 0.28, p=0.04, and 1.43±0.30, p=0.009, Figs 2C, D) which
lasted for several hours, i.e. following the time course of the gamma elevation (Fig 2E).
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NMDA-R antagonism with NR2A subunit preference induces lasting high power gamma
oscillations and severe impairment of auditory startle response

The NR2A-preferring antagonist NVP-AAM077 (27–28) also increased gamma power (see
examples in Fig. 1A, 4A, 4B) but the reaction developed slower and lasted longer (8–10 hrs)
(Figs. 1B and 4C). The spectral composition of the EEG signals differed from that after non-
selective NMDA-R blockade; the NVP-AAM077 induced gamma enhancement was biased
toward the low-frequency gamma band in both frontal and occipital cortex (see examples in
Figs. 4A and B). Furthermore, in these experiments, the 62–90 Hz gamma not only
preferentially appeared during motor activity but also correlated with the level of muscle
activity (R2=0.61±0.09), whereas gamma in the 30–50 Hz range did not (R2=0.26±0.1) (see
example in Fig 4E). In two rats, high frequency gamma power was also shown to correlate
with locomotion recorded using an accelerometer in three spatial dimensions (Fig 4E). On
average, gamma increase in frontal cortex reached a level of 126±17% (n=11, p<0.001) in
the 30–50 Hz band (Fig. 1C) and 228±42% (p<0.001) in the 65–90 Hz band (Fig. 1D), at the
highest dose of the antagonist (20 mg/kg s/c). The effect was dose-dependent (ANOVA
F[37,4]=15.89, p<0.001); the compound was ineffective at 10 mg/kg (n=4, p=0.18) and 10
mg/kg PEAQX, equivalent to 5 mg/kg NVP-AAM077, was also ineffective (n=5, p=0.13,)
(Fig. 1). NVP-AAM077 injected i/p was less effective than s/c injection (t-test comparing 20
mg/kg s/c vs. i/p, p=0.026). NR2A subunit preferring NMDA-R antagonists also dose-
dependently increased gamma power in the occipital cortex in both frequency bands (Figure
S1 in the Supplement); statistical comparison of the changes in frontal and occipital cortices
revealed no significant differences at any dose of the compounds.

Theta-gamma cross coupling significant decreased, from M=2.00±0.27 to 1.07±0.12
(p=0.016) in frontal and from 3.49±0.65 to 1.04±0.19 (p=0.006) in the occipital cortex (Fig
2C,D). Compared with MK801, the decrease after NVP-AAM077 injection was more
severe, started right after the injection, i.e. without an initial rise, and lasted for at least 6
hours (Fig. 2E). The modulation index was below significance level in all rats without
exception.

PPI was tested in 5 rats before injection and 4 hours after s/c injection of 20 mg/kg NVP-
AAM077 and showed increased gating (84±4, p=0.026, Fig. 2A), on the background of
drastic suppression of the startle reaction elicited by the 120 dB stimulus either delivered
alone (50±6% decrease, p=0.005) or preceded by a 80 dB pre-pulse (74±10% decrease,
p=0.009)(Fig. 2B).

Selective blockade of NR2B or NR2C/D subunit containing NMDA-R has minor effect on
gamma oscillations and PPI

Three NR2B-selective antagonists, Ro25–6985 (n=13) (29), ifenprodil (n=6), and threo-
ifenprodil (n=4) were tested in different doses. Injection of 10 mg/kg (n=5, p=0.13), and 20
mg/kg (n=7, p=0.68) Ro25–6985 had no effect on gamma power in the 30–50 Hz, but
relatively small increases were observed at the 5 mg/kg (27±8%, n=4, p=0.019) and 30 mg/
kg doses (33±9%, n=3, p=0.029)(Figs. 1A, 1B and 4A). This compound also increased
gamma at higher frequencies in a dose dependent manner (153±38%, p<0.001 at the largest
dose), although still less than NR2A- and non-selective antagonists (Fig. 1D). Theta-gamma
cross-frequency coupling did not change (p=0.20 and p=0.19 in frontal and occipital cortex,
respectively, Fig. 2C–E). Ifenprodil and threo-ifenprodil had no effect on gamma
oscillations in either frequency band (Fig 1C and 1D). In 6 rats, ifenprodil was also co-
administered with NVP-AAM077 in several combination of various doses for both
compounds, but the effect was not different from that after injection of NVP-AAM077,
alone (Fig 4B and 4C). Selective antagonism of NR2C/D receptors (PPDA 10 mg/kg, n=4,
and 20 mg/kg, n=4) had no effect on gamma activity, either. PPI tested in a subset of 5 rats
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was 54±6% after injection of 20mg/kg Ro25–6891 which was not significantly different
from the 60±3% gating in these rats before injection (p=0.90)(Fig. 3E).

Discussion
This study provided evidence for subunit-specificity of cortical gamma activity induced by
NMDA-R blockade. The massive increase in aberrant gamma activity associated with
schizophrenia-relevant stereotypic behavior and PPI deficit was primarily mediated by
NMDA-Rs which contained the NR2A subunit whereas blockade of NR2B, C, or D subunit-
containing receptors did not elicit this reaction. Accumulating evidence indicate that both
chronic and acute damage due to NMDA-R antagonists may depend on the same type of the
receptor containing the NR2A subunit. NR2A receptors were implicated in delayed
behavioral deficits in several chronic animal models, such as in rats reared in isolation (30)
or subjected to neonatal treatment with phencyclidine (14) or ventral hippocampal lesion
(31) and now the results of this study show their preferential involvement in acute aberrant
gamma activation after NMDA-R blockade, as well.

It should be noted that pharmacological manipulation of a very complex receptor is not
without limitations due to imperfect selectivity of the available compounds. In particular, the
selectivity of PEAQX and NVP-AAM077 is lower compared with NR2B antagonists (12–
120 vs. >400 fold IC50 differences, respectively (32)). Nevertheless, clear subunit specific
NMDA-R actions were reported using these compounds in previous investigations into the
molecular aspects of the pathology of schizophrenia (9; 33) which are compatible with the
findings of this study. In the present study, data obtained with all compounds taken together
strongly suggest that the massive gamma activation by NVP-AAM077 was primarily
mediated by NR2A rather than NR2B-type receptors, since the highly selective NR2B
antagonists given in a wide range of doses had minor effects, at best. This range included
doses shown in previous studies to be effective in other measures as well as substantially
higher doses for both ifenprodil (14) and Ro25–6891 (34). Furthermore, co-administration
of NR2A and NR2B subunit selective antagonists, attempting to mimic the combined effect
of non-selective antagonists, did not replicate their effect any better than NVP-AAM077
alone, i.e. adding ifenprodil to ineffective doses of PEAQX did not generate increased
gamma activity and adding ifenprodil to the effective dose of NVP-AAM077 did not
enhance its effect. Yet, given the limitations of the existing NR2A-preferring antagonists,
we can not exclude the possibility that for eliciting gamma increase it is necessary to
antagonize both types of receptors even if the blockade is disproportionally favoring NR2A
receptors.

The nature of subunit specificity has been extensively studied on the cellular level, primarily
in the context of neurotoxicity due to increased Ca influx through NMDA-Rs. In particular,
functional differences were identified between synaptic vs. extrasynaptic NMDA-Rs and
were traced back to differences in intracellular signaling to pro-survival or pro-apoptotic
pathways, respectively (35). This may parallel subunit specificity, owing to the
developmental shift during the first weeks after birth (17) when NR2A expression sharply
increases in the synapse and NR2Bs move to extrasynaptic receptors, resulting in
preferential synaptic enrichment of NR2A (36) and extrasynaptic abundance of NR2B (37)
in the adult brain. Activation of pro-apoptotic pathways by shifting the balance from NR2A
to NR2B associated mechanisms was demonstrated in a model of schizophrenia in which
subchronic blockade of NR2A, rather than NR2B, was found responsible for phencyclidine-
induced apoptosis in the cortex (14). In contrast, shifting the balance in the other direction,
by blocking NR2B receptors, appears beneficial for the neuron’s survival and is explored as
prospective treatment for a number of diseases, including depression (38–39), Alzheimer’s
(40), stroke (41), and neuropathic pain (42).
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PV positive (PV+) interneurons, which are essential for gamma rhythmogenesis (11–12), are
specifically vulnerable to NR2A selective NMDA-R blockade. NR2A subunit-containing
NMDA-Rs play a specific role in the maintenance of the phenotype of PV+ interneurons.
Exposure of cultured PV+ neurons to ketamine or NVP-AAM077 induced time and dose-
dependent decrease in PV and GAD67 whereas Ro-25–6985 had no effect on PV and only
partially reduced GAD67 (9). This type of interneurons, i.e. co-expressing NR2A and PV,
was shown to be selectively lost in schizophrenic patients (15). Thus, NMDA-R subunit-
specific activation of genomic programs and intracellular signaling pathways (9; 14; 33; 35)
may as well contribute to impairment of neuronal synchronization in schizophrenia in
human (43) and in NMDA-R hypofunction-based chronic animal models (8; 44–45). The
deficits due to such mechanisms, however, may only be relevant for the chronic or
subchronic condition but are most likely too slow to explain the effect of NMDA-R
blockade at short latencies.

The short latency of the effect of NMDA-R antagonists indicates that gamma activation is
the consequence of rapid alterations in the activity of neural networks responsible for
rhythmogenesis. NMDA-R antagonists produce opposite changes in pyramidal cells and
interneurons in the rat (at <30 min latency) (4) suggesting that the primary effect is a direct
disfacilitation of GABA interneurons which then leads to increase in the firing rate in the
majority of pyramidal cells (4). This interpretation is in agreement with prior observations of
increased metabolic activity within an hour after taking ketamine by human volunteers (46)
and with in vitro demonstration of high sensitivity of PV+ basket cells to NMDA-R
antagonists (47). The results of the present study, i.e. that blockade of NR2A rather than
NR2B subunit-containing NMDA-Rs reproduce the effect of non-selective NMDA-R
antagonists, lends further support to this mechanism. Since NR2A expression ratio in PV+
interneurons exceeds 4–5 times that in pyramidal cells (9–10; 18), a decrease in the NMDA
drive to these neurons is most likely a major factor leading to augmentation of gamma
activity.

The characteristics of the chronic gamma deficit are different from that after acute NMDA-R
blockade also in human schizophrenia. Gamma power is generally decreased in
schizophrenics in various task-related EEG measurements (43) as opposed to its acute
increase after administration of ketamine (48–49). Gamma power is also elevated during
psychotic episodes (50), and hallucinations also correlate with increased propensity to ~40
Hz oscillations (51). Our observations in rodents (see also (6–7)) are analogous to those in
human after administration of ketamine (48–49) and may be relevant for understanding the
changes in cortical networks associated with positive symptoms. Reports on gamma increase
in human associated with positive symptoms are available and included both recordings of
spontaneous activity (50) and induced oscillations (48–49; 51).

Despite opposite changes in gamma power in the chronic state vs. during psychosis, in
human schizophrenia, both conditions are associated with impaired cognitive performance.
In animal models, too, schizophrenia-relevant cognitive deficits were shown after
subchronic (52–54) as well as after acute NMDA-R blockade (21–22). Gamma rhythm is
essential for a variety of cognitive processes. Yet, data from both human schizophrenics and
animal models indicate that gamma activity induced by NMDA-R antagonists is an
“aberrant” pattern of cortical activity (6; 55) which is in some way disadvantageous for
cognitive processes and might instead contribute to psychotic symptoms. This is supported
by the findings of this study that the increase in gamma power was accompanied by a
disruption of the oscillatory hierarchy which normally operates across multiple spatial and
temporal scales (26; 56) and plays a critical role in various cognitive processes (23; 57).
Theta-gamma cross-frequency coupling was recently found impaired in mice with
genetically induced chronic NMDA-R hypofunction (24), similar to the present findings
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after acute NMDA-R blockade. Furthermore, this effect also showed subunit-specificity; i.e.
elevated gamma oscillation induced by NR2A preferring antagonists suffered severe
impairment of low-frequency modulation whereas gamma after NR2B receptor blockade
appeared normal according to this metric.

In the present study, the electrophysiological findings also correlated with abnormal
behavior commonly described in most rodent models of schizophrenia. Motor activity,
estimated here by neck muscle EMG and backed up in 2 rats with direct activity recordings,
confirmed previous findings of increased motor activity after NMDA-R blockade and
showed, not surprisingly, that gamma increase accompanied this hyperactivity. Fluctuations
of muscle activity correlated with the high frequency component of normal gamma activity
after saline and of enhanced gamma after subunit-selective antagonists. The correlation was
not that obvious for the more steadily enhanced 30–50 Hz component which was activated
by NVP-AAM077 injection.

Deficits in the test of PPI on startle induced by non-selective or NR2A subunit-preferring
NMDA-R antagonists also followed the time course of gamma activation, verified by
electrophysiology in each experiment. The deficit differed, however, between non-selective
and subunit-selective antagonists. MK-801 drastically reduced gating, whereas after
administration of NVP-AAM077 a decrease in the startle response was the leading symptom
and PPI actually increased due to uneven drop in the first and second startle reactions.
Selective blockade of NR2B subunit containing NMDA receptors did not alter PPI ((58) and
this study). In a previous study, NR2A knock out mice also showed normal gating but
administration of selective NR2B antagonists to these mice significantly disrupted PPI (58).
Furthermore, impaired sensory gating may accompany not only elevated gamma, observed
in this study, but also a drastic decrease in background gamma activity, as e.g. after
activation of cannabinoid-1 receptors (59). Thus, oscillatory network activity and sensory-
motor gating may not be causally related.

Differences in the cellular mechanisms, in particular in the role of PV interneurons, of the
impairment of gamma oscillation and sensory-motor gating was also demonstrated in a
recent study (60) in which mice lacking NMDA receptors on PV+ cells showed enhanced
background gamma activity but normal PPI. These mice, however showed significant
cognitive deficits in other dimensions, e.g. acoustic startle habituation, associative learning,
working memory, but not in spatial reference memory in the water maze (60). Deficits in
PPI represent an endophenotype of schizophrenia and strong validity of its animal
equivalent has been demonstrated (61). Schizophrenia is, however, a heterogeneous
neuropsychiatric illness characterized by deficits in many domains of cognition including
attention, motivation, sensory gating, working memory, affective regulation, and social
behavior. Many of these functions depend on the performance of the network generating
gamma oscillations. Thus, future investigation of the possible role of subunit-specific
alteration of the NMDA-R function in schizophrenia-relevant cognitive deficits will have to
include an extended battery of cognitive tests.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Changes in cortical gamma oscillations after injection of NMDA antagonists acting on
different subunit-containing receptors. A. Comparison of power spectra (shown on semi-
logarithmic scale) of frontal cortex EEG after different NMDA antagonists with control
recording in a representative experiment (the spectra were made using 2 hr segments on the
top of the reactions). B. Time course of integrated gamma power (30–50 Hz, group
averages) over the frontal cortex in consecutive 30 min segments for 3 hrs before and 18 hrs
after injections. C and D. Group averages and SEM of relative gamma power (post/pre-
injection ratio) in the 30–50 Hz (C) and 65–90 Hz range (D) calculated in a 30 min
(ketamine) or a 2 hr (all other compounds) segment at the peak of the reaction after injection
of saline, non-selective NMDA antagonists ketamine (10mg/kg, n=10) and MK801 (0.2mg/
kg, n=12), the NR2C/D-selective PPDA (10mg/kg and 20 mg/kg, n8), NR2B-selective
Ro25–6985 (5, 10, 20, and 30 mg/kg, n=13), ifenprodil (5 and 10mg/kg, n=6), and threo-
ifenprodil (10mg/kg, n=4), and NR2A-selective PEAQX (10mg/kg), and NVP-AAM077
(10, 20mg/kg i/p, and 20 mg/kg s/c, n=18). Different compounds are shown in different
colors, and increasing doses are represented by columns from left to right, for each
compound.
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Figure 2.
Effect of subunit specific blockade of NMDA receptors on prepulse inhibition (PPI) on
startle and on phasic modulation of gamma oscillations by theta rhythm. A. Gating in
control, and after injection of MK-801, NVP-AAM077, or Ro25–689. B. Changes in the
startle response elicited by 120 dB auditory stimulus alone (black) or preceded by 80 dB
prepulse (white) compared with pre-injection control (post/pre ratio). C and D. Average
modulation index (M) determined for EEG recordings over the frontal (C) and occipital
cortex EEGs (D) during 1 hr periods before drug injection (ctrl) and 2 hours after injection
(hr 6). Horizontal line shows the p=0.05 probability for the results to occur by chance (24).
The numbers below the graph indicate the percent of rats showing significant modulation of
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gamma oscillations before and after drug injections. E. Temporal evolution of the M index
in the occipital cortex (hourly averages in 6 rats) before and after injection of MK801, NVP-
AAM077, and Ro25–6891. Time of injection: at the beginning of 0th hr.
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Figure 3.
Cortical gamma activity, muscle activity, and prepulse inhibition of startle after blockade of
NMDA receptors using the non-selective antagonist, MK-801. A and B. Changes in spectral
power in frontal (A) and occipital (B) cortex recordings at different frequencies in the 30–
100 Hz range (post- vs. pre-injection difference) after injection of 0.2 mg/kg MK801 in 5
individual experiments (blue and red traces in A and B show spectra in the same rat). Note
two components of the elevated gamma activity. C and D. Time course of integrated gamma
power in the low (30–58 Hz, red) and high (62–90 Hz, blue) gamma bands, along with neck
muscle activity (EMG root mean square, grey), in one experiment, for 3 hrs before and 12
hrs after injections of MK-801 (C) or saline (D). EEG power spectra and EMG RMS were
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calculated in consecutive 4 min segments and expressed as change (ratio) relative to a 1 hr
average before injection. E. Changes in prepulse inhibition of the startle response (PPI)
elicited by 120 dB auditory stimulation, expressed as percent decrease of the reaction to
stimuli preceded by a subthreshold (80 dB) stimulus measured on different days before
MK801 injection, at the top of the gamma increase, and after the return to control level of
gamma power, i.e. 3, 5, and 10 hours after the start of recording. F. Scatter plot of EMG-
RMS vs. low and high frequency gamma power averaged over consecutive in 5 min
segments for 4 hours after injection of MK-801 or saline.
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Figure 4.
Cortical gamma activity, prepulse inhibition of startle, locomotion and muscle activity after
blockade of NMDA receptors using antagonist preferentially blocking NR2A or NR2B
subunit containing receptors. A and B. Changes in spectral power in frontal (A) and
occipital (B) cortex recordings at different frequencies in the 30–100 Hz range (post-vs. pre-
injection difference) after injection of NVP-AAM077 (red, 20 mg/kg, n=5), Ro25–6891
(blue, 20 mg/kg, n=5), or PPDA (green, 20 mg/kg, n=3). Except for PPDA, all traces
(including those in Fig 2A, B) are from the same rats. Note stronger increase in the low
frequency range after NVP-AAM077 and minor changes after NR2B or NR2C/D blockade
(one MK-801 experiment, black, is repeated from Fig 1 for comparison). C and D. Time
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course of integrated gamma power in the low (30–58 Hz, red) and high (62–90 Hz, blue)
gamma bands, along with neck muscle activity (EMG root mean square), in one experiment,
for 3 hrs before and 12 hrs after injections of NVP-AAM077 (C) or Ro25–6891 (D). All
signals were processed as in Fig. 1. E. Scatter plot of EMG-RMS vs. low and high frequency
gamma power averaged over consecutive in 5 min segments for 4 hours and gamma vs.
motor activity recorded by an accelerometer after injection of NVP-AAM077 F. EMG-RMS
vs. low and high frequency gamma power after injection of Ro25–6891. G. Comparison of
the signals from EMG and the accelerometer.
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Figure 5.
Minor effect t of NR2B subunit-selective NMDA-R antagonists administered in different
doses and together with NVP-AAM077. A. Time course of integrated gamma power (30–50
Hz, group averages) in consecutive 30 min segments for 3 hrs before and 18 hrs after
injection of Ro25–6891 in 5, 10, 20, and 30 mg/kg doses (n=4, 5, 7, 3). Ba. comparison of
the effect of 20 mg/kg NVP-AAM077 injected alone (n=7) or co-administered with
Ifenprodil in doses of 5 mg/kg (n=2) or 10 mg/kg (n=3). Bb. Comparison of the ineffective
dose of NR2A subunit preferring antagonist (10 mg/kg PEAQX) injected alone or co-
administered with high dose of ifenprodil (10 mg/kg, n=2). C. Group averages of the effect
(2 hr average power at the peak of the reaction) of the drug administration shown in Ba and
Bb.
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