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Cortical high gamma network oscillations
and connectivity: a translational index for
antipsychotics to normalize aberrant
neurophysiological activity
A. Ahnaou1, H. Huysmans1, T. Van de Casteele1 and W. H. I. M. Drinkenburg1

Abstract
Oscillatory activity in the gamma frequency range is a critical mechanism, which integrates neural networks within and
across brain structures during cognitive processes. In schizophrenia, abnormalities in high gamma oscillations are
ubiquitous and most likely reflect dysfunction in neuronal networks. In conscious rats, disturbed network oscillations
associated with positive symptoms and cognitive deficits were modeled in different cortical areas by the
dopaminergic agonist (amphetamine) and the N-methyl-D-aspartate (NMDA) receptor antagonists (PCP and MK801).
Subsequently, the efficacies of marketed atypical antipsychotics (olanzapine, risperidone, and clozapine) to normalize
dysfunctional oscillations and network connectivity were examined. Acute NMDA antagonists elicited aberrant
synchrony in the gamma frequency oscillations. In addition, coherent slow alpha network activity was observed with
MK801 and amphetamine, both of whose oscillatory rhythms were correlated with pronounced locomotor activity. All
antipsychotics commonly decreased slow alpha and high gamma network oscillations in different cortical regions as
well as motion behavior. In the combined treatments, antipsychotics attenuated NMDA antagonist-induced
abnormalities in functional network oscillations and connectivity, whose effects on motor behavior is mechanistically
related. These results suggest that pharmacologically induced disruption of cortical gamma oscillations and network
connectivity in rats is a candidate model to study dysfunctional oscillatory patterns described in positive and negative
symptoms of schizophrenia. The efficacy of antipsychotics to rescue cortical network oscillatory patterns is in line with
the idea that glutamatergic and dopaminergic systems play a role in maintaining the integrity of cortical circuits. Thus,
gamma oscillations could provide a powerful translational index to assess the integrity of neural networks and to
evaluate the efficacy of drugs with potential antipsychotic properties.

Introduction
Ongoing brain oscillations determine the dynamic

changes in brain states, and influence alertness such as
cortical computations, cognitive perceptual grouping,
attention-dependent stimulus selection, subsystem inte-
gration, working memory, and consciousness1–10. Tem-
poral oscillation on alpha rhythm reflects an active
inhibitory mechanism of task-irrelevant information,

whereas gamma rhythm is critical for the maintenance of
working memory11–13.
Network oscillations have received much interest in

contemporary schizophrenia research as the same cogni-
tive processes driven by gamma rhythm are disrupted in
this disorder14,15. Alteration in GABA-mediated neuro-
transmission has been proposed as a candidate mechan-
ism that impairs gamma oscillations16–21. Postmortem
studies in schizophrenics confirmed deficits in GABA-
mediated synaptic transmission and reduced GABA
synthesis in the parvalbumin (PV) containing sub-
population of inhibitory neurons22. PV interneurons are
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crucial in the genesis of gamma oscillations in
cortical circuits, as they exert powerful, precisely timed
recurrent inhibition onto their target pyramidal cells and
inhibitory interneurons16,23,24. These GABAergic inter-
neurons appear to be under the control of glutamatergic
system, which is also known to be abnormal in schizo-
phrenia18,25–29.
Electrophysiological findings have firmly established

the role of abnormal oscillatory processes in schizo-
phrenia5, 30. Gamma oscillatory rhythm can be assessed
across species and at various spatial levels, from single
unit to large-scale networks' electroencephalographic
(EEG) recordings, which offers the possibility of applying
findings from basic neuroscience models to clinical stu-
dies. Activation of dopaminergic receptors by ampheta-
mine or blockade of N-methyl-d-aspartatic acid (NMDA)
receptor by ketamine, PCP, and MK801 has widely been
used in humans, primate, and rodents to recreate core
symptoms of schizophrenia, such as hallucinations,
thought disorder, negative symptoms, and cognitive def-
icits31–36. Previous reports showed aberrant increases of
gamma frequency oscillations in acute psychotic unme-
dicated schizophrenic patients, and activation of dopa-
minergic receptors or blockade of NMDA receptors
resulted in a short-term pathological increases of gamma
oscillations in local cortical circuits in humans and ani-
mals37–42. Thus, network gamma oscillatory rhythm may
provide a valuable window for investigating the con-
tribution of dopaminergic and glutamatergic transmission
in the disturbance of integrative circuitry of cognitive
processing and could possibly help to improve detection
of more effective and targeted novel pharmacological
therapies43–45.
The present studies aimed to evaluate whether EEG

network oscillations in conscious rats are candidate
quantitative markers to pharmacologically recreate car-
dinal features of dysfunctional cortical networks described
in schizophrenia, and to subsequently assess the efficacy
of antipsychotic drugs to normalize aberrant functional
network activities and associated disorganized motion
behavior.

Materials and methods
Animals and surgical procedure
All procedures were performed in accordance with the

guidelines of the Association for Assessment and
Accreditation of Laboratory Animal Care, and of the
European Communities Council Directive of 24 Novem-
ber 1986 (86/609/EEC) and were approved by the Janssen
Pharmaceutica ethical committee. The experiments were
carried out in male adult Sprague–Dawley rats, supplied
by Harlan (the Netherlands), and weighing ~250 g at the
time of surgery. Animals were housed in full-view Plex-
iglas cages (25× 33 cm, 18 cm high) that belong to IVC

racks (individually ventilated cages) located in a sound-
attenuated chamber. Rats received a chip for identification
purpose by Animal Inventory and Weighing system, and
were maintained under controlled environmental condi-
tions throughout the study: 22± 2 °C ambient tempera-
ture, the relative humidity at 60%, 12:12 light–dark cycle
(lights off from 06:59 a.m. to 18:59 p.m., light intensity:
~100 lux) and food and water available ad libitum.
Surgery was performed under Isoflurane anesthesia as

described earlier (Ahnaou et al.46 In brief, animals were
equipped with six stainless steel-fixing screws (diameter 1
mm) for the recording of EEG activities inserted bilat-
erally in the left and right hemispheres along the ante-
roposterior axes at the locations (frontal left “FL”, parietal
left “PL”, occipital left “OL”, and frontal right “FR”, parietal
right “PR”, occipital right “OR”, respectively). All electro-
des were placed stereotaxically (FL/FR: AP+ 2mm, L± 2
mm; PL/PR: AP −2mm, L± 2mm and OL/OR: AP −6
mm, L± 2mm from Bregma). In addition, stainless steel
wires (7N51465T5TLT, 51/46 Teflon Bilaney, Germany)
were placed in the muscle of the neck to record the
electromyogram activity (EMG). Electrodes were con-
nected to a pin (Future Electronics: 0672-2-15-15-30-27-
10-0) with a small insert (track pins; Dataflex: TRP-1558-
0000) and were fit into a 10-hole connector, after which
the whole assembly was fixed with dental cement to the
cranium.

Recording, analysis of spectral power, and network
connectivity
Two weeks after recovery, all EEG recordings from six

brain regions were performed under vigilance-waking
condition during the dark circadian phase as described
earlier46. In addition to EMG activity, general motor level
was monitored in the home cage by two passive infrared
detectors placed above each recording cage, and the
envelope activity was used to analyze motion levels fol-
lowing drug administration. Artifact-free waking epochs
with low-voltage fast EEG activity, high to moderate
EMG, and body activities were considered in the analysis.
Epochs with high-voltage slow cortical waves in the
absence of EMG and locomotor activities were discarded.
A notch Finite Impulse Response (FIR) filter at 50 Hz was
applied to avoid voltage related to power line
interferences.
All experimental baseline EEG recording sessions of 30

min started 2 h after the light offset to avoid confounding
circadian effect on EEG. In case of dose–response
experiments, signals were recorded for 2 h after vehicle or
drug administration (n= 8 for each condition). For
reversal challenge experiments, antipsychotics or vehicle
were administered, followed 30min later by a challenge
drug and EEGs were further recorded for 2 h (n= 8 for
each condition). Continuous EEG and EMG field
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potentials were acquired at 2 kHz sample rate with an
input range of ±500 mV through a Biosemi ActiveTwo
system (Biosemi, Amsterdam, the Netherlands), which
replaces the conventional ground electrodes by two
separate electrodes: the common mode sense active
electrode and the driven right leg passive electrode. This
common mode reference for online data acquisition and
impedance measures is a feedback loop driving the aver-
age potential across the montage close to the amplifier
zero. In addition to motion levels, the EMG signals were
used to differentiate active vs. passive behavior. The sig-
nals were amplified and analog band-pass-filtered
between 1 and 100 Hz and was digitized with 24-bit
resolution.
Analysis was performed using a method described ear-

lier46. In brief, spectral density estimates were calculated
using Fast Fourier Transform with Hanning window
function; block size of 512 data points, giving 1.0 Hz
resolution, and power was expressed as percentage of
total power over 1–100 Hz. The average spectral density
in each frequency oscillation was normalized across ani-
mals to obtain the full power spectrum (heat map with 1
Hz resolution) constructed from overlapping windows of
4 s data and plotted for post-drug periods windowing over
1–100 Hz. Each frequency band was averaged for each 15-
min interval in the following frequency bands: Delta band
(1–4 Hz), Theta band (theta1: 4–6.5 Hz, theta2: 6.5–8 Hz),
Alpha band (alpha1: 8–11 Hz; alpha2: 11–14 Hz), Beta
band (beta1: 14–18 Hz; beta2: 18–32 Hz), and Gamma
band (gamma1: 32–48; gamma2: 52–100 Hz).
In each experiment, values of baseline 4 s waking

epochs were averaged for 30min followed by 15 min
average for the remaining time after the pharmacological
treatments. Drug-induced changes in different cortical
networks and EEG power were calculated for each 15 min
time block over 2 h as the ratio of mean spectral power
obtained following the administration of test drug vs. the
mean spectral power obtained during 30 min baseline
period. This procedure allows for assessment of drug-
induced changes in each frequency band as a percentage
of the original power, compared to the vehicle condition.
To assess effects of antipsychotics on arousal level, the

time spent in active waking was quantified and expressed
in % of total duration of the recording session during
baseline condition and within discrete time points 45–60
and 105–120min post dosing. Network connectivity
between cortical regions was computed by phase coher-
ence, which is a measure commonly used to probe the
integrity of cortical neural pathways and index the func-
tional coupling between different cortical structures at
various frequencies47. The magnitude of EEG coherence
ranges between 0 and 1: a low value indicates no similarity
between the two signals, whereas values close to 1 indicate
a high similarity between two-time series. Functional

connectivity between the time series in different electro-
des was quantified by coherence at different time points
before and after administration of drugs using a general-
ized additive mixed model where the coherence over the
frequencies was fitted using a cubic spline for the different
treatment groups and the heterogeneity between the
animals48,49. Subsequently, coherence between each pair
of electrodes was concatenated every 4 s and aggregated
over 15min in each frequency bands for each animal, time
point, and treatment group. Frequency bands were
selected for comparison between groups based on the
most prominent oscillatory and coherent activities across
different brain regions. To reduce the impact of volume
conduction of signals propagated from common gen-
erators, computation of all edges in which the maximum
absolute value of coherence occurred at zero time lags
between time series was removed.

Drugs
All drugs were synthesized in Janssen Research and

Development laboratories. For acute experiments, olan-
zapine (0.16, 0.64, and 2.5 mg/kg), clozapine (0.16, 0.64,
and 2.5 mg/kg), and risperidone (0.16, 0.64, and 2.5 mg/
kg) were formulated in H2O+ 2H2T (tartaric acid)+
NaCl. PCP (1.25, 2.5, and 5mg/kg), MK801 (0.16, 0.64,
and 2.5 mg/kg), and amphetamine (0.16, 0.64, and 2.5 mg/
kg) were dissolved in saline solution. Solutions were
subcutaneously (s.c.) administered in a volume of 5 ml/kg
body weight. In the case of combined pharmacological
studies, antipsychotics were administered 30min before
the drug challenge. The doses selected for PCP, MK801,
and amphetamine were repeatedly found to elicit marked
alterations in motor behavior and EEG patterns50. The
doses of risperidone and olanzapine were selected based
on occupancy of dopamine D2 receptor and their potency
to attenuate the challenge-induced hyperlocomotor
behavior. The dose of clozapine was selected based on its
ability to antagonize apomorphine-induced stereotypy
behavior51.

Statistics
The values of consecutive 4 s epochs were averaged and

drug-induced changes in EEG oscillations were calculated
in blocks of 15 min for 2 h as the ratio of mean spectral
power obtained following the administration of test drug
vs. the mean spectral power obtained during 30 min
baseline period. This procedure allows for assessment of
drug-induced changes in EEG power expressed at each
frequency band as a percentage of the original power,
compared to the vehicle condition. Time course EEG
spectral changes were submitted to a two-way multi-
variate ANOVA for repeated measures with two main
factors (treatment and period of recordings), followed by
pairwise comparisons between treatment levels for each of
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the 15 min periods. A one-way ANOVA was applied to
compare effects of different antipsychotics on average
percent time spent in active waking within discrete time
point 45–60 and 105–120min. Sample sizes including
animal numbers were chosen to ensure adequate statis-
tical power comparable to previously published papers.
Data distribution of experiments was assumed to be
normal and was presented as the means± SEM. The
aggregated coherences as well as the changes from base-
line were analyzed per frequency band using an ANOVA
with time, group, and its interaction as covariates while
considering the heterogeneity between the different ani-
mals52. p values from the associated F-tests were reported
as well as Least squares means from the corresponding
ANOVA models. Associations between EEG parameters
and activity levels were evaluated using Spearman rank-
correlation analyses.

Results
Disruption of glutamatergic and dopaminergic
transmissions affects cortical network oscillations and
connectivity
The NMDA antagonists and the dopaminergic agonist

were used to model the aberrant cortical network oscil-
lations in rats that resemble the dysfunctional network
oscillations widely described in schizophrenia. Acute
administration of PCP dose-dependently enhanced aber-
rant network oscillatory synchrony in higher gamma fre-
quencies, which was apparent in different brain areas (Fig.
1a1). As changes were comparable on the other brain
hemisphere (see for PCP Fig. 1a2), only data from one
hemisphere were presented in subsequent figures. MK801
induced a region-specific and time course changes in
gamma oscillations in an inverted U-shaped relation, i.e.,
it increased with the lower and middle dose and decreased
with the higher dose, which appeared to differ from those
observed with PCP (Fig. 1b). Amphetamine at the higher
dose increased higher gamma oscillations across different
brain areas (Fig. 1c). Quantification of the time that
oscillations was enhanced showed that elevated cortical
gamma oscillations were already apparent at 15 min after
the administration of drugs.
In addition to their effects on high oscillatory rhythm,

both MK801 and amphetamine increased the overall slow
alpha oscillatory activity in different brain regions (see
heat map and specific power band in Figs. 1b, c).

Atypical antipsychotics commonly decreased slow alpha
and higher gamma network oscillations
We present the effects of different antipsychotics on

network oscillatory patterns. The hypothesis was that the
antipsychotics would elicit the opposite effects on cortical
network abnormalities to those described in schizo-
phrenic patients and modeled in rats. Administration of

olanzapine, clozapine, and risperidone commonly and
consistently reduced oscillatory network activity in the
higher gamma frequency oscillations (Figs. 2a–c, respec-
tively). In addition, a consistent decrease in network slow
alpha activity was found with the middle and higher doses
of all antipsychotics, as well as an enhancement of slow
theta oscillations in the parietal and occipital areas,
whereas olanzapine and clozapine had additional effects
on delta and fast alpha oscillations in the frontal area,
respectively (Figs. 2a, b).
Antipsychotics often exhibit sedation or activity sup-

pression. To examine the effects of different anti-
psychotics on the duration of arousal, we quantified the
time spent in epoch scored as active waking from all 4 s
epochs of the baseline session and within discrete time
points 45–60 and 105–120min post dosing. In all treat-
ment groups, there was no major changes in time spent in
baseline active waking in case of clozapine (F(3,28)= 0.23,
p= 0.87); Olanzapine (F(3,28)= 0.48, p= 0.7); and ris-
peridone (F(3,28)= 0.27, p= 0.84). Approximately 80% of
time during baseline (Condition 0) was spent in active
waking (Fig. 2d, light-color-coded bars for each treatment
group). Under vehicle and at the dose of 0.16 mg/kg of
different antipsychotics, animals spent up to 80% of time
in active waking during the 45–60 and 105–120min post
dosing (Fig. 2d, black-colored and green-colored bars). At
the dose of 0.64 mg, animals spent up to 60% of time in
active waking during the 45–60min post dosing of all
antipsychotics, whereas clozapine and risperidone pro-
duced a significant decrease of epochs scored as active
waking up to 45 and 20% during the 105–120min post
dosing, respectively (Fig. 2d, blue-colored bars). At the
dose of 2.5 mg/kg, all antipsychotics produced a sig-
nificant decrease up to 50% of epochs scored as active
waking during the 105–120min post dosing of clozapine,
whereas this level reached 20% for both olanzapine and
risperidone (Fig. 2d, red-colored bars).

Antipsychotics normalized aberrant cortical network
oscillations elicited by different challenges
The potency of antipsychotics to reverse the challenge-

induced aberrant network synchrony in slow alpha
and higher gamma frequencies is shown in Figs. 3a–d.
Pre-treatment with olanzapine (2.5 mg/kg) normalized
PCP-induced abnormalities in higher gamma network
oscillations and connectivity (Fig. 3a).
Risperidone normalized the pathological synchronous

high gamma and slow alpha network oscillations induced
in the MK801-treated rats (Fig. 3b). Similar observations
were also indicated in the case of slow alpha network
rhythm in MK801-treated rats.
Qualitative evaluation of the efficacy of clozapine to

reverse abnormalities in EEG network oscillations and
associated disorganized behavior in the amphetamine-
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treated rats are shown in Fig. 3c. Amphetamine-induced
increases in coherent EEG network oscillations in the
slow alpha oscillatory rhythm were effectively blocked by
pre-treatment with clozapine, which was observed 30 min
after administration of the antipsychotic.

Correlation between higher gamma oscillations and
locomotor activity
Analysis of motion activity at different time points

showed that drug challenges enhanced, whereas different
antipsychotics consistently decreased locomotor activity
levels (Fig. 4, upper and bottom panels, respectively).
We have assessed whether the changes in spectral

contents were correlated with changes in motion levels.
Behavioral observation showed that rats treated with PCP,
MK801, and amphetamine exhibited disorganized motor
behavior. Time course analysis of motion levels at

different time points showed that different challenge
drugs were associated with a dose-dependent enhance-
ment of activity levels, except for MK801-treated animals,
which showed decreased motor levels at the higher dose
(Fig. 4a, upper middle panel).
The results of a Spearman rank-correlation analysis

between the higher gamma activity and motor activity at
30 min after the administration of challenge drugs are
shown in Fig. 4b, upper panels. The correlation analysis
showed that high gamma oscillations were positively
correlated with activity levels (PCP r= 0.43, p< 0.01;
MK801 r= 0.75, p< 0.0001; amphetamine r= 0.77, p<
0.0001). The scatter plot in Fig. 4b, bottom panel, shows a
highly significant positive association between EEG higher
gamma activity and motor activity for each time interval
after the administration of all drug challenges (Spearman
rank-correlation analysis for all time points in case of

Fig. 1 Atypical antipsychotics commonly decreased slow alpha and higher gamma network oscillations. Full power spectrum expressed as a
heat map in fronto–parieto–occipital cortical areas during each 15 min block of the recording session after the administration of a PCP (1.25, 2.5, and
5mg/kg) in 1 one hemisphere and 2 both hemispheres for, b MK801 (0.16, 0.64, and 2.5 mg/kg), and c amphetamine (0.16, 0.64, and 2.5 mg/kg). As
there was no major difference in spectral contents between hemispheres (a2), only right hemisphere locations along the anteroposterior axes were
presented in subsequent figures (frontal right “FR”, parietal right “PR”, and occipital right “OR”). Changes in color from cold dark blue to warm red
color indicates an order increase in the magnitude of oscillatory power. Curves on the right side indicate the time course changes in the oscillatory
activity at alpha1 and gamma2 frequencies during 2 h after the administration of PCP, MK801, and amphetamine. Symmetrical changes in both
frequency oscillations were found in both hemispheres see (a2) for PCP; therefore, only right hemisphere was displayed (n = 8 for each condition).
Color-coded bars above the curves indicate intervals in which oscillatory activity difference differed from vehicle
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PCP: rS ranges between 0.38 and 0.57, all p values< 0.05,
for MK801: rS ranges between 0.53 and 0.81, all P values
< 0.001, and for amphetamine: rS ranges between 0.48
and 0.77, all p values< 0.05).
In addition, the Spearman rank-correlation analysis at

30 min showed a positive correlation between slow alpha
activity (8–11 Hz) and motor activity levels (PCP r= 0.41,
p< 0.02, MK801 r= 0.81, p< 0.0001 and amphetamine r
= 0.82, p< 0.001), which was maintained across all time
intervals of the recording session (PCP: rS ranges between

0.4 and 0.7, all p values< 0.01, MK801: rS ranges between
0.2 and 0.8, all p values< 0.001, amphetamine: rS ranges
between 0.75 and 0.85, all p values< 0.001; Fig. 4c).

Antipsychotics normalized challenge-induced aberrant
gamma network oscillations dependently or
independently from motoric behavior
EEG gamma oscillatory activity is known to be modu-

lated by motor speed, while at the same time anti-
psychotics are expected to reduce locomotor behavior. To

Fig. 2 Atypical antipsychotics commonly decreased slow alpha and higher gamma network oscillations. Full power spectrum expressed as a
heat map in fronto–parieto–occipital cortical areas during each 15 min block of the recording session after the administration of a Olanzapine (0.16,
0.64, and 2.5 mg/kg), b Clozapine (0.16, 0.64, and 2.5 mg/kg), and c Risperidone (0.16, 0.64, and 2.5 mg/kg). Only right hemisphere locations along the
anteroposterior axes were presented (frontal right “FR”, parietal right “PR”, and occipital right “OR”). Changes in color from cold dark blue to warm red
color indicate an order increase in the magnitude of oscillatory power. Time course changes in alpha1 and gamma2 frequency activities during 2 h
are shown in the right curves. Color-coded bars above the curves indicate intervals in which oscillatory activity difference differed from vehicle (n = 8
for each condition). d Time spent in epochs scored as active waking from all 4 s epochs expressed as percent change (±SEM) from the time of
baseline session and within discrete time point 45–60 and 105–120 min post dosing. Note the large decrease in time spent in active waking
produced by all antipsychotics at high dose. Light-coded colors indicate baseline sessions of all treatment groups (Condition 0), * and † indicate
significant changes from vehicle during the time point 45–60 and 105–120 min post dosing, respectively
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Fig. 3 Antipsychotics normalized aberrant cortical coherent activities elicited by different challenges. Coherence coefficients in recorded
areas during baseline and at 30 min after the combined subcutaneous administration of a vehicle+vehicle, vehicle+PCP (2.5 mg/kg), olanzapine (2.5
mg/kg)+vehicle, and of olanzapine (2.5 mg/kg)+PCP (2.5 mg/kg; n = 8 for each condition). PCP-induced increases in coherent gamma oscillations
were attenuated by olanzapine particularly in parieto-occipital areas (arrows), b vehicle+vehicle, risperidone (2.5 mg/kg)+vehicle, vehicle+MK801
(0.16 mg/kg), and of risperidone (2.5 mg/kg)+MK801 (0.16 mg/kg; n = 8 for each condition). MK801-induced increases in coherent gamma oscillations
were attenuated by risperidone, c vehicle+vehicle, vehicle+amphetamine (2.5 mg/kg), clozapine (2.5 mg/kg)+vehicle, and of clozapine (2.5 mg/kg)
+amphetamine, (n = 8 for each condition). Amphetamine-induced increases in coherent slow alpha oscillations was attenuated by clozapine
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rule out whether the speed of movement is the driving
effect of antipsychotics, we have examined concomitant
changes of EEG gamma activity and motion levels. Here,
all challenge drugs significantly enhanced abnormal
gamma oscillations associated with pronounced motion
levels, which could last up to 120min post administration
(Fig. 5, top and bottom plots). In addition, MK801 and
amphetamine increased the power in the slow alpha
(8–10 Hz), starting to peak at 60 min after the adminis-
tration of MK801, whereas it reached a maximum peak at
30 min after the administration of amphetamine (Fig. 5,
middle left and right plots). Antipsychotics completely
suppressed the concomitant abnormal oscillatory rhythms
and associated hyperactive behavior in the NMDA
receptor model, whereas a partial suppression of loco-
motor activity revealed a dissociation in the amphetamine
model (Fig. 5, bottom right panel).

Discussion
In the present studies, (1) all NMDA receptor antago-

nists elicited aberrant network oscillations in the higher
gamma frequency range associated with pronounced
hyperactivity, while a consistent abnormal slow alpha
coherent oscillatory activity was observed with both
amphetamine and MK801, (2) all antipsychotics
decreased EEG slow alpha and higher network gamma
oscillations as well as decreased motion levels, (3) pre-
treatment with antipsychotics attenuated drug challenge-
induced abnormal slow alpha and higher gamma network
synchrony, which was mechanism-dependent.

Relevance of aberrant network oscillations model
Network gamma synchrony selectively facilitates the

communication among synchronized assemblies to
ensure large numbers of cortical computations53–55.

Fig. 4 Correlation between higher gamma oscillations and locomotor activity. a Activity levels during the first 2 h after the administration of
PCP, MK801, and amphetamine (upper panels) and olanzapine, and risperidone (bottom panels). Note that all challenge drugs enhanced locomotor
activity, whereas antipsychotics attenuated motion levels. b Spearman correlations (upper panels) at 30 min and R-values plotted for each time block
of 15 min after the administration of different drug challenges between the higher gamma oscillations (50.2–100 Hz) and locomotor activity, and c
the slow alpha oscillations (8–10 Hz) and locomotor activity
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Schizophrenia is considered as a disconnection syndrome
associated with failure in early automatic neural con-
nectivity of important sensory inputs leading to cognitive
impairments56. These widespread structural abnormalities
are accompanied by alterations in glutamatergic and
GABAergic neurotransmission and decreased expression
of NMDA receptors on inhibitory interneurons,
which lead to an imbalance between excitation and inhi-
bition, hyperexcitability, and unstable coordination of
cortical networks57–59. Aberrant synchronization in the
gamma oscillatory range has been repeatedly shown to
accompany many disturbed neurocognitive functions in
schizophrenic patients3,5,7,15,30,60,61. Positive symptoms of
schizophrenia are correlated with enhanced gamma
oscillatory synchrony and had been associated with an
attempt to adapt to a progressive loss of cortical gray
matter and associated changes in cognitive and emotional
function, whereas negative symptoms have been related
to both enhanced and reduced high-frequency

oscillations62–64. Therefore, network gamma oscillations
may provide a plausible animal–clinical interface on
studying dysfunction in the integrity of glutamatergic,
dopaminergic, and GABAergic neuronal circuits in
schizophrenia.

Blockade of NMDA receptors elicited aberrant cortical
network oscillations
Administration of NMDA receptor antagonists

enhanced aberrant cortical network gamma oscillations.
In human and animal studies, acute and chronic

administration of PCP, ketamine, and MK801 produced
schizophrenia-like behavior with positive and negative
symptoms associated with cognitive impairments51,65.
The NMDA receptors have been proposed as a candidate
for the synchronization of local circuits, which are pro-
minent in the superficial cortical layers that are the main
recipients of long corticocortical connections. Disinhibi-
tion of principal cells that may result from reduced

Fig. 5 Antipsychotics normalized challenge-induced aberrant gamma network oscillations associated with pronounced motion levels.
Time course of concomitant changes in slow alpha-high gamma power and motion levels during each 15 min time blocks for 2 h following the
combined administration of risperidone (2.5 mg/kg)+MK801 (0.16 mg/kg), olanzapine (2.5 mg/kg)+PCP (2.5 mg/kg), and clozapine (2.5 mg/kg)
+amphetamine (2.5 mg/kg; n = 8 for each condition). Color-coded bars above curves indicate intervals in which oscillatory activity differed from
vehicle, whereas curve underneath curves indicates interval in which antipsychotics consistently attenuated the effects of challenges
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interneuron excitation would facilitate the transient
pathological generation of gamma oscillations. Our pre-
sent results further extend previous observations showing
abnormal cortical gamma oscillations associated with
hyperlocomotion following systemic injection of PCP,
MK801, and ketamine40,41. The potential mechanism
underlying aberrant gamma oscillations might involve the
release of monoamines such as dopamine and serotonin,
which in turn increases glutamate transmission in the
prefrontal cortex to elicit transient aberrant neuronal
network activation65–67. PCP strongly binds in the hip-
pocampus leading to increased metabolic activity and
schizophrenic-like symptoms as well as disorganized
behavior by activating dopaminergic neurotransmission in
the nucleus accumbens, which may in turn drive the
nucleus at gamma oscillatory rhythm68. Accordingly,
muscimol-induced inactivation of the hippocampal med-
ial septum concomitantly suppressed the occurrence of
gamma oscillations and associated disorganized beha-
vior40. Thus, disruption of NMDA receptor signaling may
release local gamma frequency oscillations from the
inhibitory control of extended networks leading to
pathological increase of this rhythm.

MK801 enhanced aberrant slow alpha network oscillations
The thalamocortical coupling generates a large network

oscillatory activity in the alpha frequency range (8–11 Hz)
during cortical operations. However, this rhythm may also
emerge during loss of attention in the immobile state or
during failure to process sensory input, and may serve to
functionally disengage and reduce the processing cap-
abilities of a given brain region. The alpha activity is
decreased in engaged brain regions, whereas it increased
in disengaged regions69. In general, theta rhythmicity has
been shown to organize gamma frequency dynamics of
neuronal populations during cortical computing2,9,70,,
both of which rhythms are accompanied with reduced
synchrony of alpha oscillations. Here, the enhanced
alpha network activity by MK801 may silence theta and
gamma activities to disengage and/or inhibit network
computations by decreasing the demand of those cortical
regions.
The mechanism by which MK801 elicited aberrant slow

alpha oscillation associated with hyperactivity is not clear.
In non-pharmacologically treated animals71,72, and
human73,74, motor activity is accompanied with changes
in alpha power. The strong correlation between the
magnitude of the alpha band oscillation at the onset of
motion and the duration of spontaneous movement
epoch is consistent with a mechanical connection to
motor planning networks in parietal cortex74–76. Phar-
macological evidence has shown a functional interaction
between glutamatergic–serotoninergic–dopaminergic
systems and behaviors related to NMDA receptor. On the

one hand, inhibition of NMDA receptors has been shown
to reduce the inhibitory GABAergic signaling from PV-
containing interneurons and to consequently increase the
rate of pyramidal neurons and glutamate release77,78 as
well as psychotomimetic activity79. On the other hand, a
variety of antagonists having selectivity at 5-HT2a and D2
receptors attenuated the disruptive effect of NMDA
blockade on locomotor activity80–84.
In the present study, MK801-induced aberrant slow

network alpha frequency oscillation associated with
hyperactivity was attenuated by risperidone, possibly due
to its atypical character ascribed to combined antagonism
at 5-HT2a/D2 receptors. Thus, these results further
extend the evidence for functional interactions between
NMDA and 5-HT2a/D2 receptor systems and suggest
that abnormal EEG power and behavioral disinhibition
actions of MK801 may largely be attributed to pro-
nounced enhancement of glutamate neurotransmission
following the activation of presynaptic and postsynaptic
serotonin and/or dopaminergic receptors66,81,.

Activation of dopaminergic receptors affected slow alpha
and higher gamma network oscillatory rhythms
Administration of amphetamine elicited robust coher-

ent EEG slow alpha network activity at the dose that
induced stereotypic behavior.
Amphetamine is widely used to model positive symp-

toms of schizophrenia such as delusions, hallucinations,
and disorganized behavior by increasing dopaminergic
function in the brain, particularly in the nucleus accum-
bens35. Amphetamine is known to produce active arousal
stereotypic behavior, i.e., sniffing and licking, which could
be suppressed by intra-accumbens injection of either
dopamine antagonist85, or glutamate receptor blockade86.
There is scarce evidence for a direct influence of the
dopaminergic transmission on neuronal oscillations in
schizophrenia. Administration of psychomotor stimulant
amphetamine or the dopamine agonist apomorphine
causes a prolonged pathological increase of cortical
gamma oscillations likely through increased excitability of
fast-spiking GABAergic interneurons87,88.
In the present work, amphetamine consistently induced

coherent alpha and gamma activities associated with signs
of disorganized behavior. The enhancement of higher
gamma oscillations may result from its influence on fast-
spiking PV-containing interneurons, while the particular
enhancement of slow alpha oscillations might derive from
the stimulation of presynaptic dopaminergic D1 receptors
and postsynaptic dopaminergic D2 receptors89. In a
similar vein, amphetamine may enhance 5-HT neuro-
transmission in a similar way as hallucinogenic LSD or
DOM, which have been shown to attenuate 5-HT release
through activation of presynaptic 5-HT2a/2c leading to
increased glutamate release in the prefrontal cortex,
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stereotypic behavior, and increased the power of the
alpha1 rhythm66,90.

Clinically effective antipsychotics attenuate aberrant
network oscillations
Clozapine, olanzapine, and risperidone had highly dis-

tinctive EEG fingerprints and caused similar attenuation
of the NMDA antagonists and amphetamine-induced
aberrant network oscillations in different cortical regions.
Increased gamma oscillations have consistently been

observed in schizophrenic patients30,91,92. Interestingly,
the effectiveness of antipsychotic drugs in relieving schi-
zophrenic symptoms was correlated with the decrease in
fast cortical activity93,94. In addition, both typical and
atypical antipsychotics demonstrated a potency to
decrease basal gamma and theta power; however, it is not
clear whether this medication provides benefit for cog-
nitive function in schizophrenia35,95,96. Moreover, the
typical antipsychotic haloperidol at a therapeutic dose
that occupies >70% of D2 receptors significantly reduced
PCP, MK801, and ketamine-induced higher gamma
oscillatory rhythm and hyperlocomotion97,98. Likewise, all
effective antipsychotics inhibit dopaminergic neuro-
transmission and exhibit different affinities for 5-HT
receptors (5-HT1;2;3;6;7), and serotonin transporter96–98.
The increased coherent slow alpha rhythm elicited by
amphetamine was likely mediated through presynaptic D1
and/or postsynaptic D2 dopaminergic.
As the atypical antipsychotics display combined

antagonist activity at D2 and 5-HT2a/c receptors, their
efficacy to increase 5-HT/DA release would decrease the
slow alpha network synchrony, an effect that may con-
tribute to antisychotic therapeutic actions99. The current
study extends on a previous report showing a late
decrease of striatal alpha1 spectral power by atypical
antipsychotic drugs in rats100. The fact that antipsychotics
attenuated the NMDA receptor antagonist-induced
aberrant oscillations associated with hyperactivity may
suggest an indirect interaction with the glutamatergic
system rather than the dopaminergic system. Assessment
of specific pharmacological ligands into D1/2 receptor
function would be an obvious way to examine this
hypothesis and possible relationship to sedative effects of
antipsychotics.

Attenuation of aberrant cortical alpha/gamma oscillations
and related hyperactive behavior is mechanism-dependent
Gamma power in the rodent prefrontal cortex increases

with running speed, and gamma power has been shown to
be higher in fast-moving rats under saline and in rats
treated with an NMDA antagonist40,101. Alpha power has
been associated with stereotypic behavior elicited by dif-
ferent hallucinogenic and psychostimulant drugs90. This
raises the question as to whether the effects of

antipsychotics on EEG power are a result of the reduced
locomotion102, rather than a direct effect on cortical
processing.
In the present work, PCP had no consistent effect on

theta frequency rhythm critically involved in the moment-
to-moment voluntary movement indicating that this
rhythm is not a key activity underlying the hyperactive
behavior in the PCP model. However, both MK801 and
amphetamine increased the power in the 8–10 Hz known
to be linked to abnormal behavior elicited by hallucino-
genic and psychostimulant drugs90. Both risperidone and
olanzapine attenuated concomitantly evoked gamma
network oscillations and hyperlocomotor behavior, as well
as additional alpha rhythm in case of MK801. However,
clozapine decreased amphetamine-induced gamma oscil-
latory rhythm appeared to last longer and dissociated
from behavioral hyperactivity (Figure 5, right panel).
Remarkably, attenuation of alpha rhythm in the amphe-
tamine model, known to accompany stereotypic behavior
such as circling and head weaving, was short-lived,
peaking at 15–30 min followed by an active exploring
behavior for the remaining recording session.
Gamma oscillatory rhythm has been suggested to

influence behavioral response via the nucleus accumbens
by interfering with glutamate or dopamine release40.
Accordingly, the administration of the GABAA agonist
muscimol in the medial septum suppressed completely
locomotor activity in animals treated with PCP and only
partially in amphetamine-treated animals40,103. Consistent
with this view, antipsychotics completely suppressed the
hyperactivity that accompanied the increase in the gamma
rhythm elicited by NMDA receptor blockade but not in
dopaminergic receptor activation. These findings under-
mine the argument that attenuation of aberrant network
oscillations may underlie the antipsychotic activity, which
may be mechanistically associated or dissociated from
having an active role in the hyperactive behavior in the
NMDA receptor model or the dopaminergic receptor
model, respectively.

Implications
Convergent clinical literature indicates abnormalities in

synchronization of EEG gamma oscillation as an endo-
phenotype in schizophrenic patients. In rodents, acute
NMDA receptor blockade produced schizophrenia-like
behavior and cognitive deficits associated with increased
cortical network excitability and impaired gamma oscil-
lation synchrony. Synchronization of gamma oscillations
has a wider relevance in cortical networks for behavioral
and cognitive phenomena, and emerging views suggest
that development of medications that could improve
cognition is a major step forward in achieving better
functional outcome in schizophrenic patients. Targeting
gamma-frequency deficits and the circuit insults, the
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index could have implications to improve perceptual
abnormalities in a broad group of schizophrenia
patients104. Novel therapeutic strategies that could nor-
malize aberrant high gamma network oscillations and/or
elevate gamma power during cognitive paradigms may be
promising candidates for restoring gamma abnormalities
in schizophrenia and associated cognitive impairments.
Therefore, the ability to induce and maintain network
oscillations within the gamma range in the rat offers a
promising translational tool in preclinical research that
may enhance the chance of screening and identifying
novel drugs with antipsychotic potential with cognitive
enhancing properties.
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