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Abstract
Schizophrenia (Sz), along with other neuropsychiatric disorders, is associated clinically with
abnormalities in neocortical gamma frequency (30–80 Hz) oscillations. In Sz patients, these
abnormalities include both increased and decreased gamma activity, and show a strong association
with Sz symptoms. For several decades, administration of sub-anesthetic levels of ketamine has
provided the most comprehensive experimental model of Sz-symptoms. While acute application of
ketamine precipitates a psychotic-like state in a number of animal models, as well as humans, the
underlying mechanisms behind this effect, including alteration of neuronal network properties, are
incompletely understood, making an in vitro level analysis particularly important.

Previous in vitro studies have had difficulty inducing gamma oscillations in neocortical slices
maintained in submerged-type recording chambers necessary for visually guided whole-cell
recordings from identified neurons. Consequently, here, we validated a modified method to evoke
gamma oscillations using brief, focal application of the glutamate receptor agonist kainate (KA),
in slices prepared from mice expressing green fluorescent protein in GABAergic interneurons
(GAD67-GFP knock-in mice). Using this method, gamma oscillations dependent on activation of
AMPA and GABAA receptors were reliably elicited in slices containing mouse prelimbic cortex,
the rodent analogue of the human dorsolateral prefrontal cortex.

Examining the effects of ketamine on this model, we found that bath application of ketamine
significantly potentiated KA-elicited gamma power, an effect mimicked by selective NMDAR
antagonists including a selective antagonist of NMDARs containing the NR2B subunit.
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Importantly, ketamine, unlike more specific NMDAR antagonists, also reduced the peak
frequency of KA-elicited oscillatory activity. Our findings indicate that this effect is mediated not
through NMDAR, but through slowing the decay kinetics of GABAA receptor mediated inhibitory
postsynaptic currents in identified GABAergic interneurons. These in vitro findings may help
explain the complexities of gamma findings in clinical studies of Sz and prove useful in
developing new therapeutic strategies.
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Abnormalities in neuronal oscillations, particularly those in the gamma frequency range
(30–80 Hz), are a hallmark of a number of neuropsychiatric disorders (Herrmann and
Demiralp, 2005). Such oscillations represent an essential mechanism for the temporal
coordination of neural activity, and are critical for cognitive function (Buzsaki and Draguhn,
2004). Abnormalities in gamma oscillations have been consistently observed in clinical
studies of Schizophrenia (Sz) (Kwon et al., 1999, Spencer et al., 2003, Spencer et al., 2004,
Uhlhaas and Singer, 2010), leading to increased interest in defining the mechanisms behind
these abnormalities, and determining how they play a role in the pathophysiology of this
disease.

In general, failure of proper synchronization of gamma band oscillations is believed to
underlie deficits in the integration of sensory input with information stored in memory, and
is positively correlated with the severity of Sz related symptoms.(Spencer et al., 2004,
Herrmann and Demiralp, 2005, Spencer et al., 2009). Clinical studies, including many from
our group, however, have shown complexity in the amplitude of gamma response in Sz,
some showing reduced gamma amplitude (Kwon et al., 1999, Spencer et al., 2003, Spencer
et al., 2004, Uhlhaas and Singer, 2010), while others have shown more anatomically
localized increases in gamma associated with positive symptoms of psychosis (Spencer et
al., 2009). The variability of these clinical findings underlines the importance of establishing
the mechanisms underlying control of gamma band synchronization and amplitude.

The NMDA receptor (NMDAR) antagonist, ketamine, a dissociative anesthetic and drug of
abuse, has provided an important tool to gain insight into brain mechanisms underlying the
symptoms of Sz (Krystal et al., 1994, Gunduz-Bruce, 2009). Early anecdotal observations
found that recreational use of ketamine in healthy adults produced both cognitive
dysfunction and psychosis (Krystal et al., 1994, Gunduz-Bruce, 2009). Subsequent clinical
analysis under more controlled experimental conditions revealed subanesthetic doses of
ketamine capable of modeling many of the symptoms typical of Sz, including positive,
negative, and cognitive symptoms (Krystal et al., 1994, Gunduz-Bruce, 2009). Furthermore,
behavioral effects reminiscent of Sz symptoms are observed following ketamine
administration in animal models (Krystal et al., 1994, Bubenikova-Valesova et al., 2008,
Gunduz-Bruce, 2009). Interestingly, acute ketamine administration has been found to
increase the power of gamma oscillations in rodents (Pinault, 2008, Hakami et al., 2009), an
effect reminiscent of what is clinically observed during psychosis. However, the brain
regions affected and mechanisms behind this ketamine mediated effect remain unclear,
making an in vitro level analysis essential. This is particularly important, as ketamine may
target receptors other than NMDAR (Flood and Krasowski, 2000, Irifune et al., 2000, Kapur
and Seeman, 2002).

In this study we explore the use of acute ketamine for modeling Sz, to determine this drugs
effect on gamma oscillatory activity in mice. Experiments were performed in slices
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containing the mouse prelimbic cortex (PrL), the rodent analogue of the human dorsolateral
prefrontal cortex (Vertes, 2004), as this region is heavily implicated in many of the cognitive
impairments associated with Sz (Berman et al., 1986, Weinberger et al., 1986). Previous in
vitro studies of gamma oscillations rely on constant perfusion of GABAergic and/or
cholinergic agonists to stimulate such neuronal activity. However, generating gamma
activity in neocortical preparations using this method has proven difficult (Hajos and Mody,
2009). Thus, here, we employed a modified method of inducing gamma oscillations in
submerged neocortical slices: brief, focal application of kainate. In order to be able to study
the effect of ketamine on identified GABAergic neurons controlling gamma oscillations, we
used mice in which GABAergic neurons were labeled with green fluorescent protein (GFP);
GAD67-GFP knock-in mice (Tamamaki et al., 2003, Brown et al., 2008, Chen et al., 2010).

2. Experimental Procedures
2.1 Animals

Wild-type, Swiss Webster mice (Charles River Laboratories) and heterozygous GAD67-
GFP “knock-in” mice, which express GFP under control of the promoter for GAD67
(Tamamaki et al., 2003) of either sex, between the ages of P15-120 were utilized for this
work. Evoked oscillatory activity was found to be consistent across this age range. Further,
no significant genotype or sex differences in the gamma oscillations were observed.
GAD67-GFP mice were used to identify GABAergic interneurons prior to whole-cell
recordings (see below). Mice were housed at the VA Boston Healthcare System, Brockton
campus under constant temperature (23°C) and a 12h:12h light–dark cycle with food and
water available ad libitum. All experiments were carried out in accordance with the
American Association for Accreditation of Laboratory Animal Care’s policy on care and use
of laboratory animals and were approved by the local Institutional Animal Care and Use
Committee.

2.2 Slice Preparation
Coronal slices containing the PrL were prepared as follows. Mice were deeply anesthetized
using isoflurane, then quickly decapitated. The brain was removed and placed into ice cold
modified artificial cerebrospinal fluid (ACSF) containing: (in mM) 252 Sucrose, 1.8 KCl,
1.2 KH2PO4, 2 MgSO4, 25.6 NaHCO3 and 10 glucose saturated with 95% O2/5% CO2. 450
µm (extracellular gamma recordings) or 300 µm (whole-cell recordings) slices were cut
between +2.96 and +1.54 mm with respect to bregma (According to the Franklin/Paxinos
atlas Franklin and Paxinos, 2008) using a Vibratome 3000 (Vibratome, Bannockburn, IL).
Slices were transferred into a prechamber (BSC-PC; Warner Instruments) containing ACSF:
(in mM) 124 NaCl, 1.8 KCl, 1.2 KH2PO4, 2 CaCl2, 1.3 MgSO4, 25.6 NaHCO3 and 10
glucose, continuously bubbled with 95% O2/5% CO2 (pH 7.4). Slices were allowed to
recover for at least 1 hour before use. For recordings, slices were transferred to a
submersion-style recording chamber (RC27L; Warner Instruments) and constantly perfused
(5 mL/min) with warm ACSF (30°C).

2.3 Immunocytochemistry
Adult (6–12 months) GAD67-GFP mice were anesthetized with pentobarbital (50 mg/ml),
and then perfused transcardially with 0.1% glutaraldehyde (Sigma, G5882) in 10% formalin
(Sigma, HT5011). The brain was removed and post-fixed for one day in the same
glutaraldehyde/formalin mixture, then further post-fixed for another day in 10% formalin.
The brain was then placed in 30% sucrose for a final day. 40 µm-thick coronal slices
containing the PrL were cut on a freezing microtome, and stored in phosphate-buffered
saline (PBS) at 4°C.
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Slices were washed three times in PBS for 10 min at room temperature, and then placed in a
blocking solution of 0.3% Triton in PBS, containing 5% normal donkey serum, for one hour.
Slices were incubated overnight on a shaking platform at room temperature in the primary
rabbit polyclonal anti-GABA antibody (Sigma, A2052, 1:5000). On the following day, slices
were washed three times in PBS, and incubated for 3 h in donkey anti-rabbit-AlexaFluor594
(Invitrogen, 1:100, Red). Slices were then washed twice in PBS, mounted onto subbed
slides, and coverslipped using Vectashield Hardset Mounting Medium (Vector Laboratories,
H1400).

Cellular localization and quantification of GFP and GABA positive neurons were performed
using Neurolucida computer software (Version 7; Microbrightfield, Williston, VT, USA),
and an Olympus BX51 fluorescent microscope. GFP positive cells were identified with
excitation/emission at 488/509 nm wavelengths (green fluorescence). GABA AlexaFluor
594 labeled neurons were identified with excitation/emission at 590/617 nm (red
fluorescence). Double labeled neurons were identified by the presence of both fluorescent
signals.

2.4 Elicitation of Gamma Oscillations in Vitro
Extracellular field potential activity was recorded using glass micropipettes (2–5 MΩ) filled
with ACSF and positioned ~50 µm deep in the PrL (Layer II/III). Similar to Gloveli et al.
(2005), oscillatory activity was elicited by a brief (80 ms @ 30 psi) focal application of KA
(1 mM) onto the PrL slice in close apposition to the location of the field potential electrode
using a picospritzer (General Valve Corp.; Figure 1A). Field potentials evoked by kainate
application (Figure 1B) were amplified using the 100X gain DC-coupled current-clamp
mode of a Multiclamp700B amplifier (Axon Instruments). Signals were digitized at 10 kHz
using a Digidata 1322A 16-bit data acquisition system (Axon Instruments), then filtered
between 1 kHz and .1 Hz using pClamp 9.2 (Axon Instruments) and stored on a PC hard
drive.

To analyze the characteristics of the oscillations, power spectral density (PSD) profiles
(Figure 1C) illustrating the power of the oscillations at different frequencies were generated
by Fourier transforms of the field potential records (Igor Pro, Wavemetrics). PSDs were
calculated from a 5 s epoch of the field potential trace starting 2.5 s following application of
KA, when the transient DC shift produced by kainate application had subsided (Fig. 1B, D).
Under baseline conditions kainate was applied three times at 5 minute intervals. Only slices
in which the three consecutive field potential recordings gave consistent PSD profiles across
all trials (< 10 % difference in peak power, frequency) were used for analysis. These three
PSD were then averaged to give the baseline PSD for that slice. Three measures were used
to characterize the oscillations: peak power, peak frequency and total gamma power. Peak
power was defined as the highest amplitude in the averaged PSD (> 10 Hz, bins of 1.2 Hz).
The frequency at which the peak power was observed was defined as the peak frequency.
Total gamma power was determined by integration of averaged PSD between 30 and 80 Hz.
For determining the acute effects of drugs on oscillations, after analysis of oscillations under
baseline conditions, drugs were applied to the slice for 15 minutes via bath perfusion; this
was then followed by repetition of the above analysis paradigm.

2.5 Whole-cell Recordings
To determine if changes in the peak frequency of gamma oscillations produced by ketamine
(see results) were due to changes in inhibitory synaptic transmission, whole cell recordings
of miniature inhibitory postsynaptic currents (mIPSC) were performed using 3–5 MΩ glass
micropipettes filled with pipette solution containing: (in mM) 135 CsCl, 10 HEPES, 2
MgCl2, 0.1 EGTA, 2 Na2ATP, 4, MgATP, 2.5 NaGTP, 1 spermine (pH 7.25 with CsOH).
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Individual neurons in GAD67-GFP mouse PrL slices were chosen based on their overall
appearance and the presence (interneurons) or absence (pyramidal neuron) of GFP. Previous
studies have shown that GFP selectively labels essentially all GABAergic neurons in these
mice (Tamamaki et al., 2003, Brown et al., 2008). Patched neurons were voltage-clamped at
−60 mV. Access resistance was maintained between 15–25 MΩ; recordings were discarded
if this changed by more than 20 % during the experiment. Slices were constantly perfused
with a cocktail of TTX (500 nM), DNQX (30 µM) and AP-5 (50 µM) to block action
potentials, AMPA and NMDA receptors respectively. mIPSCs were recorded for 5 minutes
under control conditions and then again following perfusion with 100 µM ketamine. As
above, recordings were made with a Multiclamp700B amplifier and digitized at 10 kHz
using a Digidata 1322A 16-bit data acquisition system (Axon Instruments), then low-pass
filtered at 1 kHz using pClamp 9.2 and stored on a PC. Recordings were subsequently
analyzed using Igor Pro (Wavemetrics) to determine amplitude and decay time constant
(tau) of individual mIPSCs.

2.6 Statistical Analysis
Student’s t-test (2-tailed) was used for statistical comparison of results (SPSS 10, SPSS
Inc.). Differences were considered to be significant at p < 0.05. Averaged values reported in
this manuscript are expressed as mean ± S.E.M. for all data generated from analysis of
oscillations and mIPSC.

2.7 Drugs
Acutely administered drugs used in this study were obtained from Sigma-Aldrich
(Ketamine-HCl, PEAQX (also refered to as NVP-AAM077)), Ascent Scientific (MK-801,
AP-5, Ro25-6981), and Tocris Bioscience (PPPA, Quinpirole, α-methyl-5-
hydroxytryptamine malate). Concentrations used were determined by conducting a literature
search for both known receptor binding specificity values and previous experimental usage
of drugs in in vitro slice preparations (Wu and Johnson, 1996, Fischer et al., 1997, Auberson
et al., 2002, Liu et al., 2003, Massey et al., 2004, Feng et al., 2005, Wang et al., 2008, Kline
et al., 2009, Williams and Undieh, 2009, Ahmed et al., 2011).

3. Results
3.1 Generation of gamma frequency oscillations in acute PrL slices

Gamma frequency oscillations were generated in neocortical PrL slices via a brief focal
application of the glutamate receptor agonist kainate (KA) using a picospritzer. We found
this method reliably elicited transient local bursts of oscillatory activity in the slice. As
shown in figure 1, PrL slices exhibited little or no spontaneous local field potential activity
under control conditions (ACSF perfusion). However, application of KA (1 mM) onto the
slice elicited a response characterized by a brief DC offset (~1–2 s), followed by 20–30 s of
robust oscillatory activity (Figure 1A, B). A time-frequency analysis of this activity (Figure
1D) revealed that once the DC offset had subsided, the activity was localized in the gamma
(30–80 Hz) frequency domain. These oscillations appeared to decline in frequency over
time. Thus, we restricted analysis of this activity to a 5 second period following the DC
offset, when the oscillations were consistently in the gamma range.

Analysis of KA-elicited oscillations, pooled across a large number of PrL slices from both
wild-type and GAD67-GFP mice of either sex between the ages of p15-120 (51 brain slices
obtained from 39 different mice; referred to henceforward as: n=51/39), revealed that this
rhythmic activity possessed a single predominant peak with a mean frequency of 44.5 ± 0.9
Hz. Repeated applications of KA on individual slices at 5 min intervals reliably evoked very
consistent levels of oscillatory activity (peak power, peak frequency, and total gamma
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power). Between slices, the magnitude of the evoked activity varied considerably, while the
peak frequency of the oscillations remained quite consistent. Overall, the mean peak
oscillatory power was 13.3 ± 1.8 nV2/Hz and the mean total gamma power was 172.4 ± 16.6
nV2.Hz.

To ensure this oscillatory activity was not generated by a mechanical artifact resulting
simply from pressure ejection of solution onto the slice, we focally applied a non-
neuroactive substance (ACSF) to the slice. ACSF application generated no oscillatory
activity, and produced only a small mechanical artifact which subsided in about 1 sec (n =
3/1). KA on the other hand, in the same slices tested with ASCF, induced robust gamma
frequency oscillations.

GAD67-GFP knock-in mice were used for the majority of our studies to allow us to examine
the effects of ketamine on identified GABAergic neurons (see below). Comparison of the
characteristics of KA-elicited oscillations in PrL slices prepared from wild-type (WT) mice
(n = 10/9) with those prepared from GAD67-GFP mice (n = 23/17) revealed no significant
differences in the peak power (WT: 9.8 ± 2.9 nV2/Hz, GAD67-GFP:12.8 ± 2.9 nV2/Hz)
peak frequency (WT:45.4 ± 2.2 Hz, GAD67-GFP:44.5 ± 1.0 Hz) or total gamma power
(WT:131.0 ± 36.8 nV2.Hz, GAD67-GFP:147.4 ± 23.2 nV2.Hz). Additionally, a comparison
of oscillations from PrL slices obtained from male mice (n = 11/8) or female mice (n = 12/9)
found no significant differences in the peak power (Male:16.8 ± 3.5 nV2/Hz, Female:16.8 ±
4.1 nV2/Hz), peak frequency (Male:42.7 ± 1.5 Hz, Female:44.6 ± 1.2 Hz), or total gamma
power (Male:190.0 ± 34.1 nV2.Hz, Female:162.1 ± 25.7 nV2.Hz). Together these findings
indicate there was no effect of gender or genotype on the KA- elicited oscillations.

To ensure that the gamma oscillations elicited in our PrL preparation were similar in nature
to those observed in other in vitro preparations, we employed a number of pharmacological
agents to define the receptor systems involved in this activity. First, the oscillations were
completely abolished following perfusion with TTX (500 nM), indicating that action
potentials were required for their generation (n=5/5; peak oscillatory power reduced by 97.5
± 1.1% and overall gamma power reduced by 95.4 ± 2%; p<0.05 for both; Figure 2A). PrL
gamma oscillations were also dependent on AMPA and GABAA receptor activation. The
oscillations were blocked by the AMPA/kainate receptor antagonist DNQX (5 µM; Figure
2B) in all slices tested (n = 5/5), with slices exhibiting a significant reduction (p<0.05) in
total gamma power (85.2 ± 3.3%) and a reduction in peak oscillatory power (90.4 ± 2.9%).
Additionally, the selective AMPA receptor antagonist, GYKI 52466 (50 µM; Figure 2C)
resulted in a significant (p<0.05) reduction in both total gamma power (70.8 ± 13%) and
peak oscillatory power (85.5 ± 10.3%) in all slices tested (n=7/7). Application of the
GABAA receptor antagonist, GABAzine (100 µM), completely abolished the generation of
KA-induced gamma oscillations in all slices tested (n=8/8). Concurrent with the blockage of
gamma activity, large epileptiform-like spiking was revealed in 7 of the 8 slices recorded.
While the block of gamma oscillatory was readily apparent with visual inspection of the
traces (see figure 2D), the appearance of the large amplitude epileptiform spikes prevented
us from quantifying the extent of the observed change in gamma oscillatory activity.

3.2 Effects of acute NMDAR antagonists on PrL gamma oscillations
In order to characterize the acute effect of ketamine and other NMDA receptor antagonists,
KA-elicited gamma oscillations were characterized in individual slices from mice aged
p15-91, first under control conditions, and then again following 15 min of bath perfusion
with an NMDAR antagonist. Ketamine (100 µM) significantly increased both the peak
power of KA-elicited oscillations by 98.8 ± 24.2%, and total gamma power by 57.9 ± 17.1%
(p<0.05; n=11 slices/9 mice; Fig. 3). Ketamine also significantly reduced the peak frequency
of these oscillations (p<0.05; −12.1 ± 1.4%; Figure 3). Lower concentrations of ketamine
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(20 µM, n=3/2; 50 µM, n=4/2) did not significantly alter the power or peak frequency of the
gamma oscillations. A slight increase in peak power was observed at 50 µM (29.4% ± 21.7),
but this effect did not reach statistical levels of significance (p=0.59).

Ketamine is not a particularly specific agent for the NMDAR, and has been suggested to
interact with several other receptor subtypes. Therefore, we tested two additional antagonists
with higher specificity for NMDAR; the non-competitive antagonist MK-801 and the
competitive antagonist, AP-5 (Figure 3). MK-801 (20 µM) increased peak power by 171.2 ±
39.0%, and total gamma power by 41.0 ± 14.7% across all slices tested (p < 0.05; n=13/11).
AP-5 (50 µM) also significantly increased peak power (113.0 ± 26.3%), and total gamma
power (50.6 ± 19.8%) of the oscillations (p<0.05; n=17/15). In contrast to ketamine, no
significant change was observed in the peak frequency of KA-elicited oscillations with
either MK-801 or AP-5 (Figure 3B and Table 1).

To determine the subtype of NMDAR responsible for this potentiation of gamma power we
tested the effects of antagonists selective for NMDARs containing either NR2A or NR2B
subunits. As shown in figure 4 and table 1, the NR2B selective antagonist, Ro 25-6981 (1
µM; >5,000× more potent at cloned NR2B/NR1 over NR2A/NR1 receptors; (Fischer et al.,
1997)) significantly increased both the peak power (114.3 ± 36.2%) and total gamma power
(46.8 ± 11.0%) of KA-elicited gamma oscillations (p<0.05; n=5/4), while the NR2A
selective antagonist, PEAQX (500 nM; n=7/6; >10 fold selectivity for NR2A over NR2B
(Auberson et al., 2002, Feng et al., 2005)) had no significant effect. Use of PEAQX at
higher concentrations was also observed to not alter oscillatory activity (1 µM, n=4/4; 5 µM,
n=1/1). Additionally, oscillations were unaffected by a less selective NR2A antagonist,
PPPA (500 nM; n=5/4; >3 fold selectivity for NR2A over other NR2 subunits (Feng et al.,
2005); Table 1). Thus, potentiation of gamma power was produced by antagonism of NR2B
but not NR2A containing NMDAR.

To address the reduction in peak oscillatory frequency observed specifically following
ketamine treatment, we investigated potential effects ketamine might be having on
GABAergic receptor function. GABAergic receptor decay kinetics play a direct role in
determining the frequency of gamma oscillations in in vitro systems (Faulkner et al., 1998,
Whittington et al., 2000b). While best known for its action as a NMDAR antagonist,
ketamine has been suggested to influence GABAA receptor function (Flood and Krasowski,
2000, Irifune et al., 2000). Therefore, to determine if changes in the GABAergic receptor
decay kinetics are responsible for the reduced oscillatory frequency observed with acute
ketamine treatment, we analyzed the effect of ketamine (100 µM) on mIPSCs in PrL
interneurons and pyramidal neurons. Use of slices from GAD67-GFP mice enabled us to
readily distinguish interneurons in the slice based on their expression of GFP. To confirm
the specificity of GFP expression in the PrL, cell counts were performed in slices
fluorescently labeled for GABA (bilateral, three slices per animal; +1.54, 1.98, and 2.46 mm
anterior to Bregma). Out of 5709 neurons analyzed in these slices, 96.7 ± 0.3% of GFP-
positive cells were co-labeled with GABA, and 94.3 ± 0.8% of GABAergic neurons co-
expressed GFP (Figure 5).

mIPSCs were isolated via bath perfusion with TTX, DNQX and AP-5, allowing us to focus
exclusively on ketamine effects on GABA receptor mediated currents in the absence of
ketamine effects on NMDAR. mIPSCs were first recorded from PrL interneurons, identified
by their expression of GFP (n=5 cells; Figure 6A). Under control conditions, mIPSCs had a
decay time constant (tau) of 10.0 ± 2.6 ms. Following application of ketamine, this value
significantly increased to 18.2 ± 4.6 ms (p < 0.05). For PrL pyramidal neurons (n=7 cells;
Figure 6B), under control conditions, mIPSCs had an average decay tau of 13.9 ± 2.8 ms.
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Following application of ketamine this value increased to 18.6 ± 4.0 ms. However, this
increase was not found to be statistically significant (p = 0.31).

Previous studies have also suggested that ketamine is capable of acting as a partial agonist of
both type-2 dopamine receptors (D2R) and type-2 serotonin receptors (5-HT2R)(Kapur and
Seeman, 2002). Thus, to determine if either of these receptors plays a role in the observed
ketamine mediated effects on KA-elicited oscillations, we examined the effects of both a
D2R and 5-HT2R agonist on induced oscillations in the PrL. As shown in table 1, neither
quinpirole (30 µM, n=6), a selective D2R agonist, or α-methyl-5-hydroxytryptamine (25
µM, n=6), a selective 5-HT2R agonist, had any significant effect on either the power or
frequency of KA-elicited oscillations. Additionally, we utilized risperidone, an antipsychotic
agent which acts as both a D2R and 5-HT2R antagonist, to see if blocking these two
receptors would block the effect of ketamine on KA–elicited oscillation frequency. Co-
application of ketamine (100 µM) and risperidone (1 µM) together (n=5) produced no
significant change in the total gamma power (p = 0.99), peak power (p = 0.99), or peak
frequency (p = 0.89) of KA-elicited oscillatory response in the PrL slice when compared to
the effects of ketamine alone (Table 1). Taken together these results rule out the role of both
D2R and 5-HT2R in the observed ketamine effects described above.

4. Discussion
In this report we investigated the effect of acute application of the psychomimetic drug,
ketamine, on KA-elicited gamma oscillations in the mouse PrL cortex. Our results indicate
that ketamine significantly alters PrL gamma oscillatory synchronization in a manner similar
to clinically observed Sz-related abnormalities in two important ways.

First, acute ketamine administration produced a strong potentiation of the amplitude of KA-
elicited gamma oscillations; increased gamma power has been found to be associated with
positive Sz symptoms such as psychosis (Spencer et al., 2004, Herrmann and Demiralp,
2005).

Second, application of ketamine also significantly lowered the frequency of KA-elicited
gamma oscillations. Decreased oscillatory frequency has been clinically associated with
cognitive Sz symptoms (Spencer et al., 2003, Spencer et al., 2004, Herrmann and Demiralp,
2005).

4.1 Advantages of focal kainate application to elicit oscillations
While no model system is capable of accurately capturing the full complexity of Sz, we
believe that our approach provides a useful means to investigate mechanisms underlying
gamma oscillatory abnormalities, which represent a particularly important dimension of this,
as well as other neuropsychiatric disorders. Previous in vitro slice studies of gamma
oscillations, mainly in the hippocampal formation or entorhinal cortex, employed continuous
bath application of KA and/or the cholinergic agonist carbachol to elicit oscillatory activity
(Fisahn, 2005). However, in neocortical slice preparations, use of this method to stimulate
oscillations, with the exception of two recent papers from one group (Anver et al., 2010,
Oke et al., 2010), generally elicited lower frequency, alpha or beta oscillations (Kilb and
Luhmann, 2003, Dupont et al., 2006, Roopun et al., 2008, van Aerde et al., 2008) and did
not consistently induce oscillations in the gamma band (>30 Hz). In addition, most in vitro
slice studies of oscillations use interface-type recording chambers which do not allow water-
immersion objectives necessary for visually guided patch-clamp recordings (Hajos and
Mody, 2009). Therefore, in order to study gamma oscillations in neocortical slices
maintained in a submerged-type recording chamber, enabling the investigation of neurons
identified by expression of fluorescent markers, we adapted the technique used by Gloveli
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and colleagues (2005) in the hippocampus. Gamma oscillations induced by pressure ejection
of kainate onto the slice in close proximity to the recording electrode were reproducible in
frequency and power. Similar to gamma oscillations studied in other brain regions, PrL
gamma oscillations required neuronal firing and were dependent on glutamatergic AMPA
receptors and on GABAA receptors, implicating recurrent circuitry involving glutamatergic
neurons and GABAergic interneurons in their generation.

4.2 Increase in gamma power with acute ketamine application
Studies in healthy humans have demonstrated increased metabolism in the prefrontal cortex
associated with the psychosis-like state produced by acute administration of ketamine
(Breier et al., 1997, Holcomb et al., 2001, Honey et al., 2004, Honey et al., 2005, Corlett et
al., 2006, Deakin et al., 2008), suggesting that acutely administered ketamine increases
neuronal activity. Consistent with this idea and similar to previous in vivo studies of the
effect of acute systemic ketamine on cortical gamma oscillatory activity in rats (Pinault,
2008, Hakami et al., 2009), we observed a large potentiation of induced gamma oscillations
in the PrL slice with acute, bath application of subanesthetic concentrations of ketamine.
Thus, our results suggest that this in vivo effect of systemic ketamine on prefrontal gamma
oscillations is, at least partially, due to a direct effect on the PrL. Our results are also
consistent with recent in vitro findings in the rat visual cortex which described two distinct
(high and low frequency) local gamma oscillators, which are potentiated and entrained at
higher concentrations of ketamine or other NMDAR antagonists (Anver et al., 2010, Oke et
al., 2010), suggesting a mechanism by which NMDA hypofunction could generate psychosis
(Anver et al., 2010).

The increase in the power of KA-elicited gamma oscillations induced by acute ketamine in
the PrL appears to be directly mediated by its interaction with NMDAR, as this potentiation
was also induced by other, more selective NMDAR antagonists. While the concentration
(100 µM) of ketamine which we found to potentiate gamma power is relatively high, it is
consistent with previous estimates of the ability of ketamine to block the effect of NMDAR
in rat brain slices (Wu and Johnson, 1996). Ketamine has also been observed to an increased
dopamine release in both humans and rodents when applied systemically (Aalto et al., 2005,
Kamiyama et al., 2011). However, this effect is unlikely to account for our results, since the
cell bodies of dopamine neurons are not present in the PrL slice and a previous study in rat
prefrontal cortical slices found no effect of ketamine on dopamine release at ketamine
concentrations up to 300 µM (Rodvelt et al., 2008). Additionally, ketamine has been
suggested to act as partial agonist of both D2R and 5-HT2R (Kapur and Seeman, 2002).
However, we found no evidence that either of these receptors were involved in the
modulation of KA-elicited gamma oscillation by acute ketamine.

The potentiation of gamma power by ketamine and other NMDAR antagonists most likely
involves blockade of NMDAR on local inhibitory GABAergic interneurons, since these
neurons are around tenfold more sensitive to NMDAR antagonists than pyramidal cells
(Grunze et al., 1996). Recent genetic manipulation studies have revealed that ablation of
NMDAR specifically on fast-spiking interneurons containing parvalbumin increases the
power of spontaneous gamma oscillations in the hippocampus and neocortex (Korotkova et
al., 2010, Carlen et al., 2011). As described by Homayoun and Moghaddam (2007), acute
application of NMDAR antagonists in the prefrontal cortex leads to disinhibition, and
increased firing of pyramidal neurons, allowing these neurons to become more easily
entrained in oscillatory activity.

Based on the effects of subunit-specific NMDAR antagonists, the potentiation of gamma
oscillations observed in our PrL preparation was mediated specifically by NMDARs
containing the NR2B subunit. This subunit was also found to mediate NMDAR antagonist
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effects on gamma oscillations observed in the visual cortex (Anver et al., 2010). While
NR2B containing NMDARs show lower expression levels than NR2A containing receptors
in the adult cortex, these receptors have longer lasting currents and conduct more calcium
per unit of current compared to those with NR2A subunits (Yashiro and Philpot, 2008).
Thus, these receptors are potentially better suited to alter cortical circuit function. Recently,
meta analysis findings have implicated NR2B (GRIN2B) as a risk gene for Sz (Allen et al.,
2008), and postmortem studies suggest trafficking of this NMDAR subunit is altered in Sz
(Kristiansen et al., 2010a, Kristiansen et al., 2010b).

4.3 Decrease in oscillation frequency with acute ketamine application
All NMDAR antagonists tested in our system potentiated the power of KA-elicited gamma
oscillations, allowing us to surmise that this increase is mediated specifically by NMDAR.
However, only with ketamine did we observe a significant effect on oscillatory frequency.
Such a finding is not completely unexpected, as ketamine has been found to produce
multiple effects unrelated to its action as NMDAR antagonist (Rotaru et al., 2011 and see
above). Previous studies have suggested that the decay time course of GABAA receptors is
primarily responsible for determining the frequency of gamma oscillations (Faulkner et al.,
1998, Whittington et al., 2000a, Vierling-Claassen et al., 2008). We thus investigated if
ketamine affected mIPSCs in the PrL. Consistent with its effect on peak gamma frequency,
ketamine significantly increased the decay time of mIPSCs recorded from identified
interneurons. It is important to note that these recordings were performed in the presence of
AP-5, a more selective NMDAR antagonist, indicating that the observed effect was not
mediated by NMDAR. Several prior studies have suggested that ketamine can influence
GABAA receptor function (Flood and Krasowski, 2000, Irifune et al., 2000). Additionally,
recent work in the cerebellum has found that ketamine, but not other NMDAR antagonists
(PCP), can positively modulate activity of particular GABAA receptor subtypes (Hevers et
al., 2008). Thus, the observed decrease in the peak frequency of KA-induced oscillations in
the PrL following ketamine is likely due to an alteration of the kinetics of GABAA
receptors, particularly in PrL interneurons.

The decrease in the peak oscillatory frequency of KA-elicited oscillations observed in
response to ketamine is quite intriguing, as it is reminiscent of clinical Sz studies which also
observed reductions in the frequency (gamma to high beta) of neuronal oscillations elicited
by complex sensory stimuli (Spencer et al., 2004, Hirano et al., 2008). Moreover, one of the
most highly replicated findings in clinical studies is the inability of schizophrenics to
generate oscillations in phase with a 40 Hz steady-state auditory input, although they
respond normally to input in the beta frequency range. (Kwon et al., 1999, Brenner et al.,
2003, Light et al., 2006). Such impairments in neural synchrony are associated with specific
Sz-related cognitive impairments (Uhlhaas and Singer, 2006). Recording and modeling
studies suggest that lower frequency oscillations coordinate neuronal activity across longer
distances than those at higher frequencies (Kopell et al., 2000, Uhlhaas et al., 2008).
Therefore, it is tempting to speculate that the decrease in oscillatory frequency observed
following ketamine treatment could result in inappropriate synchronization over a larger
cortical region, which could contribute to the psychosis and impaired cognition observed in
clinical studies, and Sz-like behaviors in animal studies.

4.4 Conclusion
In conclusion, acute ketamine not only closely mimics the behavioral and cortical circuitry
changes typical of Sz but is also capable of reproducing some of the gamma oscillation
abnormalities observed in this disease. Our in vitro findings about the receptor complexity
of the ketamine Sz model may help to explain some of the divergence of gamma findings in
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clinical studies of Sz, and prove useful in developing new therapeutic strategies to address
the gamma oscillation abnormalities and associated clinical symptoms of Sz.

Highlights

• In vitro slice model of EEG gamma oscillation abnormalities seen in
schizophrenia

• Acute application of the psychomimetic ketamine strongly potentiated gamma
power

• Gamma power increases were mediated by NMDARs containing the NR2B
subunit

• Acute Ketamine also decreased gamma frequency by acting on GABA-A
receptors

Abbreviations

ACSF artificial cerebrospinal fluid

GABA gamma-aminobutyric acid

GAD67 Glutamic acid decarboxylase (67 kD)

GFP Green fluorescent protein

KA kainate

mIPSC miniature inhibitory postsynaptic current

NMDAR N-Methyl-D-aspartic acid receptor

PrL prelimbic cortex

PSD power spectral density

Sz schizophrenia
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Figure 1. Focal kainate application elicits gamma oscillatory activity in prelimbic cortex (PrL)
slices
(A) In vitro oscillations were elicited by a brief focal application of 1 mM kainate (KA) in
close proximity to an extracellular field potential recording electrode. (Abbreviation: PrL,
prelimbic cortex IL, infralimbic cortex) (B) Representative field potential record from the
PrL cortex showing local network activity before and after application of KA: (i) Under
control conditions very little neuronal activity is observed; (ii) However, after kainate
application, oscillatory activity is readily evident. (C) Power spectral density (PSD) profiles
generated from 5 second segments of the field potential trace in B, before and after focal
application of KA (segments used for PSD calculation denoted by black and red bars above
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trace). PSD profiles show that little to no activity is present prior to KA application.
However, following KA application a large increase in oscillatory activity centered in the
gamma frequency range is observed. (D) A spectrogram of the representative field potential
recording in B shows a transient increase in power in the gamma frequency range (30–
80Hz) following KA application. Warmer colors indicate higher power. The area between
the dashed lines represents the 5 second segment of the field potential trace used for PSD
analysis of elicited oscillations.
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Figure 2. Gamma oscillations are blocked by tetrodotoxin (TTX), an AMPA/kainate receptor
antagonist (DNQX), an AMPA receptor antagonist (GYKI) and a GABAA receptor antagonist
(GABAzine)
(A) Field potential recordings from a representative PrL slice shows oscillatory activity
elicited by KA under control conditions and after application of TTX (500 nM). Traces
show a large decrease in oscillations in the presence of TTX. The power spectral density
(PSD) analysis of a 5 second epoch of field potential activity after KA application under
both conditions (right), shows TTX significantly blocked elicited gamma activity. (B)
Representative recordings of oscillatory activity elicited by KA before and after application
of DNQX (5 µM). As shown by the PSD analysis (right), the kainate and AMPA receptor
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antagonist significantly blocked elicited gamma activity. (C) Representative recordings of
oscillatory activity elicited by KA before and after application of GYKI 52466 (50 µM). As
shown by the PSD analysis (right), the AMPA receptor antagonist significantly blocked
elicited gamma activity. (D) Representative recordings of oscillatory activity elicited by KA
before and after application of GABAzine. As shown by the PSD analysis (right), the
GABAA receptor antagonist blocked gamma oscillations. However, large amplitude
epileptiform spiking activity was uncovered.
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Figure 3. Acute administration of ketamine and selective NMDAR antagonists potentiates
kainate induced gamma oscillations in the PrL cortex
(A) Left: Field potential records from a representative PrL slice show KA induced gamma
oscillations both before and after application of Ketamine (100 µM). Comparing the power
spectra of a 5 second epoch of field potential activity recorded after KA application under
both conditions, shows a large potentiation of the elicited oscillations and a reduction in the
peak frequency. Middle: Field potential records of a representative PrL slice showing KA
induced oscillations before and after MK-801 (20 µM) application. Comparing the power
spectra of KA elicited activity under each condition shows a large potentiation with
MK-801. Right: Field potential records of a representative PrL slice showing KA induced
oscillations before and after AP-5 (50 µM) application. Comparing the power spectra of KA
elicited activity under each condition shows a large potentiation with AP-5. (B) Bar graphs
showing the overall effects of above NMDA antagonists on elicited oscillation across all
slices tested. While all agents used significantly potentiated both total gamma power and
peak power, only ketamine was observed to have a significant effect on the peak frequency
of elicited oscillations. (* p < 0.05; ** p < 0.01)
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Figure 4. NMDAR antagonist potentiation of oscillations is mediated by NMDAR containing the
NR2B subunit
(A) Left: Field potential records from a representative PrL slice show KA induced gamma
oscillations both before and after application of the NR2B antagonist, Ro 25-6981 (1 µM).
Comparing the power spectra of a 5 second epoch of field potential activity recorded after
KA application under both conditions, shows a large potentiation of the elicited oscillations.
Right: Field potential records of a representative PrL slice showing KA induced oscillations
before and after application of the NR2A antagonist, PEAQX (500 nM). Comparing the
power spectra of KA elicited activity under each condition shows no difference. (B) Bar
graphs showing the overall effects of both Ro 25-6981 and PEAQX on elicited oscillations
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across all slices tested. Ro 25-6981 was found to significantly potentiate both total gamma
power and peak power of elicited oscillations, while PEAQX had no effect. Neither agent
significantly altered the peak frequency of these oscillations. (* p < 0.05)
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Figure 5. GAD67-GFP knock-in mice specifically express GFP in GABAergic Neurons in the
PrL
Representative fluorescence images of PrL slices from GAD67-GFP knock-in mice
fluorescently labeled for GABA. Images show that both the GFP and GABA (A594) signals
(40X Magnification) show strong colocalization. (Scale bar is equivalent to 50 µm)
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Figure 6. Acute ketamine increases mIPSC decay time in identified interneurons of the PrL
(A) Average mIPSCs recorded from a representative PrL interneuron under control
conditions (black) and following ketamine (red). The cumulative histogram plots the decay
tau of interneuronal mIPSCs from the same representative cell under both control (black)
and ketamine (red) treated conditions. Bar graph shows mean decay tau before and after
ketamine application. Ketamine significantly (p < 0.05) increased the decay time. (B)
Average mIPSCs recorded from a representative PrL pyramidal neuron under control
conditions (black) and following ketamine (red). The cumulative histogram plots the decay
tau of pyramidal mIPSCs from the same representative cell under both control (black) and
ketamine (red) treated conditions. Bar graph shows mean decay tau before and after
ketamine application. The increase in decay time in pyramidal neurons was not statistically
significant. (* p < 0.05)
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Table 1

Acute pharmacological modulation of KA elicited gamma oscillations.

n Total Gamma Power Peak Power Peak Frequency

Ketamine (100 µM) 11 57.9 ± 17.1** 98.9 ± 24.2* −12.1 ± 1.4**

AP-5 (50 µM) 17 50.6 ± 19.8** 113 ± 26.3** −1.1 ± 2.3

MK-801 (10 µM) 13 41.0 ± 14.7* 171.2 ± 39.0* 1.1 ± 4.8

Ro 25-6981 (1 µM) 5 46.8 ± 11.0* 114.3 ± 36.2* 2.1 ± 4.5

PEAQX (500 nM) 6 −4.0 ± 17.7 21.3 ± 28.1 6.3 ± 3.9

PPPA (500 nM) 5 −9.4 ± 12.8 −5.3 ± 25.4 −1.0 ± 2.7

Quinipirole (30 µM) 6 −13.0 ± 16.1 −8.1 ± 25.6 −1.6 ± 3.2

α-methyl-5-HT (25 µM) 6 −6.4 ± 22.8 5.3 ± 26.9 3.0 ± 3.1

Ketamine (100 µM) + Risperidone (1 µM) 5 58.0 ± 36.3* 99.3 ± 42.2 −12.4 ± 0.8**

Data is the mean ± SEM.

*
value is significantly (p < 0.05) different from control.

**
value is significantly (p < 0.01) different from control
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