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Neurobiology of Disease

Glutamate Receptor Subtypes Mediating Synaptic Activation
of Prefrontal Cortex Neurons: Relevance for Schizophrenia

Diana C. Rotaru,' Hiroki Yoshino,' David A. Lewis," G. Bard Ermentrout,’ and Guillermo Gonzalez-Burgos'
ITranslational Neuroscience Program, Department of Psychiatry, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania 15261,
and Departments of 2Neuroscience and *Mathematics, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Schizophrenia may involve hypofunction of NMDA receptor (NMDAR)-mediated signaling, and alterations in parvalbumin-positive
fast-spiking (FS) GABA neurons that may cause abnormal gamma oscillations. It was recently hypothesized that prefrontal cortex (PFC)
FS neuron activity is highly dependent on NMDAR activation and that, consequently, FS neuron dysfunction in schizophrenia is second-
ary to NMDAR hypofunction. However, NMDARs are abundant in synapses onto PFC pyramidal neurons; thus, a key question is whether
FS neuron or pyramidal cell activation is more dependent on NMDARs. We examined the AMPAR and NMDAR contribution to synaptic
activation of FS neurons and pyramidal cells in the PFC of adult mice. In FS neurons, EPSCs had fast decay and weak NMDAR contribu-
tion, whereas in pyramidal cells, EPSCs were significantly prolonged by NMDAR-mediated currents. Moreover, the AMPAR/NMDAR
EPSC ratio was higher in FS cells. NMDAR antagonists decreased EPSPs and EPSP-spike coupling more strongly in pyramidal cells than
in FS neurons, showing that FS neuron activation is less NMDAR dependent than pyramidal cell excitation. The precise EPSP-spike
coupling produced by fast-decaying EPSCs in FS cells may be important for network mechanisms of gamma oscillations based on
feedback inhibition. To test this possibility, we used simulations in a computational network of reciprocally connected FS neurons and
pyramidal cells and found that brief AMPAR-mediated FS neuron activation is crucial to synchronize, via feedback inhibition, pyramidal
cells in the gamma frequency band. Our results raise interesting questions about the mechanisms that might link NMDAR hypofunction

to alterations of FS neurons in schizophrenia.

Introduction

Hypofunction of NMDA receptor (NMDAR)-mediated signal-
ing has been implicated in the disease process of schizophrenia
because NMDAR antagonist administration mimics core symp-
toms of the illness, including cognitive deficits (Javitt and Zukin,
1991; Javitt, 2009). However, identifying potential sites of
NMDAR hypofunction has proved elusive, given the modest and
often contradictory changes in NMDARs observed in postmor-
tem studies of schizophrenia (Kristiansen et al., 2007), and the
challenges of determining the sites where NMDAR antagonists
act to mimic schizophrenia symptoms.

Schizophrenia may involve dysfunction of prefrontal cortex
(PFC) inhibitory GABA neurons, including the parvalbumin
(PV)-containing cells (Lewis et al., 2005), whose activity is essen-
tial to generate gamma oscillations (Cardin et al., 2009; Sohal et
al., 2009). PV neuron alterations may underlie the impairment of
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gamma oscillations and thus cognitive dysfunction in schizo-
phrenia (Cho et al., 2006), since gamma band synchrony is im-
portant for cognition (Fries, 2009).

Recent studies proposed that alterations of PV neurons in
schizophrenia are secondary to NMDAR hypofunction. For ex-
ample, NMDAR antagonists decrease mRNA expression for PV
and the GABA-synthesis enzyme GAD67 (Cochran et al., 2003;
Behrens et al., 2007), resembling the decrease of PV and GAD67
in schizophrenia (Lewis et al., 2005). Interestingly, systemic ad-
ministration of NMDAR antagonists increases PFC pyramidal
cell firing, apparently by producing disinhibition (Homayoun
and Moghaddam, 2007). Moreover, NMDAR antagonists decrease
disynaptic inhibition onto hippocampal pyramidal cells (Grunze et
al., 1996). Therefore NMDAR antagonists, or NMDAR hypofunc-
tion in schizophrenia, could alter PFC circuit function by disinhib-
iting pyramidal cells via primary effects on PV neurons (Coyle, 2004;
Lewis and Moghaddam, 2006). A crucial question is therefore
whether normally NMDAR-mediated currents are stronger in PV
interneurons or in PFC pyramidal cells.

PV-positive neurons have unique fast-spiking (ES) electro-
physiological properties (Kawaguchi and Kubota, 1997; Galar-
reta and Hestrin, 2002; Pawelzik et al., 2002), which are crucial
for their role in gamma oscillations (Bartos et al., 2007; Mann and
Paulsen, 2007; Doischer et al., 2008). Furthermore, the properties
of glutamate synapses onto FS neurons are also critical, since the
network mechanisms of gamma oscillations may involve recur-
rent excitation—inhibition between pyramidal neurons and FS
cells (Héjos and Paulsen, 2009).
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FS neurons display a remarkably fast synaptic activation (Hu
et al., 2010), which may require short-lasting EPSCs, because
long-lasting EPSCs produce spikes during prolonged time win-
dows (Fricker and Miles, 2000; Maccaferri and Dingledine,
2002). Fast synaptic activation may involve weak NMDAR con-
tribution, because NMDAR-EPSCs typically are long-lasting
(Hestrin et al., 1990; Cull-Candy and Leszkiewicz, 2004). Inter-
estingly, in hippocampus and somatosensory cortex FS neurons
actually display short-lasting EPSCs with weak NMDAR contri-
bution (Geiger et al., 1997; Angulo et al., 1999; Lu et al., 2007;
Hull et al., 2009).

In PEC circuits, the contribution of synaptic NMDARs to
activation of specific populations of neurons is poorly under-
stood. This information is important to determine what cell
types could mediate NMDAR hypofunction and the possible
mechanisms linking NMDAR hypofunction with gamma os-
cillation abnormalities in schizophrenia. Here, we examined
the NMDAR contribution to synaptic activation of PFC FS
neurons and pyramidal cells and the influence of AMPARs and
NMDARSs in the production of gamma oscillations via feed-
back inhibition.

Materials and Methods

Slices

Experiments were conducted in brain slices prepared from the frontal
cortex of 6-week- to 4-month-old C57BL/6 mice of either sex (Charles
River), using methods described previously (Rotaru et al., 2007). Ani-
mals were treated following procedures in accordance with National
Institutes of Health guidelines and approved by the University of Pitts-
burgh’s Institutional Animal Care and Use Committee. For electrophys-
iological recordings, slices were transferred to a recording chamber and
superfused at a flow rate of 2 ml/min with artificial CSF (ACSF) contain-
ing the following (in mm): 126 NaCl, 2.5 KCI, 1 MgCl,, 2 CaCl,, 25
NaHCO;, 1.25 Na,HPO,, and 10 glucose, pH 7.3—7.4 when gassed with
carbogen (95% O, and 5% CO,). Chamber temperature was adjusted to
30-32°C. Unless specifically indicated, the standard ACSF routinely con-
tained 10 um gabazine, to block GABA, receptor-mediated synaptic
transmission.

Electrophysiology

Patch pipette, tight seal whole-cell recordings were obtained from layer 5
pyramidal cells and interneurons in the infralimbic, prelimbic, or ante-
rior cingulate regions of the mouse medial frontal cortex, here collec-
tively referred to as mouse PFC. Cells were visualized using Olympus or
Zeiss microscopes equipped with infrared illumination and differential
interference contrast videomicroscopy. Pipettes pulled from borosilicate
glass had a resistance of 3—6 M() when filled with the following solution
(in mm): K-gluconate 120, NaCl 10, HEPES 10, EGTA 0.2, MgATP 4.5,
NaGTP 0.3, and Na-phosphocreatine 14 and 0.2—0.5% biocytin, and the
pH was adjusted to 7.2-7.4 using KOH. Recordings were obtained using
Multiclamp 700 amplifiers (Molecular Devices). Signals were low-pass
filtered at 4 kHz and digitized at 10 or 20 kHz using Power 1401 data
acquisition interfaces (Cambridge Electronic Design). Data acquisition
and analysis were performed using Signal 4 software (Cambridge Elec-
tronic Design).

Voltage clamp. The pipette capacitance was compensated and series
resistance was continuously monitored but was not compensated. Only
recordings with a stable series resistance of <20 M) were used for anal-
ysis. NMDAR contribution to EPSCs is best estimated at positive mem-
brane potentials, to largely relieve NMDAR channels from Mg>" block.
Good quality voltage-clamp recordings at positive potentials require us-
ing Cs "-based pipette solutions to improve voltage-clamp conditions.
However, Cs * blocks K channels and severely distorts the cells’ firing
properties, preventing the identification of FS neurons. Therefore, we
measured the NMDAR contribution by recording in nominally Mg>*-
free conditions using K "-based pipette solutions, and voltage clamping
the cells near their resting membrane potential (see Figs. 2, 3). Slices were
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incubated before recording for 20 min in Mg>* -free ACSF (MgCl, omit-
ted), and the same Mg>"-free ACSF was used continuously during
recordings.

Current clamp. Series resistance and pipette capacitance were moni-
tored and cancelled using bridge and capacitance neutralization. To mea-
sure the cells’ firing properties, incremental depolarizing current steps
(500 ms duration) were injected until producing spikes repetitively.
Membrane potential measurements were not corrected for liquid junc-
tion potential. In experiments estimating the NMDAR contribution to
EPSPs, recordings were done in standard extracellular Mg** concentra-
tion (1 mm), depolarizing the cells to membrane potential values near
threshold by constant current injection via the whole-cell recording
pipette.

Extracellular stimulation. Synaptic inputs were stimulated using elec-
trodes fabricated with theta-type capillary glass pulled to an open tip
diameter of ~3-5 um and filled with oxygenated ACSF. Silver wires
inserted into the theta glass were connected to a stimulus isolation unit
(World Precision Instruments) commanded by TTL pulses. Stimulation
electrodes were typically placed within 100200 wm of the soma of the
recorded neuron. Stimuli of 100 us duration had current intensity ad-
justed (10—100 nA) to produce apparently monosynaptic responses with
no obvious contamination by polysynaptic events. To produce disynap-
tic IPSPs in the absence of monosynaptic IPSPs (see Fig. 7), horizontal
inputs were stimulated placing the stimulation electrode at >300 um
lateral to the recorded neuron.

Morphological analysis

Biocytin-filled neurons were visualized using the Vectastain Elite ABC kit
(Vector Laboratories) and their axonal and dendritic trees reconstructed
using the Neurolucida Tracing System (Microbrightfield Bioscience) as
described previously (Povysheva et al., 2008; Zaitsev et al., 2009). Typi-
cally, FS cells belong to one of two different morphological classes: chan-
delier neurons and the so-called basket cells (Markram et al., 2004). All
the biocytin-filled FS neurons morphologically identified in this study
were classified as basket cells (Fig. 1).

Electrophysiology data analysis

Neuron classification. Pyramidal cells and interneurons were identified
visually before recording, and their morphology was confirmed subse-
quently (Fig. 1). Because the NMDAR contribution to excitatory inputs
is strong in interneurons of non-FS subtypes (Lu et al., 2007; Wang and
Gao, 2009), we only included interneurons unambiguously classified as
FS. To distinguish FS cells from non-FS interneurons, depolarizing cur-
rent steps were used to analyze the firing response of each interneuron.
Single spike properties were determined on spikes elicited by near thresh-
old current injection. Spike-frequency adaptation was quantified by the
ratio between the last and first interspike intervals in spike trains evoked
by 500 ms depolarizing steps. Cells were classified as FS if they had the
following: (1) narrow spikes (duration at half peak amplitude = 0.6 ms);
(2) large afterhyperpolarizing potentials (amplitude = 15 mV); and (3)
absence of significant spike-frequency adaptation (adaptation ratio
= 1.2). These criteria may exclude some FS neurons, but ensure focusing
on FS cells (Fig. 1 B). As we (Zaitsev et al., 2005, 2009; Povysheva et al.,
2008) and other laboratories (Kawaguchi and Kubota, 1997; Galarreta
and Hestrin, 2002; Pawelzik et al., 2002) demonstrated previously, FS
electrical properties are highly correlated with PV expression. To
verify that our criteria to classify interneurons as FS and to exclude
non-FS were appropriate, we measured the parameters described
above in recordings from green fluorescent protein-positive neurons
in slices from G42 mice (see supplemental Table 1, available at www.
jneurosci.org as supplemental material), a mouse strain in which the
fluorescent protein is expressed exclusively in PV-positive-FS neu-
rons (Chattopadhyaya et al., 2004).

EPSC data analysis. Spontaneous EPSCs (sEPSCs) recorded at —70
mV in nominal Mg>" free conditions were detected using Mini anal-
ysis software (Synaptosoft). For each cell, at least 200 events detected
in control conditions or in the presence of AP5 were averaged. The
peak amplitude of the average sEPSC was measured relative to the
baseline current. The decay kinetics was quantified by fitting a double
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exponential function and computing a FS
weighted decay time constant (7,,) as follows:
Adow X Tiow T Agast X Tast

Aslow X Afast ’

Tw =

where Ay.» Apasp Teiow aNd Tg,, are the ampli-
tudes and decay time constants of slow and fast
IPSC decay components. To estimate the
AMPA/NMDA sEPSC charge ratio, first we ob-

Pyramidal

tained, by waveform subtraction, the NMDA- -/
mediated sEPSC as follows: NMDA
waveform = control waveform — AMPA

waveform, where the AMPA waveform was C
that recorded in the presence of the NMDA
antagonist AP5. Charge was estimated by the
area under the sEPSC waveform curve.

To analyze EPSCs evoked by extracellular
stimulation (eEPSCs), at least 20 responses
were averaged from recordings in control con-
ditions or in the presence of the AMPAR antag-
onist CNQX. Analysis of amplitude, decay
kinetics, and charge of the average eEPSC was
done as for the sEPSCs. To estimate the AMPA/
NMDA eEPSC charge ratio, first the AMPA-
mediated eEPSC was obtained by waveform
subtraction as follows: AMPA waveform =
control waveform — NMDA waveform, where
the NMDA waveform was that recorded in the
presence of the AMPAR antagonist CNQX.

EPSP data analysis. Spontaneous EPSPs
(sEPSPs) recorded in control conditions or in
the presence of AP5 at two different membrane
potentials (100-200 events at approximately
—80 mV and at least 70 events near threshold)
were detected using Mini analysis software
(Synaptosoft). An average SEPSP was obtained
for each condition (control and AP5, hyperpolarized and depolarized).
To analyze EPSPs evoked by focal extracellular stimulation (eEPSPs), 20
consecutive eEPSPs recorded at each membrane potential were aver-
aged (control and AP5). At depolarized potentials, SEPSP and eEPSP
decay were not well fit by exponential functions; thus, the effects of
depolarization and NMDAR activation were quantified by measuring
changes in the EPSP area, computing a ratio between the EPSP area at
depolarized and hyperpolarized potentials (or D/H EPSP area ratio,
obtained in control conditions and in the presence of AP5). The D/H
ratio compensates for the within-cell variability in the depolarization
effects on EPSP area, which, especially in pyramidal cells, vary mark-
edly depending on EPSP size and the subthreshold depolarized po-
tential at which each particular neuron was recorded (Stuart and
Sakmann, 1995; Gonzélez-Burgos and Barrionuevo, 2001; Rotaru et
al., 2007).

To quantify the magnitude of EPSP summation during stimulus
trains, first we obtained an average of all the recorded EPSP trains that
remained subthreshold (see Figs. 5, 6). In the average traces, we measured
the amplitude of the first (EPSP, ) and fifth (EPSP,) EPSPs, relative to the
membrane potential measured just prior (10 ms) to EPSP,. Summation
was estimated by computing the EPSP;/EPSP, ratio for each neuron in
each condition.

Spike probability during EPSP—spike coupling. The probability of elicit-
ing spikes by EPSP trains at depolarized potentials was estimated as the
proportion of EPSP trains with spikes (independent of the number of
spikes per train) out of the total number of trains recorded. Typically, at
least 20 consecutive trains were used to estimate the spike probability in
control conditions or in the presence of AP5. Spike probability was quan-
tified similarly when testing the effects of the GABA , receptor antagonist
gabazine (2 um) or of the use-dependent NMDA channel blocker MK801

(10 pm).

Figure 1.
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PFC pyramidal cells and FS interneurons were identified based on their firing pattern and morphological properties.
A, Top, Firing properties of a typical FS interneuron identified in layer 5. Bottom, Firing properties of a typical layer 5 pyramidal
neuron. Some pyramidal cells had weakly bursting properties (not shown). B, Left, Adaptation ratio (last interspike interval/first
interspike interval, see Materials and Methods) plotted as a function of spike duration at half peak amplitude for 30 pyramidal cells
(triangles), 60 FS neurons (black circles), and 45 non-FS cells (gray circles). Right, Plot of the AHP amplitude versus spike duration
at half-width. Cells classified as FS (see Materials and Methods) had spike duration =0.6 ms, AHP amplitude =15 mV, and
adaptation ratio =1.2. For examples of non-FS cell properties, see supplemental Figure 1 (available at www.jneurosci.org as
supplemental material). C, Examples of the morphological properties of pyramidal cells (left) and FS neurons (right) filled with
biocytin during recording. All the FS cells had properties consistent with the basket cell morphological class (no chandelier neurons
were found in this data sample). Axons shown in gray, dendrites in black.

Chemicals
Biocytin was obtained from Invitrogen; all other chemicals and reagents
were obtained from Sigma Chemical.

Statistical analysis

Results are expressed as mean * SEM. The statistical analysis was performed
using Statistica 6.3 software (Statsoft). The significance of differences be-
tween group means was determined using Student’s t test, one-way
ANOVA, two-way ANOVA, or Mann—Whitney U test, as indicated in
each case. Differences between group means were considered significant
if p < 0.05. The results of statistical comparison of differences between
group means are shown in the figure legend of each figure.

Computational network model and simulations

The model consists of a network of 200 excitatory (E) cells and 40 inhib-
itory (I) spiking neurons. Connections are such that each E cell receives
inputs from 10% of the other E cells and 75% of the I cells. I cells receive
connections from 75% of the E cells and I cells. Connections are either 0
or 1. Each neuron obeys the following dynamics (Izhikevich, 2004):

av (V—w)(V—Vy)
CE:IapPI-FgIW_Z(V_ VK) Igyn"l‘U'N
dz
dt = az,

where z represents adaptation, and N is white noise. Each time V() hits
Vipike Zis incremented by dand Visreset to V,. For E cells, g; = 0.05, V; =

—65, V= —45,a=0.01,d = 0.2, V, = —52. 1 cells are the same, but
g = 0.1 and d = 0 (no spike-frequency adaptation). V,, = —75. Cis 1
wF/cm?, all conductances are in millisiemens per square centimeter, and
voltages are in millivolts. Parameters are chosen so that at rest E cells have

a membrane time constant of 20 ms and I cells 10 ms. Bias currents are
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applied only to the E cells, I, = 3 pA/cm %, so that the I cells can only
fire if E cells fire. A small amount of white noise is added to the E cells.
Synaptic currents have the following form:

Isyn = (gese + gnsn)(v - Vex) + gisi(v_ ‘/in))

where V,, = —70 and V,, = 0. Every neuron to which a given cell is
connected contributes its own synaptic current. The synaptic gating vari-
ables satisfy the following equations:

ds, S,

dt T,
dsn Sﬂ
—=a,s(l—5s,) ——
dt n t‘( Tl) Tn

dS,‘ S;

e 1

Here s, isan NMDA synapse, s, is an AMPA synapse, and s; is GABA. The
model for NMDA does not include any magnesium block, and its form is
due to Wang (1999). Each time an E cell fires, s, is incremented by 1; each
time an I cell fires, its corresponding s; is incremented by 1. For E—E
connections, 7, = 3 ms, g,, = 0.05, and g,,, = 0.005. For E—I connec-
tions, g,; = 0.4, ¢,; = 0.002,and 7, = 1 ms. In both cases, a,, = 0.5/ms and
7, = 80 ms. For I connections, g;, = 0.5, g; = 0.1, and 7; = 2 ms. All
simulations were performed using XPPAUT; the code is available from
the authors. Power spectra were taken on the “local field potential,”
which is the sum of all the excitatory currents into the excitatory cells.
Rasters are actually plots of s, the E—E synaptic gating variables. Euler’s
method was used with a step size of 0.05 ms.

Results

Contribution of NMDAR-mediated currents to EPSCs

We recorded from pyramidal cells and from FS interneurons in
layer 5 of the medial PFC (Fig. 1A). ES interneurons are PV-
positive cells with narrow spikes that lack spike-frequency adap-
tation, whereas non-FS interneurons are a largely heterogeneous
group of PV-negative cells including multiple subclasses (Ascoli
et al,, 2008), most of which have significant spike-frequency ad-
aptation and spikes with longer duration. Because several sub-
classes of non-FS interneurons have strong synaptic NMDAR
currents (Lu et al., 2007; Wang and Gao, 2009), unambiguous
identification of FS cells is crucial. We separated FS from non-FS
interneurons based on the combined analysis (see Materials and
Methods) of the spike duration at half peak amplitude, the spike-
frequency adaptation (measured by the adaptation ratio), and the
amplitude of the afterhyperpolarizing potential (AHP) observed
following individual spikes (Fig. 1 B). To confirm that the criteria
were appropriate, we performed recordings from green fluores-
cent protein (GFP)-positive neurons from G42 mice (see supple-
mental Table 1, available at www.jneurosci.org as supplemental
material), in which GFP is expressed exclusively in PV-positive
FS neurons (Chattopadhyaya et al., 2004). As shown in Figure 1 B,
many non-FES cells have spikes significantly shorter than pyrami-
dal cell spikes, together with obvious spike-frequency adaptation
and/or relatively small AHP. Therefore, assessment of only the
spike duration is insufficient for proper identification of FS neu-
rons. In this study, we recorded from a total of 99 pyramidal
neurons, 68 FS cells, and 45 interneurons that were classified as
non-FS and therefore excluded from analysis of synaptic proper-
ties. All the recorded FS neurons for which morphology was iden-
tified were basket cells with multipolar aspiny dendrites (Fig. 1C).
Examples illustrating the heterogeneous properties of the non-FS
interneurons are shown in supplemental Figure 1 (available at
www.jneurosci.org as supplemental material).
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Figure2. Contribution of AMPARs and NMDARs to sEPSCs in PFC neurons. A, Left, Examples
of sSEPSCs recorded from a pyramidal cell (gray) or a FS interneuron (black). Note the faster decay
time course of individual SEPSCs in the FS neuron. Right, Averages of the SEPSCs recorded from
the pyramidal cell and FS neuron are shown superimposed. No Mg ® " was added to the extra-
cellular solution. B, Average SEPSCs recorded from a pyramidal cell (left) and a FS neuron (right)
in control conditions (thin black), or after 15 min of b,.-AP5 (100 wum) application (gray). The
NMDAR-mediated SEPSC waveform obtained by subtraction is shown as well (thick black). €,
Bar graphs summarizing the differences in the decay time constant of the control average
SEPSCs (AMPAR- and NMDAR-mediated) and the SEPSCs recorded after AP5 application
(AMPAR-mediated). AP5 significantly accelerated the SEPSC decay in pyramidal cells but not in
FS neurons. *p << 0.05 (sEPSC decay time, pyramidal cells, n = 11, control: 7.36 = 0.75 ms,
AP5:4.63 = 0.22ms; FS cells,n = 10, sEPSC: 2.04 = 0.20 ms, AP5: 1.84 = 0.12 ms; two-factor
ANOVA, cell type: F; 3 = 89.9 p << 0.00001; NMDAR: F; 35 = 11.9 p < 0.002; interaction:
Fir.38 = 8.7p < 0.01; post hoc Fisher LSD tests control versus AP5: pyramidal cells, p < 0.0001,
FS neurons: p = 0.736). D, Bar graph showing the AMPA/NMDA charge ratio, estimated from
the sEPSC waveforms for both pyramidal cells and FS neurons. *p << 0.01 (AMPA/NMDA charge
ratio, pyramidal cells, n = 11:2.30 = 0.48; FS neurons, n = 10:5.05 = 0.67; Mann—Whitney
Utest, U = 2.72, p < 0.005).

We recorded sEPSCs in Mg®*-free conditions (no Mg**
added) to minimize NMDAR channel block, and found that
the SEPSCs decayed more slowly in pyramidal cells than in FS
interneurons (Fig. 2A). Because NMDAR-mediated EPSCs are
significantly longer-lasting than AMPAR-mediated EPSCs
(Dingledine et al., 1999; Cull-Candy and Leszkiewicz, 2004), we
blocked NMDARSs to test whether the slower sEPSC decay in
pyramidal cells was associated with a stronger NMDAR contri-
bution. Ketamine, a noncompetitive NMDAR antagonist com-
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monly used to model NMDAR hypofunction, was not used here
because ketamine has multiple effects unrelated to its action as
NMDAR antagonist. For instance, ketamine inhibits the
hyperpolarization-activated channels (Chen et al., 2009), which
are abundant in pyramidal cells (Kole et al., 2006) and FS neurons
(Aponte etal., 2006) and shape the duration of synaptic responses
(Magee, 1998; Rotaru et al., 2007). Ketamine also enhances the
excitability of pyramidal cell dendrites (Potez and Larkum,
2008). Application of the competitive NMDAR antagonist AP5,
significantly accelerated the sEPSC decay in pyramidal cells but
not in FS neurons (Fig. 2 B,C). The sEPSC peak amplitude was
larger in FS neurons than pyramidal cells (Fig. 2 A, B), but was not
affected by AP5 in either cell type (sEPSC peak amplitude, pyra-
midal cells, n = 11, control sEPSC: 30.4 * 2.1 pA; AP5 sEPSC:
29.9 £ 2.5 pA; ES neurons, n = 10, control sEPSC: 42.0 = 5 pA;
AP5 sEPSC: 36.4 * 4.7 pA; two-factor ANOVA, pyramidal vs FS:
Fiiag) = 5.91, p = 0.019; AP5: F, 54, = 0.686, p = 0.412; inter-
action: F, 55y = 0.463, p = 0.499). Waveform subtraction re-
vealed a weaker NMDAR component in FS cell sEPSCs (Fig. 2 B).
Consequently, the AMPA/NMDA charge ratio (the ratio between
the charge flowing through AMPARs and that flowing through
NMDARs) was higher in FS neurons (Fig. 2D).

Our experiments using the competitive NMDAR antagonist
AP5 may have underestimated the NMDAR contribution to FS
cell sEPSCs if AP5 had weaker effects at FS neuron synapses. For
instance, multivesicular glutamate release at FS cell synapses
(Watanabe et al., 2005) may produce a high glutamate concen-
tration transient in the synaptic cleft, thus displacing more
strongly the competitive antagonist AP5 at FS versus pyramidal
cell synapses. To estimate the NMDAR contribution indepen-
dently of AP5 effects, we used CNQX, a high-affinity AMPAR
antagonist whose efficacy is less affected by the cleft glutamate
concentration (Biré and Nusser, 2005). Because detection of
NMDAR-mediated sEPSCs after CNQX application was unreli-
able (supplemental Fig. 2, available at www.jneurosci.org as sup-
plemental material), we studied EPSCs evoked with focal
extracellular stimulation (eEPSCs) at low intensity, to minimize
polysynaptic transmission, which in low Mg>" is enhanced by
NMDAR-mediated excitation (Thomson and West, 1986). AMPAR
blockade revealed a significant NMDAR eEPSC in pyramidal
neurons, whereas in FS cells the NMDAR eEPSC was smaller (Fig.
3A,B). In either pyramidal cells or FS neurons, the EPSC compo-
nent remaining after applying CNQX in 0 mm Mg>", was
blocked by application of Mg** (1 mm), AP5 (Fig. 3A), or Mg**
and AP5 together (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). Moreover, the eEPSCs
decayed more slowly in pyramidal cells than in FS neurons (Fig.
3A,B), and waveform subtraction showed that NMDAR currents
significantly prolonged the eEPSC decay in pyramidal cells and
not in FS neurons (Fig. 3C). In addition, the AMPA/NMDA
charge ratio for eEPSCs was significantly higher in FS cells (Fig.
3D). Therefore, as for sSEPSCs, eEPSC properties suggest a weaker
synaptic NMDAR contribution in FS cells.

Importantly, our data (Figs. 2, 3) show that the AMPAR-
mediated EPSCs have a faster decay in FS neurons than in pyra-
midal cells (sEPSC decay, FS cells, n = 10, 1.84 = 0.12 ms;
pyramidal cells, n = 11,4.63 = 0.22 ms, p < 0.001; eEPSC decay,
FS cells, n = 13, 2.15 * 0.24 ms; pyramidal cells, n = 10, 4.78 =
0.38 ms; p < 0.001). These results suggest that compared with
pyramidal cells, at glutamate synapses onto FS neurons fast sig-
naling is optimized by having weaker NMDAR contribution and
faster AMPAR currents. The mechanisms producing faster
AMPAR currents in FS cells were not investigated here; however,
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Figure3. Contribution of AMPARs and NMDARs to eEPSCs in PFCneurons. 4, Left, Plot of the

response amplitude versus stimulus number for eEPSCs recorded from a pyramidal neuron, in
control conditions and after application before of the AMPAR antagonist CNQX (20 wm). Note
that a significant eEPSC component was observed after CNQX application and was blocked by
adding 0,.-AP5 (100 um). No Mg was added to the extracellular solution. The inset shows
recordings from the neuron depicted in the plot (calibration bars: 50 pA, 20 ms). Right, From
recordings in a different pyramidal cell, shown superimposed are the average eEPSCs recorded
in control conditions and after CNQX addition (thick and thin black, respectively) and the
AMPAR-eEPSC waveform obtained by subtraction (gray). B, Left, In an experiment similar to
that shown in 4, a very small eEPSC was left in a FS neuron after C(NQX application. Right,
Average EPSCs and AMPA EPSC obtained by subtraction are shown superimposed for an exam-
ple FS neuron. C, Bar graph summarizing differences in the decay time constant of the control
eEPSCs (AMPAR- and NMDAR-mediated) and the AMPAR-mediated eEPSCs, obtained by wave-
form subtraction. **p << 0.001 (eEPSC decay time constant, pyramidal cells, n = 10, control
eEPSC: 8.86 == 0.98 ms, AMPA eEPSC: 4.78 == 0.38 ms; FS cells, n = 13, control eEPSC: 2.85 =
0.46 ms, AMPA eEPSC: 2.15 = 0.24 ms; two-factor ANOVA, cell type: F; ) = 594 p <
0.00001; NMDAR: F; 45, = 17.5p << 0.0002; interaction: f; ,,, = 8.4p << 0.01; post hoc Fisher
LSD tests control eEPSCvs AMPA eEPSC: pyramidal cells, p << 0.0001, FS neurons, p = 0.704).D,
Bar graph summarizing data of the AMPA/NMDA charge ratio, estimated from the eEPSC wave-
forms for both pyramidal cells and FS neurons. Relative to the AMPA charge, the NMDA charge
was significantly smallerin FS neurons, producing a larger AMPA/NMDA charge ratio. *p << 0.05
(AMPA/NMDA charge ratio, pyramidal cells, n = 23,0.87 = 0.28; FS neurons,n = 18,5.21 =
1.79; Mann—Whitney U test: Z = 2.022, p << 0.05).

in hippocampus and somatosensory cortex (Geiger et al., 1997;
Angulo et al.,, 1999; Sambandan et al., 2010) as well as in rat PFC
(Wang and Gao, 2010), AMPAR-EPSCs in ES cells seem to be
mediated by GluR2 subunit-lacking AMPARs, which have fast
deactivation and are Ca®" permeable.

Contribution of NMDARs to EPSPs
The AMPA/NMDA charge ratios estimated for EPSCs showed a
significantly weaker NMDAR component in FS cells. However,
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Figure4. NMDAR contribution to EPSPs is significantly stronger in PFC pyramidal cells than in FS neurons. 4, Left, éEPSPs in a pyramidal cell at negative potentials (approximately —80 mV) and

depolarized near spike threshold, in control conditions and after application of b,.-AP5 (100 wm). Here and in B and €, gray traces show individual eEPSPs and black traces the average of at least 10
eEPSPs. The numbers below the traces indicate the mean membrane potential measured 5 ms before stimulation. Right, The effects of depolarization and AP5 were estimated by computing the ratio
between the eEPSP area at depolarized and hyperpolarized potentials (EPSP D/H area ratio). D/H area ratio = 1 means an absence of effect of depolarization (see Materials and Methods). The bar
graph summarizes the experiments testing the effects of AP5 on EPSP D/H area ratio in pyramidal cells **p << 0.01 (eEPSP D/H area ratio for pyramidal cells, control: 2.98 == 0.36, n = 17, AP5:
1.61 == 0.24,n = 15; Mann—Whitney UtestZ = 2.63, p = 0.0085). B, Left, eEPSPs evoked in a FS neuron at potentials near —80 mV and at a depolarized potential near spike threshold. Right, Bar
graph summarizing the effects of membrane depolarization and o,.-AP5 (100 wum) application on eEPSPs recorded from FS cells (eEPSP D/H area ratio for FS cells, control: 2.10 = 0.33,n = 11, APS:
1.45 % 0.13,n = 10; Mann—Whitney UtestZ = 1.619, p = 0.105). FS interneurons were depolarized to similar subthreshold potentials than pyramidal cells (pyramidal cells, control: —57.82 ==
1.79mV, AP5: —56.15 == 1.66 mV; FS neurons, control: —55.19 == 2.72 mV, AP5: —54.11 = 4.11 mV; two-factor ANOVA followed by Fisher LSD comparisons, p > 0.25). , Examples of sSEPSPs
recorded from a pyramidal cell (left panel) ora FS neuron (right panel) at different membrane potentials (average membrane potential valuesindicated below the traces). Gray traces show individual
SEPSPs and black traces the average of at least 50 SEPSPs. D, Left, The average sEPSPs shown in Care displayed superimposed. Black traces and gray traces show the averages of SEPSPs recorded at
hyperpolarized and depolarized membrane potentials, respectively. Right, Bar graph summarizing the effects of membrane depolarization and o,.-AP5 (100 ) application on the SEPSP D/H area
ratio. **p < 0.005 (SEPSP D/H area ratio for pyramidal cells, n = 8, control: 3.28 = 0.33, AP5: 1.87 == 0.22, Mann—Whitney U'test, Z = 2.83, p = 0.0045; sEPSP D/H area ratio for FS cells,n = 8,
control: 1.25 = 0.51, AP5:n = 8:1.30 == 0.12; Mann—Whitney Utest, 7 = 0.210, p = 0.833). Pyramidal cells and FS neurons were depolarized to similar subthreshold membrane potentials before

and during AP5 application (pyramidal cells, control: —53.5 == 1.4 mV, AP5: —55.0 == 1.5mV, p = 0.655; FS cells, control: —55.9 = 2.5mV, AP5: —54.4 = 3.2mV, p = 0.641).

the weaker NMDAR-mediated currents in FS cells may still be
significant for EPSP-mediated FS cell excitation. Thus, we next
compared the NMDAR contribution to EPSPs in pyramidal cells
and FS neurons. In pyramidal cells, NMDAR-mediated currents
prolong EPSPs specifically at depolarized potentials that decrease
the voltage-dependent Mg>" block of the NMDAR channel
(Thomson, 1986, 1997; Forsythe et al., 1988; Jones and Baughman,
1988; Thomson et al., 1988). We therefore studied EPSPs evoked by
extracellular stimulation (eEPSPs) in standard external Mg>" (1
mM) at negative potentials (approximately —80 mV) or during de-
polarization near spike threshold elicited by current injection into
the soma of the recorded neuron.

At potentials near —80 mV, the eEPSPs, which decayed with
slower time course in pyramidal cells than FS neurons, were un-
altered by AP5 application (Fig. 4A,B). In pyramidal cells, depo-
larization markedly prolonged the eEPSPs, which decayed in a
highly nonexponential manner (Fig. 4B). In contrast, in depolar-
ized FS neurons, eEPSPs were weakly prolonged and decayed
nearly exponentially (Fig. 4B). NMDAR blockade attenuated the
enhancement of eEPSPs by depolarization in pyramidal cells (Fig.
4 A), whereas in FS neurons eEPSPs evoked at depolarized poten-
tials were not significantly affected by AP5 (Fig. 4A). As the vari-
able and highly nonexponential decay of EPSPs in depolarized
pyramidal neurons prevented curve fitting, we estimated the ef-
fects of depolarization and AP5 measuring the ratio between
EPSP area at depolarized relative to hyperpolarized potentials

(EPSP D/H area ratio, see Materials and Methods). In pyramidal
cells, depolarization produced an ~3-fold increase in eEPSP area,
and this effect was significantly attenuated, down to an ~1.5-fold
increase, by AP5 (Fig. 4A). In FS neurons, depolarization pro-
duced a weaker, ~2-fold, increase in eEPSP area that was not
significantly altered by AP5 (Fig. 4B).

AP5 nonsignificantly attenuated (from ~2-fold down to
~1.4-fold) the increase in eEPSP area with depolarization in FS
neurons (Fig. 4B). Such nonsignificant decrease in the eEPSP
area ratio by AP5 suggests that NMDARs contribute to the
change in eEPSP area in FS neurons, but that such NMDAR
contribution is significantly weaker than in pyramidal cells, as
expected based on the sEPSC and eEPSC data (Figs. 2, 3).
Importantly, extracellular stimulation may produce polysyn-
aptic network activity, and since polysynaptic EPSPs overlap
with the decay phase of monosynaptic EPSPs, they could lead to
overestimation of the NMDAR contribution, confounding the
measurements of EPSP area during depolarization even if the
monosynaptic EPSPs are mostly AMPAR mediated. To confirm
that NMDARs differentially contribute to monosynaptic EPSPs
in pyramidal neurons versus FS cells, we tested the effects of AP5
on sEPSPs, which are produced in the absence of extracellular
stimulation. Similar to the sEPSCs, at a hyperpolarized potential
the sSEPSPs had significantly larger amplitude in FS neurons than
in pyramidal cells (FS sEPSP: 1.22 = 0.17 mV, n = 8; pyramidal
cell sSEPSP: 0.61 * 0.09 mV, n = 8; p < 0.01), suggesting that
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single-synapse or unitary inputs are stronger in FS cells than in
pyramidal neurons (Fig. 4C). Moreover, we found that depolar-
ization increased the sEPSP area by ~3-fold in pyramidal cells
and by ~1.25-fold in FS neurons (Fig. 4 D), thus having effects
that were very similar to those produced on eEPSPs (Fig. 4B).
Application of APS5 significantly attenuated (down to an ~1.6-
fold increase) the sEPSP area ratio in pyramidal cells (Fig. 4D),
whereas in FS neurons the sEPSP area ratio was unaffected by
APS5 (Fig. 4D). Together, the eEPSP and sEPSP recordings show
that the NMDAR-mediated EPSP component is significantly
stronger in pyramidal cells than in FS neurons. The decrease of
eEPSP D/H area ratio by AP5 in FS neurons, even if not signifi-
cant, raises some interesting questions given the absence of AP5
effect on sEPSP D/H area ratio. One possibility is that the non-
significant decrease in eEPSP D/H area ratio by AP5 in FS neu-
rons reflects blockade of the activation of an extrasynaptic pool of
NMDARSs that is not activated during sEPSPs, which mostly re-
flect single-synapse- and single-axon-mediated transmission. Ex-
trasynaptic NMDARs may mediate the effects of glutamate
spillover or ambient glutamate, both of which could influence FS
neuron activation in specific network activity states, a possibility
that remains to be investigated.

Importantly, the effect of depolarization on the eEPSP area
was not completely prevented by NMDAR blockade (Fig. 4 B),
suggesting that together with NMDA-mediated currents, addi-
tional mechanisms underlie the increase in EPSP area with depo-
larization. For example, voltage-dependent conductances shape
the EPSP area during depolarization of pyramidal cells and inter-
neurons (Stuart and Sakmann, 1995; Magee, 1998; Fricker and
Miles, 2000; Galarreta and Hestrin, 2001; Gonzalez-Burgos and
Barrionuevo, 2001; Rotaru et al., 2007). To test the role of
voltage-dependent conductances, we generated EPSP-like volt-
age transients by injecting EPSC-like current waveforms (Rotaru
etal., 2007) at hyperpolarized potentials or while depolarizing the
cells near spike threshold with steady current injection (supple-
mental Fig. 3, available at www.jneurosci.org as supplemental
material). Depolarization produced an AP5-insensitive increase
in the area of the EPSP-like voltage transients, of ~2.2-fold in
pyramidal cells and ~1.6-fold in FS neurons (supplemental Fig.
3, available at www.jneurosci.org as supplemental material).
These results show that depolarization shapes the EPSP area by
the combined effects of NMDAR- and voltage-dependent con-
ductances, as in somatosensory cortex pyramidal cells (Markram
et al., 1997).

Contribution of NMDARs to EPSP summation and
EPSP-spike coupling

The prolongation of EPSPs by NMDAR-mediated currents (Fig.
4) may enhance temporal summation in pyramidal cells. To test
the NMDAR contribution to EPSP summation, we used focal
stimulation to elicit trains of small EPSPs at hyperpolarized po-
tentials or depolarized potentials near spike threshold. At poten-
tials near rest, EPSPs decayed with slower kinetics in pyramidal
cells than in FS neurons [decay time constant, pyramidal cell:
27.6 = 3.8 ms (n = 7); FS neurons: 12.7 = 2.4 ms (n = 6),
Student’s f test, t = 3.158, p < 0.01]. Therefore, whereas in pyra-
midal cells EPSPs showed substantial summation at 20 Hz, in FS
neurons 50 Hz stimulation was necessary for summation of the
fast-decaying EPSPs (supplemental Fig. 4, available at www.
jneurosci.org as supplemental material). As shown in Figure 5, in
pyramidal neurons membrane depolarization significantly en-
hanced EPSP summation, and this effect was attenuated by AP5
(Fig. 5A). In FS neurons, the increase in summation ratio at de-
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Figure 5.  The NMDAR contribution to subthreshold EPSP summation is significantly stron-
ger in PFC pyramidal cells than in FS neurons. 4, Left, Example of average eEPSPs evoked by
repetitive stimulation (5 stimuli, 20 Hz) in a pyramidal cell recorded at approximately —80 mV
(black trace) and at a depolarized membrane potential near threshold (gray trace). Right, Bar
graph summarizing the differences in eEPSP summation at different membrane potentials in
the absence or presence of the NMDAR antagonist ,L-AP5 (100 wum). *p << 0.02 (eEPSP/eEPSP,
ratio, hyperpolarized: 1.82 = 0.21, depolarized: 3.41 = 0.62,n = 14,7 = 2.113 p < 0.05,
Mann-Whitney U test; eEPSP;/eEPSP, ratio hyperpolarized+AP5: 2.03 =+ 0.46,
depolarized +AP5: 2.65 = 0.37,n = 12,7 = 1.386 p = 0.165, Mann—Whitney U test). The
depolarized membrane potential in control and AP5 conditions did not differ significantly (con-
trol: —59.5 == 2.7mV; AP5: —57.4 = 3.0mV, p = 0.619). B, Left, Example of average eEPSPs
evoked by repetitive stimulation of excitatory inputs (5 stimuli, 50 Hz) onto a FS cell recorded at
approximately —80mV (black traces) and at a depolarized membrane potential near threshold
(gray traces). Right, Bar graph summarizing the differences in eéEPSP summation at different
membrane potentials in the absence or presence of the NMDAR antagonist o,.-AP5 (100 um)
(eEPSP,/eEPSP, ratio, hyperpolarized: 1.33 = 0.23 n = 11, depolarized: 1.59 = 0.39n = 10,
7:0.281,p = 0.778, Mann—Whitney Utest; eEPSP/eEPSP, ratio hyperpolarized +AP5: 1.24
0.20n = 9, depolarized +AP5: 1.46 == 0.45,n = 7,7 = 0.0532, p = 0.958, Mann—Whitney
U test). The depolarized membrane potential in control and AP5 conditions did not differ sig-
nificantly (control: —55.9 = 1.9 mV; AP5: —55.0 = 2.9 mV, p = 0.791).

polarized potentials was significantly weaker than in pyramidal
cells ( p < 0.005) and was AP5 insensitive (Fig. 5B).

The NMDAR-mediated boosting of EPSP summation de-
scribed in Figure 5 may potentiate EPSP—spike coupling more
strongly in pyramidal cells. To test this possibility, we estimated
the probability of eliciting spikes with trains of small EPSPs
paired with postsynaptic depolarization produced by somatic
current injection. In pyramidal neurons, spikes were evoked with
significant delays and variable timing, following EPSP summa-
tion (Fig. 6 A). In contrast, in depolarized FS neurons spikes typ-
ically were produced with short delays, within a narrow time
window near the EPSP peak and independently of summation
(Fig. 6 B). The latency from the onset of the stimulus trains to the
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conditions. Middle, Recordings from the same neuron in the presence of p,.-AP5 (100 wm). Here and in B, subthreshold and
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eEPSPs. Right, Bar graphiillustrating the significant reduction of spike probability by b,.-AP5 (100 tum) in pyramidal cells. *p << 0.05
(probability of spiking, n = 6, control: 0.67 = 0.12, AP5:0.36 == 0.16, Student's t test, t = 3.14, p << 0.05). B, Left, Consecutive
traces showing eEPSP trains evoked by 50 Hz stimulation in a FS neuron at a depolarized membrane potential near spike threshold
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(probability of spiking, n = 6, control: 0.60 == 0.14, AP5: 0.63 = 0.17, Student's t test, t = 0.233, p = 0.824).

first spike produced was significantly shorter in FS cells (p <
0.00001), although the spike latency was not affected by AP5 in FS
(p = 0.822) or pyramidal neurons ( p = 0.664) (spike latency FS
cells control: 39.9 = 9.9 ms; ES cells AP5: 32.3 = 9.5 ms, n = 6;
pyramidal cells control: 192.9 = 20.7 ms; pyramidal cells AP5:
208.3 = 39.8 ms, n = 6). In addition the spike latency showed
larger variability in pyramidal cells (SD of spike latency FS cells
control: 24.4 ms, FS cells AP5: 23.4 ms; pyramidal cells control:
50.7 ms, pyramidal cells AP5: 97.7 ms). These data show that FS
cells fire much earlier and with less variable timing relative to the
onset of stimulation. NMDAR blockade with AP5 significantly
decreased the firing probability in pyramidal cells (Fig. 6A), but
did not affect the probability of FS cell firing (Fig. 6 B). The stron-
ger effect of AP5 on EPSP—spike coupling in pyramidal neurons
was not attributable to a more depolarized baseline membrane
potential in these cells, given that the mean membrane potential
10 ms before the onset of the EPSP trains did not differ signifi-
cantly between cell types (pyramidal cells, n = 6, control:
—55.8 £ 3.2 mV; AP5: —56.6 £ 2.9 mV; FS neurons, n = 6,
control: —55.0 £ 4.1 mV; AP5: —57.0 £ 4.4 mV; two-factor
ANOVA, cell type: F(, 55, = 0.002, p = 0.965, NMDAR: F, ;o) =
0.145, p = 0.707). Moreover, we found that the membrane po-
tential value before the onset of the EPSP trains was not corre-
lated with spike probability in neither pyramidal cells (Pearson’s
r coefficient = 0.436, p = 0.156) or FS neurons (Pearson’s r
coefficient = 0.0832, p = 0.797), suggesting that the actual depo-
larization before train onset was not a determinant factor for
spike probability.

The NMDAR contribution may increase if spikes are initiated
by large EPSPs produced by synchronous activation of multiple

EPSP—spike coupling in pyramidal cells
may be counteracted by disynaptic inhibi-
tion evoked by glutamate-mediated exci-
tation of interneurons synapsing onto the
recorded cell. To test whether NMDAR-
dependent disynaptic IPSPs inhibit
EPSP—spike coupling in PFC pyramidal
cells, next we evoked EPSPs followed by
disynaptic IPSPs that partially truncated
the EPSP decay phase (Fig. 7A). That the
IPSPs were disynaptic was indicated by their variable trial-to-trial
latency, significant failures, and their complete blockade by
CNQX (Fig. 7B). During stimulus trains at depolarized poten-
tials, spikes were observed in some trials, whereas in other trials
spiking was apparently inhibited by the disynaptic IPSPs (Fig.
7B). CNQX application completely blocked EPSPs and IPSPs
(Fig. 7A, B) showing minimal contribution from monosynaptic
IPSPs. The GABA, receptor antagonist gabazine increased the
spiking probability (Fig. 7C), showing that the disynaptic IPSPs
inhibited pyramidal cell firing.

Disynaptic IPSPs are reduced by NMDAR antagonists in hip-
pocampal pyramidal neurons (Ling and Benardo, 1995; Grunze
et al., 1996), but are NMDAR-independent in somatosensory
cortex (Ling and Benardo, 1995; Hull et al., 2009). Is NMDAR
activation required to produce disynaptic IPSPs that control PFC
pyramidal cell firing? If so, then NMDAR antagonists should
increase the spike probability by removing or weakening the di-
synaptic IPSPs. To test this possibility, we applied MK801, a use-
dependent blocker of the NMDAR channels (Huettner and Bean,
1988), at a concentration (10 uMm) that saturates the NMDAR
binding sites in equilibrium conditions. MK801 binding and
channel block are dependent on NMDAR activation by gluta-
mate (Huettner and Bean, 1988). Therefore, the effect of MK801
is predicted to be stronger at synapses in which the postsynaptic
NMDAR contribution is greater or glutamate is released with a
higher probability or reaches higher synaptic cleft concentra-
tions. Figure 7D shows that the main effect of MK801 was to
decrease pyramidal cell firing, starting at an early time window
following the onset of application, when the MK801 concentra-
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tion is probably still subsaturating. These
data suggest that NMDARs are more
critical to recruit pyramidal cells than
interneurons producing the disynaptic
IPSP-mediated inhibition in PFC slices.

Fast AMPAR-mediated excitation of FS
neurons is important for synchronized
oscillations in the gamma frequency
band

FS neuron-mediated inhibition is crucial
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volved in gamma oscillations. To address
this issue, we performed simulations in a
model network of pyramidal and FS cells
(Fig. 8A), reciprocally connected via exci-
tatory and inhibitory synapses with prop-
erties consistent with those mediated by
AMPARs, NMDARs, and GABA, recep-
tors (Fig. 8 B). Pyramidal cells continu-
ously received noisy and heterogeneous
excitatory drive, which in the absence of
feedback inhibition produced network
activity with no significant power in the

distance lateral stimulation of synaptic inputs produced, in a pyramidal cell, a sequence of an EPSP followed by disynaptic IPSPs
(arrows), which strongly truncated the decay phase of the EPSP. Note that the disynaptic IPSPs had variable latency from trial to
trial. Middle, Three traces showing that in some trials of the same experiment shown above, input stimulation evoked an EPSP in
the absence of disynaptic IPSPs. Bottom, Application of CNQX (20 wm) abolished all responses (EPSPs and IPSPs) evoked by focal
stimulation. B, Repetitive input stimulation in some cases produced pyramidal neuron firing as a consequence of EPSP summation
(gray). Inothertrials (black), the occurrence of disynaptic IPSPs (arrows) was sufficient to inhibit spiking. C, Left, Graph showing the
number of spikes per EPSP train elicited in a pyramidal neuron plotted versus EPSP train number (trains delivered every 10's, EPSP
train frequency: 20 Hz). Note that application of the GABA, receptor antagonist gabazine (2 wm) increased firing. Right, Graph
summarizing the effect of gabazine application on the spiking probability. *p < 0.05 (spike probability: control, 0.19 = 0.05,
gabazine, 0.51 = 0.12, p < 0.05, t = 3.618,n = 5, Student's t test). D, Left, Graph showing the number of spikes per EPSP train
plotted versus train number. Note that application of the NMDAR channel blocker MK801 (10 wum) decreased firing. Right, Graph
summarizing the effect of MK801 application on the spiking probability. *p << 0.05 (spike probability: control, 0.41 = 0.12,
MK801,0.28 == 0.10, p << 0.05, t = 3.048,n = 7, Student’s  test).

gamma band (data not shown). No exci-

tatory drive was directly applied onto FS cells, which therefore
fired exclusively in response to EPSCs produced by pyramidal cell
inputs. In the presence of GABA, receptor-mediated feedback
inhibition from the FS cells, we manipulated the strength of the
AMPAR- and NMDAR-mediated conductance at the excitatory
connections from pyramidal cells onto FS neurons ( g,; and g,,;
respectively), with other network parameters remaining con-
stant. With AMPAR-dominated synapses ( g,; = 0.4 mS/cm?; g,
= 0.002 mS/cm ?), network activity was highly synchronized (Fig.
8C), showing a dominant component in the gamma frequency
band (Fig. 8 E). Increasing the NMDAR contribution (increasing
g, from 0.002 to 0.008 mS/cm?) decreased rhythmicity (Fig. 8 D),
the oscillation power decreasing in an NMDAR-dependent man-
ner (Fig. 8 E). Importantly, the simulations were performed in the
absence of Mg>" block, since otherwise very large g,; values were
necessary to produce significant effects (data not shown), possi-

bly because the fast time course of FS neuron EPSCs precludes
significant relief from Mg>™ block.

How does the increase of NMDAR conductance at pyramidal-
to-FS synapses decrease the power of the gamma rhythm? To
understand how increasing g,,; disrupts the gamma oscillation, we
examined the inputs onto a typical FS cell during the rhythm.
Figure 8, F and G, the show the total current entering the FS cell
(black trace), along with the synaptic output of that FS cell (red
trace), and the activity of the pyramidal cells (the scaled total
AMPA output of the pyramidal cell population, green trace).
Note that a smaller NMDAR synaptic current at inputs onto FS
neurons ( g,; = 0.002 mS/cm?) (Fig. 8 F) leads to a flat and low
amount of input between bouts of firing and that the output of
the FS cell is closely time-locked to the peaks in the total input
(black peaks), which are, in turn, tightly locked to the excitatory
activity (green trace). However, with higher amounts of synaptic
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Figure 8. Fast AMPAR-mediated FS neuron activation is crucial for production of gamma oscillations via feedback mechanisms. A, Membrane properties of E cells (which represent pyramidal
neurons) and | cells (which represent FS neurons) in the model network. B, Time course of synaptic conductances used to model excitatory and inhibitory synapses between model neurons. Note that
the decay of the AMPA conductance s faster at excitatory synapses onto | cells (El) than at excitatory synapses onto E cells (EE). In addition, the decay time of NMDA conductance is significantly longer
than the decay of El or EE. C, Raster plot showing the spike timing of E cells (left columns) and | cells (right columns) during a network oscillation episode produced in conditions of relatively low
NMDAR conductance in the excitatory synapses onto | cells ( g,; = 0.002 mS/cm 2, see Materials and Methods). D, A raster plot similar to that shown in €, but obtained during an episode of network
activity in conditions of higher NMDAR conductance in excitatory synapses onto l cells ( g,; = 0.008 mS/cm ). E, Plot of power spectral density (PSD) showing the effects of different strengths of g,
on network activity. Note that larger values of g,; produced a decrease in oscillation in power and synchrony. F, Plot of the time course of the total current entering a typical | cell (black trace), the
synaptic output of that FS cell (red trace), and the activity of the pyramidal cells (the scaled total AMPA output of the pyramidal cell population, green trace). These variables, shown in arbitrary units
in the y-axis (negative values for the black grace indicate hyperpolarizing/outward current), were computed for network activity produced with ag,; = 0.002 mS/cm %, Note the rhythmicinput onto
the | cell and the regular output from this | cell onto other cells in the network. G, A plot equivalent to that shown in F, for network activity produced with g,,; = 0.008 mS/cm 2 Note that in this case,
the input currents onto the FS cell remain elevated between spikes (note the much higher levels of the black curves between peaks) and can result in spikes or bursts of spikes from the FS cell that
are not locked to the excitatory activity (arrows).

NMDA current onto the FS cells ( g,; = 0.008 mS/cm?) (Fig. 8G),
the input currents to the FS cell remain elevated between spikes
(note the much higher levels of total input current between
peaks) and can result in spikes or bursts of spikes from the FS cell
that are not locked to the excitatory activity (Fig. 8G, arrows).
This extra firing of the FS cells that is not tightly locked to activity
disrupts the rhythm and results in the decrease in power and
synchrony. The results from our simulations are consistent with
experiments in vitro showing that NMDAR blockade does not

affect gamma oscillations that are, however, abolished by AMPAR
antagonists (Traub et al., 1996; Buhl et al., 1998; Fisahn et al.,
1998; LeBeau et al., 2002; Cunningham et al., 2006; Roopun et al.,
2008). Moreover, in some i1 vivo and in vitro studies NMDAR block-
ade increased the gamma oscillation power (Pinault, 2008; Roopun
et al., 2008; Hakami et al., 2009; Pietersen et al., 2009; Hong et al.,
2010), consistent with the effect of lowering g,,; in our simulations.
Finally, we addressed the effect of changing the strength of
NMDAR conductance onto FS neurons, in a model network in-
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cluding FS cells and a population of non-FS inhibitory neurons
that may also be involved in the mechanisms of gamma oscilla-
tions. Such non-FS cells form a population of interneuron-
targeting cells that are PV-negative, have spike-frequency
adaptation, and synapse among themselves and onto FS neurons
but not onto pyramidal cells (Mann et al., 2005a). During gamma
oscillations, such interneuron-targeting cells are highly active
and fire in a manner tightly coupled to the gamma oscillation
cycle (Mann et al., 2005a), although their role in the gamma
oscillation mechanisms is poorly understood. In our model, these
cells were called FS cell-targeting inhibitory units (FTUs). We run
simulations (supplemental Fig. 6, available at www.jneurosci.org
as supplemental material) in a modified model network includ-
ing FTUs that receive the same type and strength of excitatory
inputs from pyramidal cells, and target other FTUs and FS neu-
rons, but not the pyramidal cells. Simulations were done in two
different cases, changing the strength of NMDA at inputs onto
FSU/FTU cells from a “normal” low value to a high value. The
results shown in supplemental Figure 6 (available at www.
jneurosci.org as supplemental material) indicate that the pres-
ence of the FTUs does not change the effect of increasing the
NMDA strength to FS neurons, which is disruptive to the gamma
power. We can conclude that adding a non-FS population of
inhibitory cells has no qualitative effect on the outcome of the
modeling regarding the role of NMDA currents.

Discussion

Fast synaptic excitation with weak NMDAR contribution in
PFC FS neurons

We compared the mechanisms of synaptic activation of FS neu-
rons and pyramidal cells in mouse PFC, focusing on the relative
contribution of NMDARs and AMPARSs, as this relation is im-
portant to determine the possible cellular substrates and network
consequences of NMDAR hypofunction in PFC circuits. We
found that FS cells had EPSCs with faster decay due to a weaker
contribution of NMDAR currents, which typically produce long-
lasting EPSCs. These synaptic properties in PFC FS neurons are
consistent with findings of short-lasting EPSCs and weak
NMDAR component in FS/PV-positive interneurons from other
cortical and subcortical areas (Geiger et al., 1995, 1997; Angulo et
al., 1999; Goldberg et al., 2003; Nyiri et al., 2003; Lamsa et al.,
2007; Lu et al., 2007; Hull et al., 2009; Gittis et al., 2010).

Importantly, the NMDARs present in FS neurons predomi-
nantly contain NR2A subunits (Kinney et al., 2006), which,
among NR2 subunits, produce the fastest NMDA EPSC decay
(Dingledine et al., 1999; Cull-Candy and Leszkiewicz, 2004).
NR2A subunits determine strong Mg>* block, possibly explain-
ing the higher sensitivity to Mg>* of NMDAR-mediated EPSCs
in FS neurons (Hull et al., 2009). Furthermore, we found that the
decay of AMPAR-mediated EPSCs is faster in FS neurons than in
pyramidal cells, a finding possibly attributed to the predominance of
GluR2-lacking, rapidly deactivating AMPARs (Geiger et al., 1997;
Angulo et al., 1999; Hull et al., 2009; Nissen et al., 2010; Wang and
Gao, 2010). Therefore, synaptic properties and specific biophysical
features of their dendrites (Hu et al., 2010), contribute to a fast and
temporally precise synaptic activation of FS neurons.

One possibility is that the NMDAR currents underlying
EPSCs in FS neurons, although small, are nevertheless crucial for
EPSP-spike coupling. If so, then a reduction of synaptic NMDAR
currents in schizophrenia or by NMDAR antagonists would de-
press FS cell activity more than pyramidal cell firing. However we
found that, in contrast to pyramidal cells, NMDARs have a small
impact on EPSP—spike coupling in FS neurons. Moreover, in FS

Rotaru et al. e PFC Neuron Excitation: Relevance for Schizophrenia

neurons EPSP summation required a shorter time window, was
more weakly enhanced by depolarization and was less affected by
NMDAR blockade. Therefore, our results suggest that EPSP—
spike coupling in FS cells occurs via NMDAR-independent coin-
cident detection, whereas in PFC pyramidal neurons EPSP
summation and EPSP-spike coupling were consistent with
NMDAR-dependent temporal integration.

Are NMDARs important to recruit FS neuron-mediated
inhibition in PFC circuits?

It has been proposed that NMDAR hypofunction produces dis-
inhibition based on the assumption that FS neuron excitation is
highly sensitive to NMDAR antagonists (Lisman et al., 2008).
However, here we show that FS cell excitation is less sensitive to
NMDAR antagonists than is pyramidal cell excitation, because FS
cells have EPSCs with a weak NMDAR component, possibly con-
tributing to the rapid coupling of excitation with inhibitory out-
put (Jonas etal., 2004; Hu et al., 2010). In fact, robust long-lasting
NMDA EPSCs at pyramidal-pyramidal synapses in PFC (Wang
et al., 2008) may be critical for recurrent excitation and working
memory (Lisman et al., 1998; Wang, 1999). Therefore, acting
locally, NMDAR antagonists appear unlikely to produce FS
neuron-mediated disinhibition.

To test whether NMDAR antagonists produce disinhibition in
PEC circuits, we performed experiments in conditions in which
disynaptic IPSPs inhibited EPSP—spike coupling in pyramidal
cells. In these conditions, pyramidal cell firing was enhanced by a
GABA receptor antagonist, consistent with disinhibition, but was
decreased by NMDAR blockade. Consistent with these findings,
disynaptic IPSP recruitment is NMDAR-independent in somato-
sensory cortex (Ling and Benardo, 1995; Hull et al., 2009), al-
though it is NMDAR-dependent in hippocampal circuits (Ling
and Benardo, 1995; Grunze et al., 1996).

Here, and in previous studies (Ling and Benardo, 1995;
Grunze et al., 1996), the interneuron subtypes mediating disyn-
aptic inhibition were not identified. Other studies showed that FS
neurons produce NMDAR-independent disynaptic IPSPs (Hull
et al., 2009; Pouille et al., 2009). NMDAR-dependent disynaptic
inhibition may be produced by non-FS/PV-negative neurons,
which have synapses with strong NMDAR contribution (Lamsa
et al., 2007; Lu et al., 2007; Wang and Gao, 2009). Non-FS neu-
rons, including those in PFC, indeed elicit disynaptic IPSPs, but it
has not been determined whether these are NMDAR-dependent
(Kapfer et al., 2007; Silberberg and Markram, 2007; Berger et al.,
2009).

To compare the effects of fast AMPAR-mediated versus slow
NMDAR-mediated excitation of FS neurons on the mechanisms
of gamma oscillations, we studied a model network producing
gamma rhythms via feedback inhibition. We found that
AMPAR-mediated FS neuron excitation was sufficient to support
gamma oscillations, consistent with experiments showing that
AMPAR blockade and AMPAR deficiency in PV neurons, but not
NMDAR blockade, strongly attenuate gamma oscillations
(Traub et al., 1996; Buhl et al., 1998; Fisahn et al., 1998; LeBeau et
al., 2002; Cunningham et al., 2006; Fuchs et al., 2007; Roopun
et al., 2008). Conversely, decreases in the slow NMDA conduc-
tance at pyramidal-FS neuron synapses increased gamma power
in the network model. Similarly, NMDAR antagonists enhance
gamma power in animal models (Pinault, 2008; Roopun et al.,
2008; Hakami et al., 2009; Pietersen et al., 2009) or human sub-
jects (Hong et al., 2010). Our simulations therefore suggest that
rapid FS neuron activation (Jonas et al., 2004; Hu et al., 2010) is
crucial for the production of gamma oscillations.
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Implications for models of schizophrenia pathophysiology
Our findings studying the synaptic activation of PFC FS interneu-
rons raise interesting questions about the mechanisms that might
link NMDAR hypofunction to reduction of PV and GAD67 ex-
pression. Because lower levels of PV facilitate GABA release
(Vreugdenhil et al., 2003), we suggested that decreased PV in
schizophrenia is a compensatory response to a GAD67 deficit
that reduces GABA synthesis and release (Lewis et al., 2005;
Gonzalez-Burgos and Lewis, 2008). Therefore, PV reduction by
NMDAR hypofunction may be secondary to a primary decrease
of GADG67 levels. If so, a crucial question is how NMDAR hypo-
function leads to reduced GAD67 expression in FS cells. One
possibility is that changes in network activity are involved, be-
cause activity is the main factor regulating GAD67 expression
(Jones, 1990; Akbarian and Huang, 2006). For example, depriva-
tion of afferent activity decreases GAD67 levels and inhibitory
synaptic strength (Benson et al., 1994; He et al., 2006; Jiao et al.,
2006). Conversely, cortical network hyperactivity increases
GAD67 (Liang and Jones, 1997; Esclapez and Houser, 1999). In-
terestingly, NMDAR blockade depresses the so-called up states in
vitro (Tu et al., 2007; Kroener et al., 2009) and in vivo (Steriade et
al., 1993; Seamans et al., 2003), thus producing network hypoac-
tivity. Cortical up states recruit pyramidal cells (Lewis and
O’Donnell, 2000; Waters and Helmchen, 2006) and FS interneu-
rons (Puig et al., 2008; Gentet et al., 2010) and involve local
recurrent excitation and feedback inhibition (Fellous and Se-
jnowski, 2003; McCormick et al., 2003; Hasenstaub et al., 2005).
Therefore, NMDAR antagonists may decrease GAD67 via net-
work hypoactivity produced by up-state depression.

Somewhat contrasting with up-state depression, systemically
administered NMDAR antagonists can increase PFC pyramidal
cell activity in vivo (Suzuki et al., 2002; Homayoun and
Moghaddam, 2007; Kargieman et al., 2007). Increased activity
could reflect disinhibition, since NMDAR antagonists depress
the in vivo activity of putative interneurons (Homayoun and
Moghaddam, 2007), although a substantial fraction (~33%) of
PFC cells depressed by NMDAR antagonists are pyramidal
(Kargieman et al., 2007). Our finding that FS cells are less sensi-
tive to NMDAR antagonism than pyramidal neurons suggests
that the disinhibition produced by NMDAR antagonists acting
locally is mediated by non-FS interneurons that have strong
NMDAR-mediated EPSCs (Lu et al., 2007; Wang and Gao, 2009).

Alternatively, systemically applied NMDAR antagonists could
increase PFC neuron activity indirectly, via simultaneous action
in multiple brain regions. For instance, PFC pyramidal cell firing in
vivo is increased by intrahippocampal infusion of NMDAR an-
tagonists, but is decreased or is not altered by intra-PFC infusion
(Suzuki et al., 2002; Jodo et al., 2005). Moreover, NMDAR antag-
onists may significantly depress the firing of ventral tegmental
area neurons (Tseng et al., 2006; Zweifel et al., 2009), whose
projections onto PFC inhibit pyramidal cells (Pirot et al., 1992;
Lewis and O’Donnell, 2000) and excite FS neurons (Tseng et al.,
2006).

In a strain of genetically modified mice generated recently,
NMDARs can be deleted selectively in GABA neurons, including
PV cells (Belforte et al., 2010). NMDAR deletion in these mice
failed to produce significant effects unless the deletion was in-
duced during very early development, in which case adult mice
developed schizophrenia-like behavioral alterations (Belforte et
al., 2010). Interestingly, excitatory inputs onto immature PV
neurons have strong NMDAR currents that progressively weaken
with age, becoming small or absent in adult PV neurons (Wang
and Gao, 2009, 2010). Similarly, in the cortex of adult human
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subjects, ~70% of the PV-positive neurons have undetectable
levels of NMDAR subunit mRNA (Bitanihirwe et al., 2009). Be-
cause NMDARs are essential for the maturation of excitatory
synapses (Waites et al., 2005), NMDAR subunit deletion early in
development may persistently affect behavior into adulthood
(Belforte et al., 2010) by disrupting the maturation of FS cell
connectivity. However, the NMDAR hypofunction hypothesis of
schizophrenia is primarily based on the effects of NMDAR antag-
onists administered to adult animals or adult human subjects
(Javitt and Zukin, 1991). Our results and previous data (Wang
and Gao, 2009; Belforte et al., 2010) suggest that NMDAR hypo-
function induced in the adult state may affect PFC function by
acting at glutamate synapses different from those mediating the
activation of FS/PV-positive cells.
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