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Abstract
Cognitive impairment, a core feature of schizophrenia, has been suggested to arise from a
disturbance of gamma oscillations that is due to decreased neurotransmission from the
parvalbumin (PV) subtype of interneurons. Indeed, PV interneurons have uniquely fast membrane
and synaptic properties that are crucially important for network functions such as feedforward
inhibition or gamma oscillations. The causes leading to impairment of PV neurotransmission in
schizophrenia are still under investigation. Interestingly, NMDA receptors (NMDARs)
antagonism results in schizophrenia-like symptoms in healthy adults. Additionally, systemic
NMDAR antagonist administration increases prefrontal cortex pyramidal cell firing, apparently by
producing disinhibition, and repeated exposure to NMDA antagonists leads to changes in the
GABAergic markers that mimic the impairments found in schizophrenia. Based on these findings,
PV neuron deficits in schizophrenia have been proposed to be secondary to (NMDAR)
hypofunction at glutamatergic synapses onto these cells. However, NMDARs generate long-
lasting postsynaptic currents that result in prolonged depolarization of the postsynaptic cells, a
property inconsistent with the role of PV cells in network dynamics. Here, we review evidence
leading to the conclusion that cortical disinhibition and GABAergic impairment produced by
NMDAR antagonists are unlikely to be mediated viaNMDARs at glutamatergic synapses onto
mature cortical PV neurons.
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Introduction
The neural basis underling the well-described cognitive deficits of schizophrenia (Censits et
al., 1997; Mohamed et al., 1999; Heaton et al., 2001; Gold, 2004) has been under intense
investigation over the past years and several new hypotheses have recently been proposed
(Lewis, 2010).

It has been suggested that normal cognitive function depends on cortical oscillatory activity
and especially on gamma band synchronization (Gray et al., 1989; Fries et al., 2001b, 2007;
Pesaran et al., 2002; Bichot et al., 2005; Womelsdorf et al., 2006) in distributed networks
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across the neocortex. Synaptic inhibition in cortical circuits, mediated by various inhibitory
GABAergic interneurons, is crucially implicated in the mechanisms that generate and
maintain neural oscillations (Traub et al., 2004; Fries et al., 2007). In particular, the
mechanisms generating synchrony in the gamma band have been strongly linked to the
activity of GABAergic interneurons of the parvalbumin (PV)-containing class (Klausberger
and Somogyi, 2008; Cardin et al., 2009).

Substantial evidence suggests that cortical GABAergic neurotransmission is altered in
schizophrenia, especially including alterations of PV-positive cells (Lewis, 2010). Thus,
although other neural mechanisms are also likely to contribute to cognitive deficits in
schizophrenia, an attractive hypothesis suggests that such deficits derive from an impairment
of gamma band synchrony which is caused by alterations in PV neuron-mediated inhibition
(Gonzalez–Burgos et al., 2010; Lewis, 2010; Lewis et al., 2011). However, the mechanisms
producing alterations in GABA neurons in general, and in PV neurons in particular, in
schizophrenia are still unclear (Lewis, 2010).

Early observations of the effects of NMDA receptor (NMDAR) antagonists in healthy
human subjects and in psychiatric patients showed that these antagonists mimic or
exacerbate core symptoms of schizophrenia, including cognitive deficits (Javitt and Zukin,
1991; Javitt, 2009). Based on these observations, it was suggested that hypofunction of
NMDAR-mediated signaling may be a potential pathological mechanism in the
schizophrenia disease process. However, because NMDARs are ubiquitous in cortical and
subcortical brain regions and are expressed by many different cell types within each region,
the cellular substrates of the effects of NMDAR antagonists or NMDAR hypofunction in
schizophrenia have remained elusive.

It has been suggested that NMDAR hypofunction is an upstream cause of alterations of PV
neurons in schizophrenia (Coyle, 2006; Lisman et al., 2008). NMDAR hypofunction could
lead to PV neuron abnormalities in schizophrenia via several direct and indirect mechanisms
(Lewis and Gonzalez-Burgos, 2006). An interesting possibility is that NMDARs at
glutamatergic synapses onto PV neurons are crucial for their activation and therefore
NMDAR hypofunction produces PV neuron hypoactivity (Seamans, 2008).

Here, we review studies addressing the importance of NMDARs for the activation of PV
neurons in cortical circuits in the context of the role of PV neurons in the production of
synchronized gamma band oscillations, and the resulting cognitive deficits, in schizophrenia.

The importance of synchronized prefrontal cortex activity for cognitive
function

Cognitive control implies the coordination of incoming sensory and motor information with
representations of internal goals and rules to facilitate a context-appropriate behavioral
response that can serve adaptive functions (Miller, 2000; Miller and Cohen, 2001; O’Reilly,
2006). Many of the brain regions involved in such coordination show structural and
functional abnormalities in schizophrenia (Meyer-Lindenberg, 2010). The dorsolateral
prefrontal cortex (PFC), which is extensively interconnected with cortical and subcortical
regions, is thought to be crucial for cognitive control by exerting top-down control of the
flow of neural activity between brain regions (Miller, 2000; Miller and Cohen, 2001).
Importantly, subjects with schizophrenia have deficits in cognitive control that may involve
PFC dysfunction (Cho et al., 2006; Lesh et al., 2011).

How top-down control influences sensory processing and perception is still under
investigation, but the so-called temporal binding hypothesis (Engel et al., 1992; Von der
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Malsburg, 1994; Singer and Gray, 1995; Roelfsema et al., 1996; Singer, 1999; Engel and
Singer, 2001) suggests that neural synchrony with precision in the millisecond range is
crucial for object representation, response selection, attention and sensorimotor integration.
Synchronized or correlated neuronal discharge produces a much stronger impact on the
neurons in the target areas (Von der Malsburg, 1994) as opposed to the temporally
disorganized ones that tend to fail to elicit a significant response (Abeles, 1982; Alonso et
al., 1996; Konig et al., 1996). As a consequence, synchrony can enhance response saliency
and can select and group subsets of neuronal responses for further joint processing.
Therefore, synchronized assemblies of neurons in association cortices would carry an
abstract value of the representations from primary sensory areas with importance in guiding
selective feature representation.

If the formation of synchronized neuronal assemblies in PFC and other cortical regions is
crucial to cognitive function via top-down pathways, then it is important to understand the
mechanisms producing neuronal synchrony. Interestingly, the selective recruitment of
GABA-mediated synaptic inhibition that leads to precise control of pyramidal cell firing,
ultimately results in rhythmic cortical activity at different oscillatory frequencies (Buzsaki
and Draguhn, 2004; Buzsaki et al., 2004; Fries, 2009). Among the synchronized rhythms in
the brain, gamma band (30 – 80 Hz) oscillations are present in behavioral states ranging
from simple sensory stimulation (Gray et al., 1989) to attentional selection (Fries et al.,
2001a,b; Bichot et al., 2005; Womelsdorf et al., 2006) and working memory maintenance
(Pesaran et al., 2002). Patients with schizophrenia show deficits across all sensory
modalities which can impact upstream cortical processing with consequences in higher order
cognitive operations (Javitt, 2009; Arguello and Gogos, 2010). Moreover, the deficits in
cognitive control exhibited by subjects with schizophrenia are correlated with deficits in
gamma oscillation production (Cho et al., 2006; Lesh et al., 2011).

The role of GABAergic neurons in cortical circuit function
The temporal regulation of the activity of pyramidal cells (White, 1989; Whittington and
Traub, 2003; Markram et al., 2004), which are much more abundant than interneurons, is
achieved via division of labor among a rich diversity of GABAergic interneuron subtypes
(Wang et al., 2004; Soltesz, 2006). The remarkable variability in the molecular, anatomical
and physiological features of GABAergic interneurons renders their functional classification
extremely difficult (Ascoli, 2008). The specific subgroup of interneurons called the fast
spiking (FS) cells are reliably differentiated from other interneuron subtypes (non-fast
spiking; NFS) based on their electrical properties and the presence of the calcium binding
protein PV, which is not contained in any of the NFS interneuron subtypes (Freund, 2003).
The two morphological subtypes of FS PV cells, the basket and the chandelier cells,
innervate the vicinity of the somatic membrane compartment of the target pyramidal
neurons in close proximity to the axon initial segment (Somogyi, 1977; Halasy et al., 1996;
Somogyi et al., 1998; Somogyi and Klausberger, 2005), which contributes to action
potential generation. Thus, these two cell types exercise precise control of the neuronal
output by dictating whether already processed information from the entire dendritic tree of
the pyramidal cells can be transmitted to other neurons. Interestingly, whereas PV basket
cells are inhibitory, chandelier neurons appear to be excitatory (Szabadics et al., 2006;
Woodruff et al., 2010) suggesting fundamentally different roles for these two morphological
subtypes of PV neurons. Moreover, PV basket cells contact a vast number of postsynaptic
cells and are thus able to temporally regulate the firing of large groups of neurons (Cobb et
al., 1995; Pouille and Scanziani, 2001). This specific wiring of PV and pyramidal cells leads
to one important functional consequence which is the establishment of neural oscillations
and synchrony within cortical networks (Gray et al., 1989; Neltner et al., 2000; Destexhe et
al., 2003; Wang et al., 2003). By contrast, many of the NFS interneuron subtypes synapse in
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close contact to excitatory inputs arriving along the pyramidal dendritic tree, a location
which enables them to regulate synaptic plasticity or integration of inputs from specific
brain regions.

PV GABA neuron-dependent cortical oscillations: importance of pyramidal
cell-interneuron connections

In the cortex and the hippocampus, rhythmic firing is an emergent property of interactions
between excitatory pyramidal cells and inhibitory interneurons (Whittington et al., 2000).
Activation of excitatory cells leads to excitation of inhibitory interneurons which then act to
inhibit further excitation. As inhibition wears off excitatory cells are free to fire again
(Whittington et al., 2000). Thus, inhibitory neurons firing synchronously are effective in
defining a window in which the excitatory cells can fire. Although the specific gamma band
synchronization can emerge in any network of excitatory and inhibitory neurons, certain
basic prerequisites must be fulfilled (Tiesinga et al., 2001; Börgers et al., 2005). Among
these requirements, the time constant of synaptic currents mediating the excitation-inhibition
neurotransmission is one of the most important determinants of the gamma rhythms (Vida et
al., 2006; Bartos et al., 2007). The fast period of the gamma cycle implies the presence of a
short window of opportunity for the excitatory neurons to fire when inhibition wears off and
the next inhibitory input arrives (Hasenstaub et al., 2005). To reliably generate this window
of opportunity, the phasic excitation of interneurons is thought to be required for gamma
oscillations (Hájos and Paulsen, 2009; Whittington et al., 2011). Excitatory inputs must be
strong enough to drive inhibitory cells to fire with high precision and low variability which
can be achieved by producing a reliable excitatory postsynaptic potential (EPSP)-spike
coupling mechanism implemented via strong predominantly AMPA receptor (AMPAR)-
mediated glutamatergic inputs onto inhibitory cells. The strongly driven inhibitory cell will
provide inhibition to numerous postsynaptic targets including both pyramidal cells and other
interneurons cells. The synaptic input from the interneuron to the excitatory neurons must
strongly inhibit pyramidal cells, but only for a short period of time, and this is mediated by
GABAA receptors with fast kinetics as determined by their specific subunit composition
(Bartos et al., 2007).

Such ‘clocking’ networks (Buzsaki and Draguhn, 2004) can be brought about by the FS PV
cells specifically because of their anatomical and functional connections with pyramidal
cells and other interneurons. In fact, among all the GABAergic cell subtypes, FS PV neurons
are thought to play a crucial functional role in the generation and maintenance of
synchronous gamma oscillations, as demonstrated in different types of studies (Sik et al.,
1995; Joho et al., 1999; Gloveli et al., 2005; Klausberger and Somogyi, 2008; Cardin et al.,
2009; Sohal et al., 2009; Carlen et al., 2011; Korotkova et al., 2011).

GABAergic deficits in patients with schizophrenia
Cognitive impairment in patients with schizophrenia is accompanied by altered activation of
the dorsolateral prefrontal cortex (DLPFC) (MacDonald et al., 2005; Van Snellenberg et al.,
2006). Moreover, cognitive deficits in schizophrenia correlate with decreased power and
synchrony of gamma oscillations (Bichot et al., 2005; Gonzalez-Burgos et al., 2010;
Uhlhaas and Singer, 2010). Because, as mentioned above, GABA neuron activity appears to
be crucial for gamma band synchrony, it is interesting to speculate that alterations of GABA
neurons in schizophrenia may underlie the deficits of cognitive function.

In parallel with studies investigating cognitive function in patients with schizophrenia,
postmortem studies performed over the past three decades have consistently found reduced
levels of the GABA synthesizing enzyme, glutamic acid decarboxylase 67 (GAD67), in the
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DLPFC of subjects with schizophrenia (Bird et al., 1978; Hanada et al., 1987; Simpson et
al., 1989; Akbarian et al., 1995; Benes et al., 1996; Guidotti et al., 2000; Mirnics et al.,
2000; Volk et al., 2000; Hashimoto et al., 2005, 2007, 2008; Straub et al., 2007; Mellios et
al., 2009; Duncan et al., 2010; Curley et al., 2011). The predicted resulting deficit in GABA
synthesis in schizophrenia may lead to dysfunctional activation of the GABAA receptors at
the postsynaptic targets of the inhibitory inputs. Consequently, if synchronization is indeed a
major role of GABA-mediated synaptic inhibition, then disinhibition of the postsynaptic
target neurons would produce temporally less organized pyramidal cells firing, leading to
decreased synchrony, impaired information processing and therefore cognitive dysfunction.

Importantly, in schizophrenia (Lewis et al., 2005; Lewis, 2010) lower levels of GAD67
mRNA are particularly prominent in the PV interneurons (Hashimoto et al., 2003), whereas
other GABA neurons exhibit normal levels of GAD67 mRNA (Akbarian et al., 1995; Volk
et al., 2000). In addition, expression of the GABAA receptor α1 subunit is also preferentially
lower in pyramidal neurons at the postsynaptic inputs from PV interneurons (Glausier and
Lewis, 2011). These impairments in PV neurotransmission can be responsible for the
dysfunctional changes in gamma band oscillations in brains of subjects with schizophrenia.

Whereas decreased inhibitory drive from PV cells onto their postsynaptic targets could be a
core pathophysiological feature of schizophrenia, the mechanism implicated in the PV
dysfunction are still under investigation. There are several ways in which GABAergic
transmission in a network may be reduced. For instance, an impairment of excitatory drive
onto inhibitory cells would lead to decreased firing of the interneurons and deficit GABA
release on the postsynaptic targets. Furthermore, a decrease in GABAergic transmission can
be the result of a morphological loss of neurons or inhibitory inputs, whereas the recruitment
of these cells remains intact. Finally, lower levels of released GABA or lower numbers of
postsynaptic GABAA receptors can be alternative mechanisms of impaired transmission.

The NMDA receptor antagonist model of schizophrenia: relevance for
GABAergic deficits in schizophrenia

Several NMDA receptor antagonists, including ketamine, dextromethorphan, phencyclidine
and nitrous oxide (N2O) are popular as recreational drugs for their dissociative,
hallucinogenic and/or euphorizant properties. These compounds also produce behavioral
effects that are similar to core symptoms of schizophrenia: in healthy adult subjects,
phencyclidine and ketamine produce a schizophrenia-like syndrome, including positive and
negative symptoms, and cognitive deficits (Javitt and Zukin, 1991; Krystal et al., 1994;
Lahti et al., 1995; Newcomer et al., 1999). These observations have led to the suggestion
that hypofunction of NMDAR-mediated signaling is a key feature of the disease process of
schizophrenia. Thus, acute systemic NMDAR antagonist administration to adult animals is
widely used as a model to study behavioral and neurochemical disruptions that may mimic
those produced by NMDAR hypofunction in the disease (Mouri et al., 2007).

Because NMDARs are present at glutamate synapses onto multiple types of neurons in
essentially all cortical and subcortical regions, understanding the cellular substrate underling
the behavioral effects of NMDAR hypofunction induced by systemic antagonist
administration is challenging. Interestingly, experiments recording neuronal activity in the
rat prefrontal cortex in vivo found that systemic NMDAR antagonist administration
increases pyramidal cell activity (Homayoun and Moghaddam, 2007). Moreover, NMDAR
antagonists decreased the activity of putative interneurons recorded in vivoin similar
conditions, leading to the speculation that the antagonists mainly act on GABAergic
interneurons, indirectly producing pyramidal cell disinhibition (Homayoun and
Moghaddam, 2007). An interesting possibility is that NMDAR hypofunction in
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schizophrenia produces disinhibition mostly by reducing the activity of PV neurons (Coyle,
2006; Lewis and Moghaddam, 2006; Lisman et al., 2008; Seamans, 2008). Importantly, such
a PV neuron-mediated disinhibition implies that PV cell activation is significantly more
sensitive to NMDAR antagonists than pyramidal cell activation. A substantially stronger
sensitivity to NMDAR antagonists could be explained by a stronger contribution of
NMDARs at glutamatergic synapses onto PV cells or by expression of a pharmacologically
different subtype of NMDAR in PV cells.

Supporting the general idea that NMDAR hypofunction could lead to PV neuron
dysfunction, some studies found that NMDAR antagonists produce a reduction of PV and
GAD67 expression in FS PV cells that mimics the alterations found in schizophrenia
(Cochran et al., 2002; Kinney et al., 2006; Behrens et al., 2007). Decreased levels of PV
facilitates GABA release (Vreugdenhil et al., 2003) and, thus, as suggested elsewhere
(Lewis et al., 2005; Gonzalez-Burgos and Lewis, 2008), decreased PV in schizophrenia may
be a compensatory response to a GAD67 deficit that reduces GABA synthesis and release.
Therefore, one possibility is that NMDAR antagonists primarily produce a decrease in
GAD67 levels which secondarily leads to a compensatory decrease in PV levels.
Importantly, because neural activity is the main factor regulating GAD67 expression (Jones,
1990; Akbarian and Huang, 2006), NMDAR antagonists may cause changes in GAD67 and
PV through their effects on network activity levels mediated mostly by the firing of
pyramidal cells. Cortical network hyperactivity viaincreased firing of pyramidal cells
increases GAD67 levels (Liang and Jones, 1997; Esclapez and Houser, 1999) and,
conversely, network hypoactivity due to deprivation of afferent activity decreases GAD67
levels and inhibitory synaptic strength (Benson et al., 1994; He et al., 2006; Jiao et al.,
2006). It is very important to mention that changes in GAD67 and PV require chronic
treatment, in some cases for at least 42 days (Cochran et al., 2003; Behrens et al., 2008;
Jenkins et al., 2008; Romon et al., 2011). Indeed, a decrease in GAD67 levels would lead to
a decrease in the level of inhibition provided by the GABAergic interneurons, leading
consequently to disinhibition of pyramidal neurons, which could constitute a pathological
mechanism in schizophrenia. A disinhibition phenomenon was also hypothesized to be
present in cortex, but to occur within minutes of NMDAR antagonist administration
(Homayoun and Moghaddam, 2007). Under these conditions, GAD67 levels would not be
changed. Moreover, due to the activity-dependent mechanisms controlling GAD67 levels,
the increased activity of pyramidal cells due to their apparent disinhibition following acute
administration of NMDAR antagonists should lead in time to an increase of GAD67 levels.
Therefore, it would appear that the NMDAR antagonist-induced alterations in GAD67 and
NMDAR antagonist-induced disinhibition are not mechanistically related. In addition, recent
findings that subchronic phencyclidine or ketamine treatment in adulthood did not affect PV
levels in hippocampus or PFC challenge the hypothesis that pathological deficits in PV
expression are simply a consequence of NMDAR hypofunction (Benneyworth et al., 2011).

Properties of glutamatergic inputs onto inhibitory interneurons
The neurotransmitter glutamate acts via several ionotropic receptor subtypes including
AMPA, kainate and NMDA receptors which produce significantly different effects when
activated at the postsynaptic level (Nakanishi et al., 1998). In addition to their well-known
role in synaptic plasticity and excitotoxicity (Choi, 1987; Tymianski et al., 1993; Malinow
and Malenka, 2002; Hardingham and Bading, 2010), NMDARs may differentially
contribute to postsynaptic integration. In pyramidal cells, synaptic NMDAR-mediated
currents prolong EPSPs (Hestrin et al., 1990; Cull-Candy and Leszkiewicz, 2004)
specifically at depolarized potentials due to the decrease of voltage-dependent Mg2+ block
of the NMDAR channel (Thomson and West, 1986; Forsythe et al., 1988; Jones and
Baughman, 1988; Thomson et al., 1988; Thomson, 1997). Together with NMDARs,
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voltage-dependent conductances act at depolarized potentials, to shape the EPSP kinetics
allowing integration of inputs over prolonged time windows in pyramidal cells (Stuart and
Sakmann, 1995; Magee, 1998; Fricker and Miles, 2000; Galarreta and Hestrin, 2001;
Gonzalez-Burgos and Barrionuevo, 2001; Rotaru et al., 2007) or in interneurons (Fricker
and Miles, 2000; Maccaferri and Dingledine, 2002).

Crucial for the role of NMDARs on local circuit function and gamma oscillation alterations
in schizophrenia are the synaptic mechanisms of GABAergic interneuron activation.
Importantly, significant differences have been described in the synaptic inputs onto FS vs.
NFS interneurons (Gulyas et al., 1999; Gupta et al., 2000; Porter et al., 2001; Markram et
al., 2004; Mátyás et al., 2004) leading to the conclusion that recruitment of FS and NFS is
differentially dependent on the network activity level. FS neurons display a remarkably fast
synaptic activation (Hu et al., 2010) that precisely follows the presynaptic pyramidal cell
activity pattern favoring the integration of coincident inputs (Galarreta and Hestrin, 2001).
This may require short-lasting EPSCs, because long-lasting EPSCs produce spikes during
prolonged time windows (Fricker and Miles, 2000; Maccaferri and Dingledine, 2002). Fast
synaptic activation may involve weak NMDAR contribution, because compared with
AMPAR-EPSCs, NMDAR-EPSCs typically are long-lasting (Hestrin et al., 1990; Cull-
Candy and Leszkiewicz, 2004). Interestingly, FS neurons in hippocampus and
somatosensory cortex actually display short-lasting EPSCs with weak NMDAR contribution
(Geiger et al., 1995, 1997; Angulo et al., 1999; Nyiri et al., 2003; Goldberg et al., 2003a;
Lamsa et al., 2007; Lu et al., 2007; Hull et al., 2009; Gittis et al., 2010). In contrast, the NFS
cells summate and integrate EPSPs over much greater time windows (Glickfeld and
Scanziani, 2006), somewhat preventing coincidence detection and favoring temporal
integration of synaptic inputs. Moreover, several subclasses of NFS interneurons have strong
synaptic NMDAR currents (Lu et al., 2007; Wang and Gao, 2009).

Because FS PV cells mediate temporally precise signaling crucial for their role in gamma
oscillations, the composition of synaptic receptors onto these cells is extremely important
(Hájos and Paulsen, 2009). Selective knockout of the AMPAR subunits GluA1 or GluA4
from PV cells reduced their phasic excitatory drive (Fuchs et al., 2007). Consequently,
GluA1- or GluA4-deficient PV-positive interneurons fired fewer spikes with less temporal
precision. In the same knockout mice, the power of gamma oscillations was profoundly
decreased (Fuchs et al., 2007). These findings support the hypothesis that recruitment of PV
cells via AMPAR-containing glutamatergic synapses is necessary for gamma oscillations.

Whereas glutamate inputs onto PV cells in hippocampus and somatosensory cortex appear
to primarily depend on AMPARs, whether this is similar in PFC is less well understood.
Therefore, we recently assessed the relative contribution of NMDAR to synapses onto FS
and pyramidal cells in PFC and found that, as in other cortical regions, FS cells in PFC had
weaker NMDAR contribution to EPSCs compared with pyramidal cells (Rotaru et al.,
2011). Moreover, the AMPAR-EPSCs in prefrontal FS PV neurons were faster than in
pyramidal cells (Rotaru et al., 2011), perhaps due to the predominance of GluA2-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 in various cortical regions including PFC. Indeed,
the contribution of NMDAR currents to EPSP-spike coupling is smaller in FS PV neurons
compared with pyramidal cells (Karayannis et al., 2007; Rotaru et al., 2011). Thus, overall,
FS cell excitation in PFC and other cortical regions is less sensitive to NMDAR antagonists
than is pyramidal cell excitation, because FS cells have EPSCs with a weak NMDAR
component. The weaker NMDAR component, thus shorter EPSP duration, possibly
contributes to the rapid coupling of excitation with inhibitory output (Jonas et al., 2004; Hu
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et al., 2010). In fact, pyramidalpyramidal synapses in PFC have robust long-lasting NMDA
EPSCs (Wang et al., 2008), which may be crucial for recurrent excitation and working
memory (Lisman et al., 1998; Wang, 1999). Because of the differential NMDAR
components at synapses onto pyramidal cells and FS PV neurons, NMDAR antagonists
acting locally appear unlikely to produce FS neuron-mediated disinhibition. However, it is
important to consider the fact that voltage-dependent Mg2+ block would mostly prevent the
effect of long-lasting NMDAR currents on postsynaptic integration, especially in PV
neurons in which NMDAR-mediated currents are more sensitive to Mg2+ block than in
excitatory cells (Hull et al., 2009). Importantly, it is possible that in certain conditions Mg2+

block may be decreased, for example, by transient post-translational modifications including
phosphorylation by protein kinase C (Chen and Mae Huang, 1992). Furthermore, during
high levels of network activity in vivo, membrane depolarization may be sufficient to
significantly reduce Mg2+ block. An important question is whether relief from Mg2+ block
by in vivo levels of depolarization or by neuromodulation is preferentially observed or more
pronounced in PV neurons or in pyramidal cells.

Nevertheless, in support of the idea that NMDAR antagonists are unlikely to produce FS
neuron-mediated disinhibition, disynaptic inhibitory postsynaptic potential (IPSP)
recruitment is NMDAR-independent in somatosensory cortex (Ling and Benardo, 1995;
Hull et al., 2009) and PFC (Rotaru et al., 2011), although it is NMDAR-dependent in
hippocampal circuits (Ling and Benardo, 1995; Grunze et al., 1996). NMDAR-dependent
disynaptic inhibition may be produced by NFS/PV-negative neurons, which have synapses
with strong NMDAR contribution (Lamsa et al., 2007; Lu et al., 2007; Wang and Gao,
2009). NFS neurons, 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).

As mentioned above, a well-established role of NMDARs is to mediate long-term changes
in synaptic strength at glutamate synapses onto pyramidal cells, in which multiple forms of
NMDAR-dependent long-term synaptic potentiation or depression are observed (Malinow
and Malenka, 2002). Interestingly, additional empirical evidence suggesting a weaker
NMDAR contribution in synapses onto FS PV neurons compared with pyramidal cells
comes from studies of long-term changes in synaptic strength at glutamate synapses onto
interneurons. Such studies showed that, consistent with weak calcium influx through
NMDARs, long-term potentiation at glutamate synapses onto FS PV neurons is NMDAR-
independent (Lamsa et al., 2007; Livet et al., 2007; Sarihi et al., 2008; Nissen et al., 2010;
Sambandan et al., 2010), even though the same stimulation protocols produce NMDAR-
dependent long-term potentiation in pyramidal cells (Sarihi et al., 2008). Furthermore, in FS
PV cells long-term potentiation is enhanced by PV neuron hyperpolarization, which
increases NMDAR channel Mg2+ block but enhances calcium influx via GluA2-lacking
AMPARs (Kullmann and Lamsa, 2011). GluA2-lacking AMPARs are an AMPA receptor
subtype with atypically high permeability to Ca2+ (Man, 2011). Therefore, the findings of
NMDAR-independent synaptic plasticity in FS neurons are consistent with a weak NMDAR
contribution at their glutamate synapses.

A weaker NMDAR contribution in synapses onto PV cells may be explained by the low
density of NMDARs in glutamate synapses onto PV cells compared with pyramidal neurons
as shown by electron microscopy studies (Nyiri et al., 2003). Additionally,Hull et al. (2009)
provided direct measurements demonstrating that the level of Mg2+ block of NMDARs is
stronger in FS cells than in pyramidal neurons. This stronger Mg2+ block can result from
NMDARs that predominantly contain NR2A subunits (Kinney et al., 2006) at the
glutamatergic synapses onto FS cells. Among the NR2 subunits, the NR2A subtype
produces the fastest NMDA EPSC decay (Dingledine et al., 1999; Cull-Candy and
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Leszkiewicz, 2004) and determines strong Mg2+ block. In addition, glutamate synapses
generate intracellular calcium transients that are less sensitive to NMDAR antagonists in
PV-positive neurons than in pyramidal cells or other interneuron subtypes (Yuste et al.,
1999; Goldberg et al., 2003a,b; Grunditz et al., 2008). Furthermore, synaptically evoked
calcium transients in PV cells are short-lasting and sensitive to blockers of the GluA2
subunit-lacking calcium-permeable AMPARs (Goldberg et al., 2003a). All of these findings
lead to the conclusion that the contribution of synaptic NMDARs is low in FS cells, and thus
that NMDAR antagonists have limited potential to alter the functionality of these cells.
Nevertheless, although present in low number at glutamatergic synapses onto FS cells, it is
possible that NMDARs on PV cells are more sensitive to NMDAR antagonists than those
present at glutamatergic inputs onto pyramidal cells due to differences in their subunit
composition. Although some NMDAR antagonists distinguish among NMDAR subtypes
(for instance, the NR2B-selective antagonist ifenprodil), none of these have been used to
model NMDAR hypofunction. Additionally, detailed assessments of the specific NMDA
subunit composition at the excitatory synapses onto FS cells is currently lacking.

To determine the importance of different glutamate receptor subtypes in PV neurons for the
mechanisms of gamma oscillations, we recently compared the effects of fast AMPAR-
mediated vs. slow NMDAR-mediated excitation of FS neurons on gamma oscillations
production in a computational network model (Rotaru et al., 2011). 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 conductance at pyramidal-
FS neuron model 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 subjects (Hong et al., 2009). 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. Two recent studies (Carlen et al.,
2011; Korotkova et al., 2011) showed that genetic deletion of NMDAR selectively from PV
positive interneurons increase the power of gamma oscillation in cortex and hippocampus,
as predicted by our computational modeling.

The NMDAR contribution to FS PV neuron excitation changes during
postnatal development

Because there is a close temporal coincidence between the clinical appearance of
schizophrenia and adolescence (Hafner et al., 1991; Walker et al., 1994; Klosterkotter et al.,
2001; Reichenberg et al., 2010), it is thought that disturbed maturation of the adolescent
brain is crucially involved in the pathophysiology of schizophrenia (Feinberg, 1982;
Weinberger, 1987; Keshavan et al., 1994; Uhlhaas and Singer, 2011). Importantly,
significant developmental changes during adolescence have been demonstrated for cortical
GABAergic neurotransmission (Hoftman and Lewis, 2011). Development of innervation by
PV neurons, which sculpts inhibitory networks throughout childhood and adolescence, is
dependent on GAD67 levels and activity in rodents (Chattopadhyaya et al., 2007).
Environmental insults affecting the development of this inhibitory network, for example, by
affecting GAD67 expression, may lead to the abnormal formation of synaptic contacts by
these interneurons.

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 induced during
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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
subjects, 70 % of the PV-positive neurons have undetectable levels of NMDAR subunit
mRNA (Bitanihirwe et al., 2009). Because 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, whereas NMDAR deletion engineered to occur in the
mature brain, when NMDAR levels in PV are already significantly decreased, has
undetectable effects. Therefore, the results of recent studies suggest that hypofunction of
NMDARs onto PV neurons during early development may significantly contribute to
cortical circuit alterations in the brain of subjects with schizophrenia (Nakazawa et al.,
2011). Importantly, it must be noted that the NMDAR hypofunction hypothesis of
schizophrenia is primarily based on observing the effects of NMDAR antagonists
administered to adult animals or adult human subjects (Javitt and Zukin, 1991). Therefore,
the results of recent studies (Wang and Gao, 2009; Belforte et al., 2010; Rotaru et al., 2011)
suggest that NMDAR hypofunction may have substantially different targets when induced in
the adult state vs. early development, including adolescence. Specifically, it is possible that
NMDAR hypofunction during development affects the maturation of PV neuron
connectivity, whereas in adulthood NMDAR hypofunction may affect PFC function by
acting at glutamate synapses different from those mediating the activation of FS/PV-positive
cells, potentially synapses onto other GABA neuron subtypes or pyramidal cells.

Conclusion
FS neurons display a remarkably fast synaptic activation (Hu et al., 2010), which require
short-lasting EPSCs, and thus a weak NMDAR contribution. Moreover, in the cortex of
adult mice, the level of NMDAR onto PV cells is significantly lower compared with
pyramidal cells leaving small room for NMDAR antagonists to strongly affect PV cell
functionality (Rotaru et al., 2011). Importantly, systemic NMDAR antagonist administration
increases PFC pyramidal cell firing, possibly by producing disinhibition (Homayoun and
Moghaddam, 2007) and repeated NMDA antagonism produces changes in GABA neuron
markers that resemble those observed in schizophrenia (Cochran et al., 2002; Rujescu et al.,
2006; Behrens et al., 2007, 2008; Morrow et al., 2007). The studies reviewed here lead us to
conclude that NMDAR antagonists may produce cortical disinhibition and GABA neuron
alterations via NMDAR receptors at synaptic sites different from the glutamatergic synapses
on PV neurons in the mature cortex. Further studies are clearly necessary to identify the cell
types and synaptic mechanisms that may be the target of NMDAR hypofunction in both
mature and developing cortical circuits.

References
Abeles M. Role of the cortical neuron: integrator or coincidence detector? Isr. J. Med. Sci. 1982;

18:83–92. [PubMed: 6279540]

Akbarian S, Huang HS. Molecular and cellular mechanisms of altered GAD1/GAD67 expression in
schizophrenia and related disorders. Brain Res. Rev. 2006; 52:293–304. [PubMed: 16759710]

Akbarian S, Kim JJ, Potkin SG, Hagman JO, Tafazzoli A, Bunney WE Jr, Jones EG. Gene expression
for glutamic acid decarboxylase is reduced without loss of neurons in prefrontal cortex of
schizophrenics. Arch Gen. Psychiatry. 1995; 52:258–266. [PubMed: 7702443]

Alonso JM, Usrey WM, Reid RC. Precisely correlated firing in cells of the lateral geniculate nucleus.
Nature. 1996; 383:815–819. [PubMed: 8893005]

Rotaru et al. Page 10

Rev Neurosci. Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Angulo MC, Rossier J, Audinat E. Postsynaptic glutamate receptors and integrative properties of fast-
spiking interneurons in the rat neocortex. J. Neurophysiol. 1999; 82:1295–1302. [PubMed:
10482748]

Arguello PA, Gogos JA. Cognition in mouse models of schizophrenia susceptibility genes. Schizophr.
Bull. 2010; 36:289–300. [PubMed: 20026558]

Ascoli GA. Petilla terminology: nomenclature of features of GABAergic interneurons of the cerebral
cortex. Nat. Rev. Neurosci. 2008; 9:557–568. [PubMed: 18568015]

Bartos M, Vida I, Jonas P. Synaptic mechanisms of synchronized gamma oscillations in inhibitory
interneuron networks. Nat. Rev. Neurosci. 2007; 8:45–56. [PubMed: 17180162]

Behrens MM, Ali SS, Dao DN, Lucero J, Shekhtman G, Quick KL, Dugan LL. Ketamine-induced loss
of phenotype of fast-spiking interneurons is mediated by NADPHoxidase. Science. 2007;
318:1645–1647. [PubMed: 18063801]

Behrens MM, Ali SS, Dugan LL. Interleukin-6 mediates the increase in NADPH-oxidase in the
ketamine model of schizophrenia. J. Neurosci. 2008; 28:13957–13966. [PubMed: 19091984]

Belforte JE, Zsiros V, Sklar ER, Jiang Z, Yu G, Li Y, Quinlan EM, Nakazawa K. Postnatal NMDA
receptor ablation in corticolimbic interneurons confers schizophrenia-like phenotypes. Nat.
Neurosci. 2010; 13:76–83. [PubMed: 19915563]

Benes FM, Vincent SL, Marie A, Khan Y. Up-regulation of GABA-A receptor binding on neurons of
the prefrontal cortex in schizophrenic subjects. Neuroscience. 1996; 75:1021–1031. [PubMed:
8938738]

Benneyworth MA, Roseman AS, Basu AC, Coyle JT. Failure of NMDA receptor hypofunction to
induce a pathological reduction in PV-positive GABAergic cell markers. Neurosci. Lett. 2011;
488:267–271. [PubMed: 21094213]

Benson DL, Huntsman MM, Jones EG. Activitydependent changes in GAD and preprotachykinin
mRNAs in visual cortex of adult monkeys. Cereb. Cortex. 1994; 4:40–51. [PubMed: 8180490]

Berger TK, Perin R, Silberberg G, Markram H. Frequency-dependent disynaptic inhibition in the
pyramidal network: a ubiquitous pathway in the developing rat neocortex. J. Physiol. 2009;
587:5411–5425. [PubMed: 19770187]

Bichot NP, Rossi AF, Desimone R. Parallel and serial neural mechanisms for visual search in macaque
area V4. Science. 2005; 308:529. [PubMed: 15845848]

Bird ED, Spokes EG, Barnes J, Mackay AV, Iversen LL, Shepherd M. Glutamic-acid decarboxylase in
schizophrenia. Lancet. 1978; 311:156. [PubMed: 87592]

Bitanihirwe BKY, Lim MP, Kelley JF, Kaneko T, Woo TUW. Glutamatergic defi cits and
parvalbumin-containing inhibitory neurons in the prefrontal cortex in schizophrenia. BMC
Psychiatry. 2009; 9:71–80. [PubMed: 19917116]

Börgers C, Epstein S, Kopell NJ. Background gamma rhythmicity and attention in cortical local
circuits: a computational study. Proc. Natl. Acad. Sci. USA. 2005; 102:7002–7007. [PubMed:
15870189]

Buhl EH, Tamas G, Fisahn A. Cholinergic activation and tonic excitation induce persistent gamma
oscillations in mouse somatosensory cortex in vitro. J. Physiol. (Lond.). 1998; 513:117–126.
[PubMed: 9782163]

Buzsaki G, Draguhn A. Neuronal oscillations in cortical networks. Science. 2004; 304:1926–1929.
[PubMed: 15218136]

Buzsaki G, Geisler C, Henze D, Wang X. Interneuron diversity series: circuit complexity and axon
wiring economy of cortical interneurons. Trends Neurosci. 2004; 27:186–193. [PubMed:
15046877]

Cardin JA, Carlen M, Meletis K, Knoblich U, Zhang F, Deisseroth K, Tsai L-H, Moore CI. Driving
fast-spiking cells induces gamma rhythm and controls sensory responses. Nature. 2009; 459:663–
667. [PubMed: 19396156]

Carlen M, Meletis K, Siegle JH, Cardin JA, Futai K, Vierling-Claassen D, Ruhlmann C, Jones SR,
Deisseroth K, Sheng M, et al. A critical role for NMDA receptors in parvalbumin interneurons for
gamma rhythm induction and behavior. Mol. Psychiatry. 2011:1–12. [PubMed: 21483438]

Rotaru et al. Page 11

Rev Neurosci. Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Censits DM, Daniel Ragland J, Gur RC, Gur RE. Neuropsychological evidence supporting a
neurodevelopmental model of schizophrenia: a longitudinal study. Schizophr. Res. 1997; 24:289–
298. [PubMed: 9134589]

Chattopadhyaya B, Di Cristo G, Wu CZ, Knott G, Kuhlman S, Fu Y, Palmiter RD, Huang ZJ. GAD67-
mediated GABA synthesis and signaling regulate inhibitory synaptic innervation in the visual
cortex. Neuron. 2007; 54:889–903. [PubMed: 17582330]

Chen L, Mae Huang L-Y. Protein kinase C reduces Mg 2 + block of NMDA-receptor channels as a
mechanism of modulation. Nature. 1992; 356:521–523. [PubMed: 1373227]

Cho RY, Konecky RO, Carter CS. Impairments in frontal cortical gamma synchrony and cognitive
control in schizophrenia. Proc. Natl. Acad. Sci. USA. 2006; 103:19878–19883. [PubMed:
17170134]

Choi DW. Ionic dependence of glutamate neurotoxicity. J. Neurosci. 1987; 7:369–379. [PubMed:
2880938]

Cobb S, Buhl E, Halasy K, Paulsen O, Somogyi P. Synchronization of neuronal activity in
hippocampus by individual GABAergic interneurons. Nature. 1995; 378:75–78. [PubMed:
7477292]

Cochran SM, Fujimura M, Morris BJ, Pratt JA. Acute and delayed effects of phencyclidine upon
mRNA levels of markers of glutamatergic and GABAergic neurotransmitter function in the rat
brain. Synapse. 2002; 46:206–214. [PubMed: 12325047]

Cochran SM, Kennedy M, McKerchar CE, Steward LJ, Pratt JA, Morris BJ. Induction of metabolic
hypofunction and neurochemical defi cits after chronic intermittent exposure to phencyclidine:
differential modulation by antipsychotic drugs. Neuropsychopharmacology. 2003; 28:265–275.
[PubMed: 12589379]

Coyle JT. Glutamate and schizophrenia: beyond the dopamine hypothesis. Cell. Mol. Neurobiol. 2006;
26:365–384. [PubMed: 16773445]

Cull-Candy SG, Leszkiewicz DN. Role of distinct NMDA receptor subtypes at central synapses. Sci.
STKE. 2004; 2004:re16. [PubMed: 15494561]

Cunningham MO, Hunt J, Middleton S, LeBeau FEN, Gillies MG, Davies CH, Maycox PR,
Whittington MA, Racca C. Region-specifi c reduction in entorhinal gamma oscillations and
parvalbumin-immunoreactive neurons in animal models of psychiatric illness. J. Neurosci. 2006;
26:2767–2776. [PubMed: 16525056]

Curley AA, Arion D, Volk DW, Asafu-Adjei JK, Sampson AR, Fish KN, Lewis DA. Cortical defi cits
of glutamic acid decarboxylase 67 expression in schizophrenia: clinical, protein, and cell type-
specifi c features. Am. J. Psychiatry. 2011; 168:921–929. [PubMed: 21632647]

Destexhe A, Rudolph M, Pare D. The high-conductance state of neocortical neurons in vivo. Nat. Rev.
Neurosci. 2003; 4:739–751. [PubMed: 12951566]

Dingledine R, Borges K, Bowie D, Traynelis SF. The glutamate receptor ion channels. Pharmacol.
Rev. 1999; 51:7–62. [PubMed: 10049997]

Duncan CE, Webster MJ, Rothmond DA, Bahn S, Elashoff M, Shannon Weickert C. Prefrontal
GABAA receptor [alpha]-subunit expression in normal postnatal human development and
schizophrenia. J. Psychiatr. Res. 2010; 44:673–681. [PubMed: 20100621]

Engel AK, Singer W. Temporal binding and the neural correlates of sensory awareness. Trends Cogn.
Sci. 2001; 5:16–25. [PubMed: 11164732]

Engel AK, Konig P, Kreiter AK, Schillen TB, Singer W. Temporal coding in the visual cortex: new
vistas on integration in the nervous system. Trends Neurosci. 1992; 15:218–226. [PubMed:
1378666]

Esclapez M, Houser CR. Up-regulation of GAD65 and GAD67 in remaining hippocampal GABA
neurons in a model of temporal lobe epilepsy. J. Comp. Neurol. 1999; 412:488–505. [PubMed:
10441235]

Feinberg I. Schizophrenia: caused by a fault in programmed synaptic elimination during adolescence?
J. Psychiatr. Res. 1982; 17:319–334. [PubMed: 7187776]

Fisahn A, Pike FG, Buhl EH, Paulsen O. Cholinergic induction of network oscillations at 40 Hz in the
hippocampus in vitro. Nature. 1998; 394:186–189. [PubMed: 9671302]

Rotaru et al. Page 12

Rev Neurosci. Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Forsythe ID, Westbrook GL, Mayer ML. Modulation of excitatory synaptic transmission by glycine
and zinc in cultures of mouse hippocampal neurons. J. Neurosci. 1988; 8:3733–3741. [PubMed:
2848107]

Freund T. Interneuron diversity series: rhythm and mood in perisomatic inhibition. Trends Neurosci.
2003; 26:489–495. [PubMed: 12948660]

Fricker D, Miles R. EPSP amplifi cation and the precision of spike timing in hippocampal neurons.
Neuron. 2000; 28:559–569. [PubMed: 11144364]

Fries P. Neuronal gamma-band synchronization as a fundamental process in cortical computation.
Ann. Rev. Neurosci. 2009; 32:209–224. [PubMed: 19400723]

Fries P, Neuenschwander S, Engel AK, Goebel R, Singer W. Rapid feature selective neuronal
synchronization through correlated latency shifting. Nature Neurosci. 2001a; 4:194–200.
[PubMed: 11175881]

Fries P, Reynolds JH, Rorie AE, Desimone R. Modulation of oscillatory neuronal synchronization by
selective visual attention. Science. 2001b; 291:1560–1563. [PubMed: 11222864]

Fries P, Nikolic D, Singer W. The gamma cycle. Trends Neurosci. 2007; 30:309–316. [PubMed:
17555828]

Fuchs EC, Zivkovic AR, Cunningham MO, Middleton S, LeBeau FEN, Bannerman DM, Rozov A,
Whittington MA, Traub RD, Rawlins JNP, et al. Recruitment of parvalbumin-positive
interneurons determines hippocampal function and associated behavior. Neuron. 2007; 53:591–
604. [PubMed: 17296559]

Galarreta M, Hestrin S. Spike transmission and synchrony detection in networks of GABAergic
interneurons. Science. 2001; 292:2295–2299. [PubMed: 11423653]

Geiger JRP, Melcher T, Koh DS, Sakmann B, Seeburg PH, Jonas P, Monyer H. Relative abundance of
subunit mRNAs determines gating and Ca2+ permeability of AMPA receptors in principal
neurons and interneurons in rat CNS. Neuron. 1995; 15:193–204. [PubMed: 7619522]

Geiger JR, Lubke J, Roth A, Frotscher M, Jonas P. Submillisecond AMPA receptor-mediated
signaling at a principal neuron-interneuron synapse. Neuron. 1997; 18:1009–1023. [PubMed:
9208867]

Gittis AH, Nelson AB, Thwin MT, Palop JJ, Kreitzer AC. Distinct roles of GABAergic interneurons in
the regulation of striatal output pathways. J. Neurosci. 2010; 30:2223–2234. [PubMed: 20147549]

Glausier JR, Lewis DA. Selective pyramidal cell reduction of GABAA receptor [alpha]1 subunit
messenger RNA expression in schizophrenia. Neuropsychopharmacology. 2011; 36:2103–2110.
[PubMed: 21677653]

Glickfeld LL, Scanziani M. Distinct timing in the activity of cannabinoid-sensitive and cannabinoid-
insensitive basket cells. Nat. Neurosci. 2006; 9:807–815. [PubMed: 16648849]

Gloveli T, Dugladze T, Saha S, Monyer H, Heinemann U, Traub RD, Whittington MA, Buhl EH.
Differential involvement of oriens/pyramidale interneurones in hippocampal network oscillations
in vitro. J. Physiol. 2005; 562:131–147. [PubMed: 15486016]

Gold JM. Cognitive defi cits as treatment targets in schizophrenia. Schizophr. Res. 2004; 72:21–28.
[PubMed: 15531404]

Goldberg JH, Yuste R, Tamas G. Ca2+ imaging of mouse neocortical interneurone dendrites:
contribution of Ca2+ - permeable AMPA and NMDA receptors to subthreshold Ca2+ dynamics. J.
Physiol. (Lond.). 2003a; 551:67–78. [PubMed: 12844507]

Goldberg JH, Tamas G, Aronov D, Yuste R. Calcium microdomains in aspiny dendrites. Neuron.
2003b; 40:807–821. [PubMed: 14622584]

Gonzalez-Burgos G, Barrionuevo G. Voltagegated sodium channels shape subthreshold EPSPs in layer
5 pyramidal neurons from rat prefrontal cortex. J. Neurophysiol. 2001; 86:1671–1684. [PubMed:
11600631]

Gonzalez-Burgos G, Lewis DA. GABA neurons and the mechanisms of network oscillations:
implications for understanding cortical dysfunction in schizophrenia. Schizophr. Bull. 2008;
34:944–961. [PubMed: 18586694]

Gonzalez-Burgos G, Hashimoto T, Lewis D. Alterations of cortical GABA neurons and network
oscillations in schizophrenia. Curr. Psychiatry Reports. 2010; 12:335–344.

Rotaru et al. Page 13

Rev Neurosci. Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Gray CM, Konig P, Engel AK, Singer W. Oscillatory responses in cat visual cortex exhibit inter-
columnar synchronization which reflects global stimulus properties. Nature. 1989; 338:334–337.
[PubMed: 2922061]

Grunditz Ã, Holbro N, Tian L, Zuo Y, Oertner TG. Spine neck plasticity controls postsynaptic calcium
signals through electrical compartmentalization. J. Neurosci. 2008; 28:13457–13466. [PubMed:
19074019]

Grunze HC, Rainnie DG, Hasselmo ME, Barkai E, Hearn EF, McCarley RW, Greene RW. NMDA-
dependent modulation of CA1 local circuit inhibition. J. Neurosci. 1996; 16:2034–2043. [PubMed:
8604048]

Guidotti A, Auta J, Davis JM, Gerevini VD, Dwivedi Y, Grayson DR. Decrease in reelin and glutamic
acid decarboxylase67 (GAD67) expression in schizophrenia and bipolar disorder. Arch. Gen.
Psychiatry. 2000; 57:1061–1069. [PubMed: 11074872]

Gulyas AI, Megias M, Emri Z, Freund TF. Total number and ratio of excitatory and inhibitory
synapses converging onto single interneurons of different types in the CA1 area of the rat
hippocampus. J. Neurosci. 1999; 19:10082–10097. [PubMed: 10559416]

Gupta A, Wang Y, Markram H. Organizing principles for a diversity of GABAergic interneurons and
synapses in the neocortex. Science. 2000; 287:273–278. [PubMed: 10634775]

Hafner H, Maurer K, Loffler W, Riecherrossler A. Schizophrenia and the life cycle. Nervenarzt. 1991;
62:536–548. [PubMed: 1956473]

Hájos N, Paulsen O. Network mechanisms of gamma oscillations in the CA3 region of the
hippocampus. Neural Networks. 2009; 22:1113–1119. [PubMed: 19683412]

Hakami T, Jones NC, Tolmacheva EA, Gaudias J, Chaumont J, Salzberg M. NMDA receptor
hypofunction leads to generalized and persistent aberrant gamma oscillations independent of
hyperlocomotion and the state of consciousness. PLoS ONE. 2009; 4:e6755. [PubMed: 19707548]

Halasy K, Buhl EH, Lorinczi Z, Tamas G, Somogyi P. Synaptic target selectivity and input of
GABAergic basket and bistratified interneurons in the CA1 area of the rat hippocampus.
Hippocampus. 1996; 6:306–329. [PubMed: 8841829]

Hanada S, Mita T, Nishino N, Tanaka C. 3H(rsqb) Muscimol binding sites increased in autopsied
brains of chronic schizophrenics. Life Sci. 1987; 40:239–266. [PubMed: 3025544]

Hardingham GE, Bading H. Synaptic versus extrasynaptic NMDA receptor signalling: implications for
neurodegenerative disorders. Nat. Rev. Neurosci. 2010; 11:682–696. [PubMed: 20842175]

Hasenstaub A, Shu Y, Haider B, Kraushaar U, Duque A, McCormick DA. Inhibitory postsynaptic
potentials carry synchronized frequency information in active cortical networks. Neuron. 2005;
47:423. [PubMed: 16055065]

Hashimoto T, Volk DW, Eggan SM, Mirnics K, Pierri JN, Sun Z, Sampson AR, Lewis DA. Gene
expression deficits in a subclass of GABA neurons in the prefrontal cortex of subjects with
schizophrenia. J. Neurosci. 2003; 23:6315–6326. [PubMed: 12867516]

Hashimoto T, Bergen SE, Nguyen QL, Xu B, Monteggia LM, Pierri JN. Relationship of brain-derived
neurotrophic factor and its receptor TrkB to altered inhibitory prefrontal circuitry in schizophrenia.
J. Neurosci. 2005; 25:372–383. [PubMed: 15647480]

Hashimoto T, Arion D, Unger T, Maldonado-Aviles JG, Morris HM, Volk DW, Mirnics K, Lewis DA.
Alterations in GABA-related transcriptome in the dorsolateral prefrontal cortex of subjects with
schizophrenia. Mol. Psychiatry. 2007; 13:147–161. [PubMed: 17471287]

Hashimoto T, Bazmi HH, Mirnics K, Wu Q, Sampson AR, Lewis DA. Conserved regional patterns of
GABArelated transcript expression in the neocortex of subjects with schizophrenia. Am. J.
Psychiatry. 2008; 165:479–489. [PubMed: 18281411]

He H-Y, Hodos W, Quinlan EM. Visual deprivation reactivates rapid ocular dominance plasticity in
adult visual cortex. J. Neurosci. 2006; 26:2951–2955. [PubMed: 16540572]

Heaton RK, Gladsjo JA, Palmer BW, Kuck J, Marcotte TD, Jeste DV. Stability and course of
neuropsychological deficits in schizophrenia. Arch. Gen. Psychiatry. 2001; 58:24–32. [PubMed:
11146755]

Hestrin S, Nicoll RA, Perkel DJ, Sah P. Analysis of excitatory synaptic action in pyramidal cells using
whole-cell recording from rat hippocampal slices. J. Physiol. (Lond.). 1990; 422:203–225.
[PubMed: 1972190]

Rotaru et al. Page 14

Rev Neurosci. Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hoftman GD, Lewis DA. Postnatal developmental trajectories of neural circuits in the primate
prefrontal cortex: identifying sensitive periods for vulnerability to schizophrenia. Schizophr. Bull.
2011; 37:493–503. [PubMed: 21505116]

Homayoun H, Moghaddam B. NMDA receptor hypofunction produces opposite effects on prefrontal
cortex interneurons and pyramidal neurons. J. Neurosci. 2007; 27:11496–11500. [PubMed:
17959792]

Hong LE, Summerfelt A, Buchanan RW, O’Donnell P, Thaker GK, Weiler MA, Lahti AC. Gamma
and delta neural oscillations and association with clinical symptoms under subanesthetic ketamine.
Neuropsychopharmacology. 2009; 35:632–640. [PubMed: 19890262]

Hu H, Martina M, Jonas P. Dendritic mechanisms underlying rapid synaptic activation of fast-spiking
hippocampal interneurons. Science. 2010; 327:52–58. [PubMed: 19965717]

Hull C, Isaacson JS, Scanziani M. Postsynaptic mechanisms govern the differential excitation of
cortical neurons by thalamic inputs. J. Neurosci. 2009; 29:9127–9136. [PubMed: 19605650]

Javitt DC. When doors of perception close: bottom-up models of disrupted cognition in schizophrenia.
Annu. Rev. Clin. Psychol. 2009; 5:249–275. [PubMed: 19327031]

Javitt DC, Zukin SR. Recent advances in the phencyclidine model of schizophrenia. Am. J. Psychiatry.
1991; 148:1301. [PubMed: 1654746]

Jenkins TA, Harte MK, McKibben CE, Elliott JJ, Reynolds GP. Disturbances in social interaction
occur along with pathophysiological deficits following sub-chronic phencyclidine administration
in the rat. Behav. Brain Res. 2008; 194:230–235. [PubMed: 18706451]

Jiao Y, Zhang C, Yanagawa Y, Sun Q-Q. Major effects of sensory experiences on the neocortical
inhibitory circuits. J. Neurosci. 2006; 26:8691–8701. [PubMed: 16928857]

Joho RH, Ho CS, Marks GA. Increased gamma- and decreased delta-oscillations in a mouse deficient
for a potassium channel expressed in fast-spiking interneurons. J. Neurophysiol. 1999; 82:1855–
1864. [PubMed: 10515974]

Jonas P, Bischofberger J, Fricker D, Miles R. Interneuron diversity series: fast in fast out-temporal and
spatial signal processing in hippocampal interneurons. Trends Neurosci. 2004; 27:30–40.
[PubMed: 14698608]

Jones EG. The role of afferent activity in the maintenance of primate neocorticalfunction. J. Exp. Biol.
1990; 153:155–176. [PubMed: 2177767]

Jones KA, Baughman RW. NMDA- and non-NMDA- receptor components of excitatory synaptic
potentials recorded from cells in layer V of rat visual cortex. J. Neurosci. 1988; 8:3522–3534.
[PubMed: 2902203]

Kapfer C, Glickfeld LL, Atallah BV, Scanziani M. Supralinear increase of recurrent inhibition during
sparse activity in the somatosensory cortex. Nat. Neurosci. 2007; 10:743–753. [PubMed:
17515899]

Karayannis T, Huerta-Ocampo I, Capogna M. GABAergic and pyramidal neurons of deep cortical
layers directly receive and differently integrate callosal input. Cereb. Cortex. 2007; 17:1213–
1226. [PubMed: 16829551]

Keshavan MS, Anderson S, Pettegrew JW. Is schizophrenia due to excessive synaptic pruning in the
prefrontal cortex? The Feinberg hypothesis revisited. J. Psychiatr. Res. 1994; 28:239–265.
[PubMed: 7932285]

Kinney JW, Davis CN, Tabarean I, Conti B, Bartfai T, Behrens MM. A specific role for NR2A-
containing NMDA receptors in the maintenance of parvalbumin and GAD67 immunoreactivity
in cultured interneurons. J. Neurosci. 2006; 26:1604–1615. [PubMed: 16452684]

Klausberger T, Somogyi P. Neuronal diversity and temporal dynamics: the unity of hippocampal
circuit operations. Science. 2008; 321:53–57. [PubMed: 18599766]

Klosterkotter J, Hellmich M, Steinmeyer EM, Schultze-Lutter F. Diagnosing schizophrenia in the
initial prodromal phase. Arch. Gen. Psychiatry. 2001; 58:158. [PubMed: 11177117]

Konig P, Engel AK, Singer W. Integrator or coincidence detector? The role of the cortical neuron
revisited. Trends Neurosci. 1996; 19:130–137. [PubMed: 8658595]

Korotkova T, Fuchs EC, Ponomarenko A, von Engelhardt J, Monyer H. NMDA receptor ablation on
parvalbumin- positive interneurons impairs hippocampal synchrony, spatial representations, and
working memory. Neuron. 2011; 68:557–569. [PubMed: 21040854]

Rotaru et al. Page 15

Rev Neurosci. Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, Bremner JD, Heninger GR, Bowers MB
Jr, Charney DS. Subanesthetic effects of the noncompetitive NMDA antagonist, ketamine, in
humans: psychotomimetic, perceptual, cognitive, and neuroendocrine responses. Arch. Gen.
Psychiatry. 1994; 51:199–214. [PubMed: 8122957]

Kullmann DM, Lamsa KP. LTP and LTD in cortical GABAergic interneurons: emerging rules and
roles. Neuropharmacology. 2011; 60:712–719. [PubMed: 21185319]

Lahti AC, Holcomb HH, Medoff DR, Tamminga CA. Ketamine activates psychosis and alters limbic
blood flow in schizophrenia. NeuroReport. 1995; 6:869–872. [PubMed: 7612873]

Lamsa KP, Heeroma JH, Somogyi P, Rusakov DA, Kullmann DM. Anti-Hebbian long-term
potentiation in the hippocampal feedback inhibitory circuit. Science. 2007; 315:1262–1266.
[PubMed: 17332410]

LeBeau FEN, Towers SK, Traub RD, Whittington MA, Buhl EH. Fast network oscillations induced by
potassium transients in the rat hippocampus in vitro. J. Physiol. (Lond.). 2002; 542:167–179.
[PubMed: 12096059]

Lesh TA, Niendam TA, Minzenberg MJ, Carter CS. Cognitive control deficits in schizophrenia:
mechanisms and meaning. Neuropsychopharmacology. 2011; 36:316–338. [PubMed: 20844478]

Lewis DA. The chandelier neuron in schizophrenia. Dev. Neurobiol. 2010; 71:118–127. [PubMed:
21154915]

Lewis DA, Gonzalez-Burgos G. Pathophysiologically based treatment interventions in schizophrenia.
Nat. Med. 2006; 12:1016–1022. [PubMed: 16960576]

Lewis DA, Moghaddam B. Cognitive dysfunction in schizophrenia: convergence of GABA and
glutamate alterations. Arch. Neurol. 2006; 63:1372–1376. [PubMed: 17030651]

Lewis DA, Hashimoto T, Volk DW. Cortical inhibitory neurons and schizophrenia. Nat. Rev.
Neurosci. 2005; 6:312–324. [PubMed: 15803162]

Lewis DA, Fish KN, Arion D, Gonzalez-Burgos G. Perisomatic inhibition and cortical circuit
dysfunction in schizophrenia. Curr. Opin. Neurobiol. 2011; 2 in press.

Liang F, Jones EG. Differential and time-dependent changes in gene expression for type II calcium/
calmodulin-dependent protein kinase: 67 kDa glutamic acid decarboxylase, and glutamate
receptor subunits in tetanus toxin-induced focal epilepsy. J. Neurosci. 1997; 17:2168–2180.
[PubMed: 9045741]

Ling DS, Benardo LS. Recruitment of GABAA inhibition in rat neocortex is limited and not NMDA
dependent. J. Neurophysiol. (Lond.). 1995; 74:2329–2335.

Lisman JE, Fellous JM, Wang XJ. A role for NMDA-receptor channels in working memory. Nat.
Neurosci. 1998; 1:273–275. [PubMed: 10195158]

Lisman JE, Coyle JT, Green RW, Javitt DC, Benes FM, Heckers S, Grace AA. Circuit-based
framework for understanding neurotransmitter and risk gene interactions in schizophrenia.
Trends Neurosci. 2008; 31:234–242. [PubMed: 18395805]

Livet J, Weissman TA, Kang H, Draft RW, Lu J, Bennis RA, Sanes JR, Lichtman JW. Transgenic
strategies for combinatorial expression of fluorescent proteins in the nervous system. Nature.
2007; 450:56–62. [PubMed: 17972876]

Lu JT, Li CY, Zhao JP, Poo MM, Zhang XH. Spike-timing-dependent plasticity of neocortical
excitatory synapses on inhibitory interneurons depends on target cell type. J. Neurosci. 2007;
27:9711–9720. [PubMed: 17804631]

Maccaferri G, Dingledine R. Control of feedforward dendritic inhibition by NMDA receptor-
dependent spike timing in hippocampal interneurons. J. Neurosci. 2002; 22:5462–5472.
[PubMed: 12097498]

MacDonald AW III, Carter CS, Kerns JG, Ursu S, Barch DM, Holmes AJ, Stenger VA, Cohen JD.
Specificity of prefrontal dysfunction and context processing defycits to schizophrenia in never-
medicated patients with first-episode psychosis. Am. J. Psychiatry. 2005; 162:475–484.
[PubMed: 15741464]

Magee JC. Dendritic hyperpolarization-activated currents modify the integrative properties of
hippocampal CA1 pyramidal neurons. J. Neurosci. 1998; 18:7613–7624. [PubMed: 9742133]

Malinow R, Malenka RC. AMPA receptor trafficking and synaptic plasticity. Annu. Rev. Neurosci.
2002; 25:103. [PubMed: 12052905]

Rotaru et al. Page 16

Rev Neurosci. Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Man H-Y. GluA2-lacking, calcium-permeable AMPA receptors-inducers of plasticity? Curr. Opin.
Neurobiol. 2011; 21:291–298. [PubMed: 21295464]

Markram H, Toledo-Rodriguez M, Wang Y, Gupta A, Silberberg G, Wu C. Interneurons of the
neocortical inhibitory system. Nat. Rev. Neurosci. 2004; 5:793–807. [PubMed: 15378039]

Mátyás F, Freund TF, Gulyás AI. Convergence of excitatory and inhibitory inputs onto CCK-
containing basket cells in the CA1 area of the rat hippocampus. Eur. J. Neurosci. 2004; 19:1243–
1256. [PubMed: 15016082]

Mellios N, Huang H-S, Baker SP, Galdzicka M, Ginns E, Akbarian S. Molecular determinants of
dysregulated GABAergic gene expression in the prefrontal cortex of subjects with schizophrenia.
Biol. Psychiatry. 2009; 65:1006–1014. [PubMed: 19121517]

Meyer-Lindenberg A. From maps to mechanisms through neuroimaging of schizophrenia. Nature.
2010; 468:194–202. [PubMed: 21068827]

Miller EK. The prefontral cortex and cognitive control. Nat. Rev. Neurosci. 2000; 1:59–65. [PubMed:
11252769]

Miller EK, Cohen JD. An integrative theory of prefrontal cortex function. Annu. Rev. Neurosci. 2001;
24:167–202. [PubMed: 11283309]

Mirnics K, Middleton FA, Marquez A, Lewis DA, Levitt P. Molecular characterization of
schizophrenia viewed by microarray analysis of gene expression in prefrontal cortex. Neuron.
2000; 28:53–67. [PubMed: 11086983]

Mohamed S, Paulsen JS, O’ Leary D, Arndt S, Andreasen N. Generalized cognitive deficits in
schizophrenia: a study of first-episode patients. Arch. Gen. Psychiatry. 1999; 56:749–754.
[PubMed: 10435610]

Morrow B, Elsworth J, Roth R. Repeated phencyclidine in monkeys results in loss of parvalbumin-
containing axoaxonic projections in the prefrontal cortex. Psychopharmacology. 2007; 192:283–
290. [PubMed: 17265073]

Mouri A, Noda Y, Enomoto T, Nabeshima T. Phencyclidine animal models of schizophrenia:
approaches from abnormality of glutamatergic neurotransmission and neurodevelopment.
Neurochem. Int. 2007; 51:173–184. [PubMed: 17669558]

Nakanishi S, Nakajima Y, Masu M, Ueda Y, Nakahara K, Watanabe D, Yamaguchi S, Kawabata S,
Okada M. Glutamate receptors: brain function and signal transduction. Brain Res. Brain Res.
Rev. 1998; 26:230–235. [PubMed: 9651535]

Nakazawa K, Zsiros V, Jiang Z, Nakao K, Kolata S, Zhang S, Belforte JE. GABAergic interneuron
origin of schizophrenia pathophysiology. Neuropharmacology. 2011 in press.

Neltner L, Hansel D, Mato G, Meunier C. Synchrony in heterogeneous networks of spiking neurons.
Neural Comput. 2000; 12:1607–1641. [PubMed: 10935920]

Newcomer JW, Farber NB, Jevtovic-Todorovic V, Selke G, Melson AK, Hershey T. Ketamine-
induced NMDA receptor hypofunction as a model of memory impairment and psychosis.
Neuropsychopharmacology. 1999; 20:106–118. [PubMed: 9885791]

Nissen W, Szabo A, Somogyi J, Somogyi P, Lamsa KP. Cell type-specific long-term plasticity at
glutamatergic synapses onto hippocampal interneurons expressing either parvalbumin or CB1
cannabinoid receptor. J. Neurosci. 2010; 30:1337–1347. [PubMed: 20107060]

Nyiri G, Stephenson FA, Freund TF, Somogyi P. Large variability in synaptic N-methyl- d -aspartate
receptor density on interneurons and a comparison with pyramidal-cell spines in the rat
hippocampus. Neuroscience. 2003; 119:347–363. [PubMed: 12770551]

O’Reilly RC. Biologically based computational models of high-level cognition. Science. 2006;
314:91–94. [PubMed: 17023651]

Pesaran B, Pezaris JS, Sahani M, Mitra PP, Andersen RA. Temporal structure in neuronal activity
during working memory in macaque parietal cortex. Nat. Neurosci. 2002; 5:805. [PubMed:
12134152]

Pietersen ANJ, Patel N, Jefferys JGR, Vreugdenhil M. Comparison between spontaneous and kainate-
induced gamma oscillations in the mouse hippocampus in vitro. Eur. J. Neurosci. 2009; 29:2145–
2156. [PubMed: 19490088]

Rotaru et al. Page 17

Rev Neurosci. Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Pinault D. N-Methyl- d -aspartate receptor antagonists ketamine and MK-801 induce wake-related
aberrant [gamma] oscillations in the rat neocortex. Biol. Psychiatry. 2008; 63:730–735.
[PubMed: 18022604]

Porter J, Johnson C, Agmon A. Diverse types of interneurons generate thalamus-evoked feedforward
inhibition in the mouse barrel cortex. J. Neurosci. 2001; 21:2699–2710. [PubMed: 11306623]

Pouille F, Scanziani M. Enforcement of temporal fidelity in pyramidal cells by somatic feed-forward
inhibition. Science. 2001; 293:1159–1163. [PubMed: 11498596]

Reichenberg A, Caspi A, Harrington H, Houts R, Keefe RSE, Murray RM, Poulton R, Moffitt TE.
Static and dynamic cognitive deficits in childhood preceding adult schizophrenia: a 30-year
study. Am. J. Psychiatry. 2010; 167:160–169. [PubMed: 20048021]

Roelfsema PR, Engel AK, Konig P, Singer W. The role of neuronal synchronization in response
selection: a biologically plausible theory of structured representation in the visual cortex. J.
Cogn. Neurosci. 1996; 8:603–625.

Romon T, Mengod G, Adell A. Expression of parvalbumin and glutamic acid decarboxylase-67 after
acute administration of MK-801. Implications for the NMDA hypofunction model of
schizophrenia. Psychopharmacology. 2011; 217:231–238. [PubMed: 21465242]

Roopun AK, Cunningham MO, Racca C, Alter K, Traub RD, Whittington MA. Region-specific
changes in gamma and beta2 rhythms in NMDA receptor dysfunction models of schizophrenia.
Schizophr. Bull. 2008; 34:962–973. [PubMed: 18544550]

Rotaru DC, Lewis DA, Gonzalez-Burgos G. Dopamine D1 receptor activation regulates sodium
channel-dependent EPSP amplification in rat prefrontal cortex pyramidal neurons. J. Physiol.
2007; 581:981–1000. [PubMed: 17395630]

Rotaru DC, Yoshino H, Lewis DA, Ermentrout GB, Gonzalez-Burgos G. Glutamate receptor subtypes
mediating synaptic activation of prefrontal cortex neurons: relevance for schizophrenia. J.
Neurosci. 2011; 31:142–156. [PubMed: 21209199]

Rujescu D, Bender A, Keck M, Hartmann AM, Ohl F, Raeder H. A pharmacological model for
psychosis based on N-methyl- d -aspartate receptor hypofunction: molecular, cellular, functional
and behavioral abnormalities. Biol. Psychiatry. 2006; 59:721–729. [PubMed: 16427029]

Sambandan S, Sauer J-F, Vida I, Bartos M. Associative plasticity at excitatory synapses facilitates
recruitment of fast-spiking interneurons in the dentate gyrus. J. Neurosci. 2010; 30:11826–11837.
[PubMed: 20810902]

Sarihi A, Jiang B, Komaki A, Sohya K, Yanagawa Y, Tsumoto T. Metabotropic glutamate receptor
type 5-dependent longterm potentiation of excitatory synapses on fast-spiking GABAergic
neurons in mouse visual cortex. J. Neurosci. 2008; 28:1224–1235. [PubMed: 18234900]

Seamans J. Losing inhibition with ketamine. Nat. Chem. Biol. 2008; 4:91–93. [PubMed: 18202677]

Sik A, Penttonen M, Ylinen A, Buzsaki G. Hippocampal CA1 interneurons: an in vivo intracellular
labeling study. J. Neurosci. 1995; 15:6651–6665. [PubMed: 7472426]

Silberberg G, Markram H. Disynaptic inhibition between neocortical pyramidal cells mediated by
Martinotti cells. Neuron. 2007; 53:735–746. [PubMed: 17329212]

Simpson MDC, Slater P, Deakin JFK, Royston MC, Skan WJ. Reduced GABA uptake sites in the
temporal lobe in schizophrenia. Neurosci. Lett. 1989; 107:211–215. [PubMed: 2616032]

Singer W. Neuronal synchrony: a versatile code for the definition of relations? Neuron. 1999; 24:49–
65. [PubMed: 10677026]

Singer W, Gray CM. Visual feature integration and the temporal correlation hypothesis. Annu. Rev.
Neurosci. 1995; 18:555–586. [PubMed: 7605074]

Sohal VS, Zhang F, Yizhar O, Deisseroth K. Parvalbumin neurons and gamma rhythms enhance
cortical circuit performance. Nature. 2009; 459:698–702. [PubMed: 19396159]

Soltesz, I. Diversity in the Neuronal Machine: Order and Variability in Interneuronal Microcircuits.
Oxford: Oxford University Press; 2006.

Somogyi P. A specific ‘axo-axonal’ interneuron in the visual cortex of the rat. Brain Res. 1977;
136:345–350. [PubMed: 922488]

Somogyi P, Klausberger T. Defined types of cortical interneuron structure space and spike timing in
the hippocampus. J. Physiol. 2005; 562:9–26. [PubMed: 15539390]

Rotaru et al. Page 18

Rev Neurosci. Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Somogyi P, Tamas G, Lujan R, Buhl EH. Salient features of synaptic organisation in the cerebral
cortex. Brain Res. Brain Res. Rev. 1998; 26:113–135. [PubMed: 9651498]

Straub RE, Lipska BK, Egan MF, Goldberg TE, Callicott JH, Mayhew MB, Vakkalanka RK,
Kolachana BS, Kleinman JE, Weinberger DR. Allelic variation in GAD1 (GAD67) is associated
with schizophrenia and influences cortical function and gene expression. Mol. Psychiatry. 2007;
12:854–869. [PubMed: 17767149]

Stuart G, Sakmann B. Amplification of EPSPs by axosomatic sodium channels in neocortical
pyramidal neurons. Neuron. 1995; 15:1065–1076. [PubMed: 7576650]

Szabadics J, Varga C, Molnar G, Olah S, Barza P, Tamas G. Excitatory effect of GABAergic axo-
axonic cells in cortical microcircuits. Science. 2006; 311:233–235. [PubMed: 16410524]

Thomson A. Activity-dependent properties of synaptic transmission at two classes of connections
made by rat neocortical pyramidal axons in vitro. J. Physiol. (Lond.). 1997; 502:131–147.
[PubMed: 9234202]

Thomson AM, West DC. N-Methylaspartate receptors mediate epileptiform activity evoked in some,
but not all, conditions in rat neocortical slices. Neuroscience. 1986; 19:1161–1177. [PubMed:
3029626]

Thomson AM, Girdlestone D, West DC. Voltage-dependent currents prolong single-axon postsynaptic
potentials in layer III pyramidal neurons in rat neocortical slices. J. Neurophysiol. 1988;
60:1896–1907. [PubMed: 2906995]

Tiesinga PHE, Fellous J-M, José JV, Sejnowski TJ. Computational model of carbachol-induced delta,
theta, and gamma oscillations in the hippocampus. Hippocampus. 2001; 11:251–274. [PubMed:
11769308]

Traub RD, Whittington MA, Colling SB, Buzsáki G, Jefferys JG. Analysis of gamma rhythms in the
rat hippocampus in vitro and in vivo. J. Physiol. 1996; 493:471–484. [PubMed: 8782110]

Traub RD, Bibbig A, LeBeau FEN, Buhl EH, Whittington MA. Cellular mechanisms of neuronal
population oscillations in the hippocampus in vitro. Annu. Rev. Neurosci. 2004; 27:247–278.
[PubMed: 15217333]

Tymianski M, Charlton MP, Carlen PL, Tator CH. Source specifi city of early calcium neurotoxicity in
cultured embryonic spinal neurons. J. Neurosci. 1993; 13:2085–2104. [PubMed: 8097530]

Uhlhaas PJ, Singer W. Abnormal neural oscillations and synchrony in schizophrenia. Nat. Rev.
Neurosci. 2010; 11:100–113. [PubMed: 20087360]

Uhlhaas PJ, Singer W. The development of neural synchrony and large-scale cortical networks during
adolescence: relevance for the pathophysiology of schizophrenia and neurodevelopmental
hypothesis. Schizophr. Bull. 2011; 37:514–523. [PubMed: 21505118]

Van Snellenberg JX, Torres IJ, Thornton AE. Functional neuroimaging of working memory in
schizophrenia: task performance as a moderating variable. Neuropsychology. 2006; 20:497–510.
[PubMed: 16938013]

Vida I, Bartos M, Jonas P. Shunting inhibition improves robustness of gamma oscillations in
hippocampal interneuron networks by homogenizing fi ring rates. Neuron. 2006; 49:107–117.
[PubMed: 16387643]

Volk DW, Austin MC, Pierri JN, Sampson AR, Lewis DA. Decreased glutamic acid decarboxylase67
messenger RNA expression in a subset of prefrontal cortical gamma-aminobutyric acid neurons
in subjects with schizophrenia. Arch. Gen. Psychiatry. 2000; 57:237–245. [PubMed: 10711910]

Von der Malsburg, C. The correlation theory of brain function. In: Domany, E.; Hemmen, JL., editors.
Models of Neural Networks II. Berlin: Springer; 1994. p. 95-119.

Vreugdenhil M, Jefferys JGR, Celio MR, Schwaller B. Parvalbumin-deficiency facilitates repetitive
IPSCs and gamma oscillations in the hippocampus. J. Neurophysiol. 2003; 89:1414–1422.
[PubMed: 12626620]

Waites CL, Craig AM, Garner CC. Mechanisms of vertebrate synaptogenesis. Ann. Rev. Neurosci.
2005; 28:251–274. [PubMed: 16022596]

Walker EF, Savoie T, Davis D. Neuromotor precursors of schizophrenia. Schizophr. Bull. 1994;
20:441–451. [PubMed: 7526446]

Wang XJ. Synaptic basis of cortical persistent activity: the importance of NMDA receptors to working
memory. J. Neurosci. 1999; 19:9587–9603. [PubMed: 10531461]

Rotaru et al. Page 19

Rev Neurosci. Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Wang H-X, Gao W-J. Cell type-specifi c development of NMDA receptors in the interneurons of rat
prefrontal cortex. Neuropsychopharmacology. 2009; 34:2028–2040. [PubMed: 19242405]

Wang H-X, Gao W-J. Development of calcium-permeable AMPA receptors and their correlation with
NMDA receptors in fast-spiking interneurons of rat prefrontal cortex. J. Physiol. 2010;
588:2823–2838. [PubMed: 20547673]

Wang XJ, Liu Y, Sanchez-Vives MV, McCormick DA. Adaptation and temporal decorrelation by
single neurons in the primary visual cortex. J. Neurophysiol. 2003; 89:3279–3293. [PubMed:
12649312]

Wang XJ, Tegner J, Constantinidis C, Goldman-Rakic PS. Division of labor among distinct subtypes
of inhibitory neurons in a cortical microcircuit of working memory. Proc. Natl. Acad. Sci. USA.
2004; 101:1368–1373. [PubMed: 14742867]

Wang H, Stradtman GGR, Wang XJ, Gao WJ. A specialized NMDA receptor function in layer 5
recurrent microcircuitry of the adult rat prefrontal cortex. Proc. Natl. Acad. Sci. USA. 2008;
105:16791–16796. [PubMed: 18922773]

Weinberger DR. Implications of normal brain development for the pathogenesis of schizophrenia.
Arch. Gen. Psychiatry. 1987; 44:660–669. [PubMed: 3606332]

White, EL. Synaptic Organization of the Cerebral Cortex. Boston: Birkhauser; 1989. Cortical Circuits.

Whittington M, Traub R. Interneuron diversity series: inhibitory interneurons and network oscillations
in vitro. Trends Neurosci. 2003; 26:676–682. [PubMed: 14624852]

Whittington MA, Faulkner HJ, Doheny HC, Traub RD. Neuronal fast oscillations as a target site for
psychoactive drugs. Pharmacol. Ther. 2000; 86:171–190. [PubMed: 10799713]

Whittington MA, Cunningham MO, LeBeau FEN, Racca C, Traub RD. Multiple origins of the cortical
gamma rhythm. Dev. Neurobiol. 2011; 71:92–106. [PubMed: 21154913]

Womelsdorf T, Fries P, Mitra PP, Desimone R. Gamma-band synchronization in visual cortex predicts
speed of change detection. Nature. 2006; 439:733. [PubMed: 16372022]

Woodruff AR, Anderson SA, Yuste R. The enigmatic function of chandelier cells. Front. Neurosci.
2010; 4:201. [PubMed: 21151823]

Yuste R, Majewska A, Cash SS, Denk W. Mechanisms of calcium influx into hippocampal spines:
heterogeneity among spines, coincidence detection by NMDA receptors, and optical quantal
analysis. J. Neurosci. 1999; 19:1976–1987. [PubMed: 10066251]

Biographies

Diana Rotaru obtained her MD in 1999, from the University of Medicine and Pharmacy,
Timisoara Romania. After a brief clinical internship, between 2000 and 2001, at the
Psychiatry Clinic in Timisoara, she continued her postgraduate training in neuroscience
between 2002 and 2008, at the University of Pittsburgh, USA, where she studied the
properties of inhibitory neurotransmission in prefrontal cortex. Since 2008, she has been a
postdoctoral fellow in the Center for Neurogenomics and Cognitive Research, at Vrije
University in Amsterdam, Netherlands focusing her research on the role of glutamatergic
receptors in learning and memory. The main purpose of her studies is to understand how
synaptic transmission contributes to the performance of different cognitive tasks.

Rotaru et al. Page 20

Rev Neurosci. Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Dr. Lewis is the UPMC Endowed Professor in Translational Neuroscience and Chairman,
Department of Psychiatry, University of Pittsburgh; Director of the Translational
Neuroscience Program; and Medical Director and Director of Research, Western Psychiatric
Institute and Clinic. He also serves as Director of an NIMH Conte Center for the
Neuroscience of Mental Disorders, which is focused on understanding the role of prefrontal
cortical dysfunction in the pathophysiology of schizophrenia. He received his medical
degree from the Ohio State University, completed residencies in internal medicine and in
psychiatry at the University of Iowa, and received his research training at the Research
Institute of the Scripps Clinic. Dr. Lewis has published over 360 scientific articles. He has
received NIMH Senior Scientist and MERIT Awards, a Distinguished Investigator Award
from NARSAD, and is a Fellow in the American College of Neuropsychopharmacology and
in the American College of Psychiatrists. He is a member of the Institute of Medicine of the
National Academy of Sciences.

Guillermo Gonzalez Burgos earned his PhD degree in Biology/Neuroscience from the
University of Buenos Aires, Argentina in 1995. Currently, he is a member of the faculty of
the Translational Neuroscience Program, Department of Psychiatry, University of Pittsburgh
School of Medicine, where he is the leader of the electrophysiology research group. Dr.
Gonzalez Burgos’ research focuses on functional analysis of single neurons, synaptic
connections and small circuits in the neocortex, using in vitro electrophysiology. His work
aims to understand basic properties of prefrontal cortex microcircuits that are relevant for
psychiatric disorders, particularly schizophrenia.

Rotaru et al. Page 21

Rev Neurosci. Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


