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Abstract

The hypothesis that schizophrenia results from a developmental, as opposed to a degenerative,
process affecting the connectivity and network plasticity of the cerebral cortex is supported by
findings from morphological and molecular postmortem studies. Specifically, abnormalities in the
expression of protein markers of GABA neurotransmission and the lamina- and circuit-specificity
of these changes in the cortex in schizophrenia, in concert with knowledge of their developmental
trajectories, offer crucial insight into the vulnerability of specific cortical networks to
environmental insults during different periods of development. These findings reveal potential
targets for therapeutic interventions to improve cognitive function in individuals with
schizophrenia, and provide guidance for future preventive strategies to preserve cortical
neurotransmission in at-risk individuals.
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1. Introduction

In the central nervous system, neuronal proliferation, cell migration, morphological and
biochemical differentiation, and circuit formation rely on complex intracellular and cell-
environmental interactions that control particular developmental processes. Such
interactions provide different ways in which disturbances at one point in development may
establish an altered trajectory for subsequent events, either as a consequence of, or
compensation for, the primary alteration that eventually result in a dysfunctional state. In
schizophrenia research, multiple lines of evidence support the idea that certain disturbances
at specific time points during post-natal brain maturation contribute to the underlying
disease process. Because the psychotic features of schizophrenia typically emerge in late
adolescence or young adulthood, the substantial remodeling of cortical connections,
especially in the dorsolateral prefrontal cortex (DLPFC), during this developmental period is
thought to be critical (Harris et al., 2009).

Among the many clinical traits of schizophrenia, disturbances in certain cognitive processes,
such as attention, context representation, and working memory represent the core features of
the illness (Weinberger et al., 1986; Goldman-Rakic, 1994). Some of these cognitive deficits
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seem to reflect abnormal activation of the DLPFC in patients with schizophrenia, as such
individuals tend to either perform poorly on working memory tasks and show reduced
DLPFC activation (Weinberger et al., 1986; Perlstein et al., 2001), or perform tasks
normally with increased DLPFC activation (Callicott et al., 2003). Interestingly, the
functional maturation of primate DLPFC circuitry is associated with a progressive
improvement of working memory performance through adolescence; indeed, the
improvement in working memory performance with age depends on a progressively greater
engagement of DLPFC circuitry (Alexander and Goldman, 1978; Luna et al., 2004; Crone et
al., 2006). At the neuronal level, working memory performance depends on the coordinated
and sustained firing of subsets of DLPFC pyramidal neurons between the temporary
presentation of a stimulus cue and the later initiation of a behavioral response (Goldman-
Rakic, 1995). The fine tuning and timing of excitatory synaptic activation in the DLPFC
during working memory tasks have been attributed to specific inhibitory interneurons
(Sawaguchi et al., 1989; Rao et al., 2000). Furthermore, several converging findings suggest
that, in addition to mediating synaptic inhibition in mature circuits, GABA signaling
promotes and coordinates the activity-mediated pre- and postsynaptic maturation of
neuronal networks (Huang, 2009). Consequently, the working memory impairments in
schizophrenia might reflect disturbances in the normal development of the DLPFC
(Weinberger, 1987; Lewis and Levitt, 2002).

In the following sections we present an overview of postmortem findings of altered markers
of inhibitory circuits in the DLPFC in schizophrenia and how their normal developmental
trajectories provide insights into the neurodevelopmental nature of the pathology.

2. Inhibitory cortical circuits in schizophrenia

Substantial evidence suggests that dysfunction of inhibitory neurotransmission in the
DLPFC appears to contribute to the cognitive deficits observed in subjects with
schizophrenia (Lewis et al., 2005). Early postmortem studies suggested decreased activity
for the enzyme responsible for GABA synthesis, glutamic acid decarboxylase (GAD) in
schizophrenia patients (Bird et al., 1979). Despite the fact that a postmortem interval effect
on GAD enzymatic activity was not excluded in this earlier study, multiple recent reports,
using different techniques, consistently found lower expression levels of the 67-kDa isoform
(GADG67) in the DLPFC (Akbarian et al., 1995b; Guidotti et al., 2000; Mirnics et al., 2000;
Volk et al., 2000; Vawter et al., 2002; Hashimoto et al., 2003, 2005, 2008a; Straub et al.,
2007; Thompson et al., 2009; Duncan et al., 2010), and other neocortical regions of subjects
with schizophrenia (Woo et al., 2004; Akbarian and Huang, 2006; Hashimoto et al., 2008b).
Of the two GABA synthesizing enzymes, GAD65 and GAD67, GADG7 accounts for the
most GABA synthesis, influencing cellular GABA content in a gene dosage-dependent
manner (Asada et al., 1997; Ji et al., 1999). However, the functional consequences of a
deficit in inhibitory neurotransmission in schizophrenia are determined by whether all or a
specific subpopulation(s) of GABA neurons are affected. At the cellular level, ~25-35% of
GABA neurons in layers 2-5 of the DLPFC show undetectable expression of GADG67
MRNA, while the remaining GABA neurons exhibit normal levels (Akbarian et al., 1995b;
Volk et al., 2000). Interestingly, the expression of GAD67 mRNA is not altered in DLPFC
layer 6 of subjects with schizophrenia (Akbarian et al., 1995a; Volk et al., 2000), supporting
the idea of a laminar- and circuit-specificity of altered GABA neurotransmission.
Additionally, mRNA expression levels for the GABA membrane transporter (GAT1),
protein responsible for presynaptic reuptake of released GABA, are also lower (Ohnuma et
al., 1999) in a similar minority of GABA neurons (Volk et al., 2001). These findings suggest
that both the synthesis and reuptake of GABA are altered in a subset of DLPFC inhibitory
interneurons indicating a cell type/input-specific disturbance in GABA neurotransmission in
schizophrenia (Fig. 1).
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2.1. Lamina-specific alterations of pre- and postsynaptic markers of specific GABA circuits

The group of inhibitory GABA neurons in the primate cerebral cortex, including the
DLPFC, is very heterogeneous but can be grouped into different neuronal subclasses
according to a combination of specific molecular, electrophysiological, and anatomical
properties. One of the molecular criteria used to distinguish cortical interneuron
subpopulations is expression of the Ca2*-binding proteins, PV and calretinin (CR), and the
neuropeptides somatostatin (SST) and cholecystokinin (CCK) (Conde et al., 1994; Gabbott
and Bacon, 1996; DeFelipe, 1997). Furthermore, these neuronal subtypes exhibit different
electrophysiological properties (Kawaguchi and Kubota, 1993; Krimer and Goldman-Rakic,
2001; Krimer et al., 2005; Zaitsev et al., 2005) and have axons of different morphological
and laminar patterns and specific synaptic targets (Fig. 2) (DeFelipe, 1997).

Both of the PV-positive interneuron subclasses, the basket cells and the chandelier neurons
(Lewis and Lund, 1990; Conde et al., 1994), exhibit fast-spiking, non-adapting firing pattern
(Gonzalez-Burgos et al., 2005). However, these two subpopulations of PV-positive
interneurons differ in the distribution of their axons across cortical layers and in the
subcellular location of their terminal contacts onto pyramidal cells. Axons from basket cells
spread broadly and contact a1-containing GABA, receptors on the soma and proximal
dendrites of pyramidal neurons, whereas chandelier cells project a linear array of axon
terminals (termed cartridges) that synapse exclusively on the pyramidal axon initial
segments enriched in either a.2- or a.3-subunit-containing receptors (Nusser et al., 1996;
Loup et al., 1998, 2006; Nyiri et al., 2001). The proximity of these two types of perisomatic
inhibitory synapses to the site of action potential generation in pyramidal neurons indicates
that these GABA neurons specialize in regulating the output of cortical pyramidal neurons

(Fig. 2).

At the regional level, several lamina-specific alterations of presynaptic markers of PV-
positive interneurons in the DLPFC have been detected in subjects with schizophrenia:
lower PV mRNA expression in layers 3 and 4, with no difference in layers 2 and 5
(Hashimoto et al., 2003), lower density of PV-positive varicosities (putative basket cell axon
terminals) in layers 3 and 4, but not in layer 2 (Lewis et al., 2001; Lewis and Gonzalez-
Burgos, 2008), and lower GAD67 mRNA expression in PV-positive neurons in layers 3 and
4 (Hashimoto et al., 2003). At the postsynaptic level, the laminar distribution of these
changes correlates with the laminar pattern of significantly lower expression of a1 mMRNA
(predominantly in layers 3 and 4) reported in the DLPFC in schizophrenia (Hashimoto et al.,
2008a,b; Beneyto et al., 2010) (Fig. 3). This correspondence in the distribution of expression
changes in presynaptic and postsynaptic markers suggests altered inputs from the PV-
positive basket cell class of GABA neurons to pyramidal neuron cell bodies in
schizophrenia. Given that a1, B2, and y2 subunits co-assemble to form ~60% of GABAp
receptors in the adult cortex (Mohler, 2006) in postsynaptic receptors mediating phasic
GABA neurotransmission (Farrant and Nusser, 2005), a coordinated difference in their
expression levels would be expected. Consistent with this idea, transcript levels for the
GABA receptor f2 and y2 subunits, which typically assemble with a1 subunits, have also
been found reduced in the DLPFC in schizophrenia following an identical laminar pattern
(Akbarian et al., 1995a; Huntsman et al., 1998; Hashimoto et al., 2008a; Beneyto et al.,
2010). This constellation of findings suggests that the total number of a13,y, GABAA
receptors might be lower in the middle layers of the DLPFC and that a coordinated pre- and
postsynaptic reduction of phasic GABA neurotransmission from PV-positive basket cells in
those layers might affect subjects with schizophrenia.

However, al subunits can also co-assemble with a & (instead of y) subunit (Mertens et al.,
1993; Saxena and Macdonald, 1994; Bianchi and Macdonald, 2003); cortical GABAA
receptors containing & subunits are extrasynaptic, have a high affinity for GABA, and
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mediate tonic inhibition, defined as the constant activation of extrasynaptic receptors that,
by increasing input conductance, reduces the probability of generating an action potential
(Farrant and Nusser, 2005). In schizophrenia, the laminar pattern of altered a1 mRNA
expression changes (Beneyto et al., 2010) matches that exhibited by the 6 subunit transcript
in the same subjects (Maldonado-Awviles et al., 2009). These findings suggest that
schizophrenia might be associated with a reduced complement of two types of al-containing
GABA receptors in the DLPFC, possibly affecting both synaptic phasic inhibition from
PV-positive basket cells (via a1B2y, receptors) and extrasynaptic tonic inhibition (via o1 B0
receptors) (Maldonado-Awviles et al., 2009).

Molecular markers of contacts from PV-positive chandelier cells onto pyramidal neurons in
the DLPFC are also altered in schizophrenia. Ankyrin-G immunoreactivity in pyramidal
neuron axon initial segments (Cruz et al., 2009b), and GAT1 immunoreactivity in chandelier
neuron axon cartridges have both been reported to be lower in schizophrenia (Woo et al.,
1998; Pierri et al., 1999). Interestingly, these alterations in the DLPFC are correlated with
significantly increased protein immunoreactivity (Fig. 4A) (Volk et al., 2002) and transcript
expression (Beneyto et al., 2010) of GABA a2 subunit in schizophrenia, suggesting a
chandelier-pyramidal cell connectivity dysfunction. However, in contrast to the laminar
distribution of the alterations described for PV-basket cell markers, chandelier findings all
preferentially or selectively affect DLPFC layers 2 and superficial 3 of subjects with
schizophrenia. Presynaptic alterations of chandelier neuron axon cartridges are less
prominent in layers 5-6 (Woo et al., 1998; Pierri et al., 1999), consistent with the un altered
expression in schizophrenia of GABAA a3, which is the predominant subunit in the GABAA
receptors on the axon initial segment in layers 5-6 (Figs. 2 and 3) (Nusser et al., 1996; Loup
etal., 1998, 2006). Together, these findings suggest that an interaction between GABA cell
type and laminar location might confer vulnerability in the disease.

As mentioned above, an approximately 25-35% reduction in the expression of GAD67
MRNA occurs across layers 2 through 5 (Akbarian et al., 1995b; Guidotti et al., 2000; Volk
et al., 2000; Straub et al., 2007) of the DLPFC in subjects with schizophrenia. The
alterations in PV-positive cells can account for the decreased GADG67 transcript levels in
layers deep 3 and 4 (Hashimoto et al., 2003), but recent studies suggest that other GABA
neurons are affected in other cortical layers. For example, the subpopulation of CCK-
containing GABA cells might contribute to the GABA neurotransmission deficit in layer 2
(Eggan et al., 2008). CCK-positive cells belong to two classes of local circuit neurons,
narrow arbor basket cells connecting layers 2 and 4, and medium arbor neurons with axons
confined to layers 2 and superficial 3 (Lund and Lewis, 1993). The synaptic targets of these
CCK-basket neurons are GABAA, receptors enriched in a2 subunits. The idea that the CCK-
positive cells contribute to the GAD67 deficiency in the superficial layers is supported by
findings in schizophrenia of reduced cannabinoid receptor 1 (CB1R) mRNA and protein,
which is heavily localized to the axon terminals of CCK neurons (Marsicano and Lutz,
1999; Galarreta et al., 2004; Bodor et al., 2005). Importantly, lower CB1IR mRNA levels in
layers 2 through superficial 3 correlate with CCK and GAD67 mRNA deficits in the DLPFC
in schizophrenia (Eggan et al., 2008). In the primate DLPFC, the highest densities of both
CB1R- and CCK-positive neurons are found in these layers, and both CB1R- and CCK-
positive axon terminals densely innervate layer 4 (Oeth and Lewis, 1990; Eggan and Lewis,
2007). The convergence of all these findings suggests that, in schizophrenia, GABA
neurotransmission might also be altered in the subset of CB1R- and CCK-containing GABA
neurons that provide inhibitory projections from the superficial to middle cortical layers in
the DLPFC.
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3. Development of prefrontal cortical circuitry

Given the extensive excitatory intra- and interareal cortical connections that layer 3
pyramidal neurons provide (Jones, 1984; Barbas, 1992; Levitt et al., 1993), developmental-
related structural and neurochemical alterations in excitatory and inhibitory inputs to these
neurons may be important determinants of the functional maturation of prefrontal cortical
circuitry in schizophrenia. In the neocortex of both monkeys and humans, the extended
period of adolescence is characterized by a massive synaptic pruning which eliminates
exuberant excitatory synapses previously produced by rapid perinatal synaptogenesis (Rakic
et al., 1986; Huttenlocher and Dabholkar, 1997). During postnatal development of the
primate cerebral cortex, the period of synaptic proliferation, with the subsequent retraction
of many of these contacts until a steady adult number of synapses level is achieved in
individual pyramidal neurons (Anderson et al., 1995). Synaptic pruning during adolescence
has been linked to neurodevelopmental models of schizophrenia because the clinical
symptoms typically arise in early adulthood (Lewis and Levitt, 2002). Altered expression of
certain synaptic proteins in schizophrenia suggested the possibility that the exuberant
synapses present before adolescence somehow compensated for a dysfunction in excitatory
transmission in individuals with schizophrenia (Mirnics et al., 2001). Alternatively, such
alterations in synaptic protein expression might disturb the mechanisms of adolescence-
related synapse elimination leading, for instance, to excessive synapse pruning in the illness
(Feinberg, 1990; Keshavan et al., 1994).

In the monkey DLPFC, the developmental trajectory of excitatory synaptic density is
paralleled by similar changes in the density of dendritic spines in pyramidal neurons
(Anderson et al., 1995). Although the overall pattern of postnatal changes in synaptic
density has been found to be similar in all cortical regions studied, differences in the precise
time course of these changes have been observed at the regional, laminar, and cellular levels.
For example, in layer 3 of human cerebral cortex, total synaptic density peaks at 6 months of
age in primary visual cortex (Huttenlocher and de Courten, 1987) but at 2 years of age in
prefrontal regions (Huttenlocher, 1979). Laminar differences in the temporal pattern of
postnatal synaptic production and elimination have been described in several regions of
monkey neocortex, including the DLPFC. In this region, peripubertal synaptic density
reduction was found in the supragranular layers but not infragranular layers (Bourgeois et
al., 1994). Within a cortical layer, there may also be important differences among classes of
neurons in the timing of synaptic production and elimination (Gonzalez-Burgos et al., 2008).
These comparisons suggest that the elimination of prefrontal cortical axospinous synapses
and dendritic spines during the peripubertal age may follow different time courses for
specific subpopulations of pyramidal neurons.

Overall, the time course of synaptic development strongly suggests that the connectivity of
the primate DLPFC undergoes substantial changes during adolescence. However, due to the
apparent regional, laminar, and cellular specificity in the timing and magnitude of
maturational changes in cortical synaptic density, it is important to understand how specific
and interrelated components of DLPFC circuitry change during postnatal development as
such knowledge may inform the developmental origin of the circuit alterations observed in
the DLPFC in schizophrenia.

3.1. Postnatal developmental of presynaptic GABA markers

In monkey DLPFC, the overall density of symmetric synapses, which identify all
GABAergic terminals, does not change markedly throughout postnatal development
(Bourgeois et al., 1994). This observation is also supported by the consistent density of
GAT1-labeled puncta during this period, but is in contrast with the fact that the density of
PV-positive terminals exhibits marked laminar and region-specific changes over a protracted
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period of postnatal development (Erickson and Lewis, 2002). In monkey DLPFC, these
changes in PV expression correspond to a 10 fold increase of PV-immunoreactive puncta
density in the superficial and middle layers during the postnatal period from extremely low
levels in the newborn stage (Erickson and Lewis, 2002). Given that, among the PV-positive
terminals in the superficial and middle cortical layers, those from thalamocortical axons and
chandelier cells contribute little, if at all, to the observed developmental trends in the density
of PV-positive puncta (Lund and Lewis, 1993), the observed changes are likely to reflect
alterations within GABAergic terminals arising from PV-containing basket cells (Erickson
and Lewis, 2002). However, in contrast with this idea, qualitative studies of basket cells
axon terminals by Golgi impregnation reveal no obvious changes in their axonal
morphology between infant and adult prefrontal cortex (Lund and Lewis, 1993). This
suggests that the apparent discrepancy in developmental trajectories between total
GABAergic and PV-positive terminals reflects changes in the immunodetectability of the
latter, corresponding to altered protein concentration levels, rather than an increase in the
number of such terminals. Interestingly, changes in PV content have been reported to be
associated with corresponding increases or decreases in neuronal activity (Heizmann, 1984),
which indicates that these changes in PV protein expression levels between newborn and
adult stages may correspond to alterations in the activity of PV-positive basket cells during
postnatal development.

The PV-positive chandelier cells also show developmental changes in the expression of
several of their molecular markers. Presynaptically, PV and GAT1 immunoreactivity levels
in chandelier axon cartridges are not detectable or extremely low at birth in monkey DLPFC,
rise following different developmental trajectories and reach peak levels early in postnatal
development that are sustained until approximately 15 months of age. After this, the
expression of these two markers rapidly declines during adolescence until lower stable adult
levels are achieved (Fig. 4B) (Anderson et al., 1995; Conde et al., 1996; Cruz et al., 2003).
Together, these findings suggest that the maturation of inhibitory inputs to the axon initial
segment of prefrontal pyramidal neurons is a complex process that may differentially affect
the firing patterns of subpopulations of pyramidal neurons at specific postnatal time points
(Cruz et al., 2003). In fact, the developmental trajectories of proteins that regulate synapse
formation (ankyrin-G and BIV spectrin) and receptor clustering (gephyrin) at the axon initial
segment reflect specific types of changes during the perinatal period and adolescence (Fig.
4B). In particular, these trajectories reveal a two-phase developmental process of
GABAergic synaptic stability and GABA neurotransmission at chandelier cell inputs to
pyramidal neurons that parallels the protracted functional maturation of primate DLPFC
circuitry (Cruz et al., 2009a).

In contrast to the postnatal developmental trajectory of PV-positive GABA interneurons, the
density of CCK-positive basket cells in supragranular layers is most prominent at birth and
falls to a constant adult-like level by 1 year of age (Oeth and Lewis, 1993). This pattern is
opposite to the developmental trajectories of the density of dendritic spines and PV-
immunoreactive cartridges, which both increase while CCK immunoreactivity declines. In
the rodent neocortex and hippocampus, CB1R-immunoreactive cells and axons undergo
distinct developmental refinements in relative density and laminar distribution, and in the
hippocampus, these refinements parallel those of CCK-immunoreactive cells and axons
(Morozov and Freund, 2003; Deshmukh et al., 2007). Analysis of changes in the levels of
CB1R immunoreactivity and mRNA expression during pre- and postnatal development in
the primate DLPFC show that the overall level of CB1R immunoreactivity robustly
increases during the pre- and perinatal periods and then remains stable throughout postnatal
development (Eggan et al., 2010). However, laminar-specific developmental changes are
present in innervation density, with a decrease in layers 1-2 that is most marked during the
first postnatal year and an increase in layer 4 that is prominent during adolescence. In
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contrast, CB1R mRNA expression is highest at birth, markedly decreases during the first 3
postnatal months, and then remains stable through development and into adulthood with a
distinct peak in CB1R mRNA expression in layer 2 (Fig. 5) (Eggan et al., 2010). Thus, the
relative levels and laminar distribution of both CB1R immunoreactivity and mRNA exhibit
distinctive patterns and different rates of change, eventually achieving peaks of mMRNA
expression in layer 2 and of CB1R-IR axons in layer 4. These findings suggest a shifting
role of CB1Rs in cortical circuitry that may contribute to the functional maturation of the
DLPFC and, given its role in endocannabinoid signaling (Freund et al., 2003), to age-
specific vulnerabilities to cannabis exposure during both the perinatal and adolescent periods
of development (Fig. 5).

Together, these data are consistent with the hypothesis of a high degree of cellular
specificity in the postnatal refinement of monkey prefrontal cortical circuitry. However, the
functional consequences of these developmental changes in basket and chandelier cell
outputs are largely determined by the laminar location of their targeted pyramidal cells and
by the developmental trajectories of their specific postsynaptic molecular counterparts, such
as al- and a2 subunit enriched GABAA receptors.

3.2. Protracted developmental trajectories of postsynaptic GABAp receptor subunits

At the postsynaptic level, a1, B2, and & subunits in primate DLPFC GABAA receptors have
similar laminar patterns of expression and undergo similar developmental trajectories, which
are distinct from those followed by GABAp a2 and a4 subunits (Fillman et al., 2010;
Hashimoto et al., 2009; Maldonado-Aviles et al., 2009). For example, expression of mMRNAsS
encoding GABA receptor al and a2 subunits in monkey prefrontal cortex exhibit opposite
trajectories during an extended period of postnatal development characterized by a
progressive change with age, including significant differences between prepubertal and adult
animals (Fig. 6) (Hashimoto et al., 2009). This divergent trajectory is shaped by a gradual
postnatal increase of al subunit mMRNA expression toward peak levels in the adult, and by a
progressive decline of a2 subunit mRNA from its highest levels in neonates to the lowest
levels of expression in adult animals (Hashimoto et al., 2009). Although, in general, protein
levels of these two subunits follow the same developmental trajectory, the magnitude of the
age-related changes in al subunit expression appears to be greater for protein than for
MRNA levels (Cruz et al., 2003; Hashimoto et al., 2009). This difference might reflect
developmental changes in translational or post-translational mechanisms that regulate the
turnover of the subunit proteins.

These opposite trajectories might reflect a developmental replacement of a2 subunits with
al subunits at synapses made by PV-containing basket cells on pyramidal neurons, whereas
a2 subunits remain predominant in synapses made by CCK-containing basket cells into
adulthood. The idea that the observed changes in the ratio of a1 to a2 subunit protein levels
during adolescence occur at the single-synapse level, at least in inputs onto pyramidal
neurons, is consistent with the developmental changes of the electrophysiological properties
of mIPSPs observed in pyramidal neurons (Hashimoto et al., 2009). For example, al-
subunit-containing GABA receptors have faster deactivation kinetics than those containing
a2 subunits (Farrant and Nusser, 2005), and the duration of mIPSPs in pyramidal neurons
are shorter in postpubertal animals than prepubertal animals (Hashimoto et al., 2009). As
mentioned earlier, in mature circuits, GABAa ol subunit predominates at synapses made by
PV-positive basket cells (Klausberger et al., 2002), whereas the a2 subunit is post-synaptic
to the axon terminals of PV-positive chandelier neurons (Nusser et al., 1996; Loup et al.,
1998; Nyiri et al., 2001; Loup et al., 2006) and to PVV-negative, putative CCK-containing
basket cells, in adult rat hippocampus (Nyiri et al., 2001). Given that the a1 subunit is
ubiquitously and abundantly expressed in the adult cortex (Fritschy and Mohler, 1995;
Mohler, 2006), the post-natal increase in al subunit mMRNA levels across cortical layers
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(Hashimoto et al., 2009) suggests that this increase is likely to occur at a large proportion of
cortical GABA synapses. In contrast, the marked decrease in cortical a2 mRNA expression
with age (Hashimoto et al., 2009) is likely to reflect a postnatal downregulation of the a2
subunit in GABA synapses furbished by these two cell types. Consistent with this
interpretation, the density of a2-subunit-immunoreactive puncta (presumably at axosomatic
and axodendritic synapses) is markedly lower in post-adolescent animals compared with
animals of younger age (Cruz et al., 2003). Together, these developmental changes suggest
that during the postnatal period, the composition of GABAA receptors shifts from a2 to al
subunits in diverse populations of GABA synapses on both pyramidal and GABA neurons in
a cell input-specific manner.

3.3. Functional implications of the protracted development of GABA, receptor subunits

At the functional level, experience dependent plasticity relies on the recruitment of al-
subunit-containing GABA receptors to inhibitory synapses made by PV-containing basket
cells on pyramidal neuron soma (Katagiri et al., 2007). Therefore, the increase in a.l
subunits at GABA synapses might also be crucial for engaging neuronal plasticity in the
developing primate DLPFC. In the neocortex, PV-containing basket cells are extensively
and mutually interconnected into networks (Kisvarday et al., 1993) that by virtue of
synchronizing pyramidal cell firing, are believed to play a central role in generating gamma
band (30-80 Hz) oscillations (Bartos et al., 2007). Gamma oscillations are thought to
provide a temporal structure for cortical information processing, including those dependent
on DLPFC circuitry such as working memory (Jensen et al., 2007). The generation of
gamma oscillations requires strong and fast inhibitory connections among PV-containing
neurons and between PV-containing basket neurons and pyramidal cells (Bartos et al.,
2007), which appear to be provided by the fast deactivation kinetics of al-subunit-
containing GABA receptors in these synapses (Klausberger et al., 2002). Consistent with
this idea, an increase in ol subunit expression during development might be important for
establishing the network properties required to efficiently generate the gamma oscillations
associated with cognitive functions. The faster kinetics of inhibitory inputs to pyramidal
neurons during postnatal development (Hashimoto et al., 2009) are consistent with increased
al subunit expression at inhibitory synapses on pyramidal neurons, such as those made by
PV-containing basket neurons (Klausberger et al., 2002). Given that each PV-containing
neuron innervates a large number of pyramidal neurons (Lewis et al., 2005), faster inhibition
by PV-containing neurons across postnatal development might contribute to an improved
ability to synchronize populations of pyramidal neurons at high frequencies. Therefore, it
has been suggested that increased ol subunit levels at the synapses between both PV-
containing neurons and PV-containing and pyramidal neurons during postnatal
development, might have synergistic roles in the generation of cortical gamma band
oscillations (Hashimoto et al., 2009). Consistent with this interpretation, in humans both
working memory performance (Luna et al., 2004; Crone et al., 2006) and gamma band
power (Uhlhaas et al., 2006) increase across postnatal development, including adolescence,
and into early adulthood.

Given the protracted developmental profiles of al and a2 subunit expression, the elevated
a2 subunit expression and the decreased al mRNA levels in schizophrenia might reflect a
developmental dysregulation of GABA receptor a subunit expression, in which the
changes in subunit expression with age fail to undergo their full course. This disruption
might contribute to the cognitive deficits in patients with schizophrenia by compromising
neuronal plasticity and gamma band oscillations, both of which seem to be critical for the
cognitive processes mediated by DLPFC circuitry (Gonzalez-Burgos and Lewis, 2008).

On the other hand, this complex and protracted postnatal maturation of the inputs from PV-
containing GABA neurons in the primate DLPFC provides a number of opportunities for
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any disturbances, even subtle ones, to have their effects amplified as they alter the
trajectories of the developmental events that follow. In particular, the marked developmental
changes in the axon terminals of PV-containing basket and chandelier neurons, and their
postsynaptic receptors, during the perinatal period and adolescence raise the possibility that
the alterations of these markers in schizophrenia reflect a disturbance in these patterns of
development. These temporal correlations may explain how a range of environmental
factors (e.g. labor-delivery complications, urban place of rearing, and marijuana use during
adolescence) are all associated with increased risk for the appearance of schizophrenia later
in life. Although it seems unlikely that the GABA-related disturbances in schizophrenia
represent an arrest of development, they may reflect an alteration of DLPFC circuitry that
makes it unable to support higher levels of working memory load, rendering the impaired
performance in schizophrenia analogous to the immature levels of working memory function
seen in children (Diamond et al., 2002; Luna et al., 2004; Crone et al., 2006).

4. Conclusions

Alterations in the expression of genes (those that mediate inherited susceptibility and
perhaps other genes that are downstream of their control) (Choi et al., 2009) generally
results from combination of several factors. These altered patterns of gene expression may
be influenced, or even triggered, by environmental phenomena during a particular period of
development. Thus, the resultant altered course of developmental trajectories would be due
to a combination of genetic changes, which when combined with particular stressors during
development, drive the system towards a critical threshold for an altered phenotype. These
altered patterns of gene expression have a cumulative effect that leads to additional
disturbances in subsequent developmental processes. The impact of these alterations in gene
expression and their sequelae becomes relatively stabilized once developmental processes
approach completion, being only modestly affected by adult levels of plasticity but more
subject than the normal brain to further adverse functional consequences from other
distressing factors (e.g. drug abuse, stress, etc.).

The findings reviewed above converge on the idea that a deficiency in GABA signaling is a
pathogenetic mechanism including reduced GAD67 mRNA expression and GABA synthesis
in the parvalbumin-expressing subpopulation of GABA neurons in the DLPFC of
individuals with schizophrenia. Despite apparent compensatory responses including the
decrease in the levels of presynaptic GAT1 and the upregulation of a2-containing
postsynaptic GABA receptors, the resulting pathophysiological process — changes in the
perisomatic inhibitory regulation of pyramidal neurons that are required for gamma
frequency oscillations — contributes to the impairments in working memory function that
represent a core feature of the clinical syndrome of schizophrenia. The observed
abnormalities in the expression of these protein markers and the lamina- and cellular-
specificity of these changes in schizophrenia suggest that these disturbances depend both
upon the timing of normal maturational events and circuitry-specific susceptibility.
However, these abnormalities in GABA neurons are unlikely to be the only contributors to
working memory dysfunction in this disorder; in fact, changes in dopamine and glutamate
neurotransmission in the DLPFC also seem to be involved (Weickert et al., 2007; Lewis and
Gonzalez-Burgos, 2008). The real value of determining the molecular and morphological
abnormalities that advance the understanding of the pathophysiology of schizophrenia rests
in the prediction of novel targets for pharmacological intervention. The observations
reviewed above may reveal targets for new drug development that are selective for the
neural networks that are specifically altered in the disease; furthermore, understanding their
developmental trajectories may provide insight into when preemptive interventions might be
most successful.
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Fig. 1.

(A) Schematic representation of the main afferent and efferent pyramidal connections to and
from specific cortical lamina. (B) Reduction in pyramidal neuron dendritic spines in deep
layer 3 of the DLPFC in schizophrenia. (a) Golgi-impregnated basilar dendrites and spines
on deep layer 3 pyramidal neurons from a normal comparison (top) and two subjects with
schizophrenia (bottom). Note the reduced density of spines in the subjects with
schizophrenia in these extreme examples. (b) Laminar specificity of the spine density
differences in the subjects with schizophrenia relative to normal control subjects. (c) Scatter
plot demonstrating the lower density of spines on the basilar dendrites of deep layer 3
pyramidal neurons in the DLPFC of subjects with schizophrenia relative to both normal and
psychiatrically ill comparison subjects.

Adapted from Lewis and Gonzalez-Burgos (2008).
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(A) Schematic summary of cortical GABA circuits describing the subcellular location and
subunit-specificity of the receptors targeted by different GABA neuron subtypes. (B)
Morphological and biochemical features of PV- and CCK-positive subpopulations of
cortical GABA neurons in the DLPFC. The chandelier and basket neurons provide
inhibitory input to the axon initial segment (ais) and the cell body and proximal dendrites,
respectively, of pyramidal neurons. 1-4, layers of DLPFC.

Adapted from Lewis et al. (2005).
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Fig. 3.

Schematic summary of hypothesized circuit-specific transcript alterations in pre- and
postsynaptic markers of GABA neurotransmission in the DLPFC of subjects with
schizophrenia. For each GABA, o subunit, the background shading marks the cortical
layers where the indicated change in expression of that subunit was found. The laminar
specificity of the decrease in al expression matches that of the alterations in GAD67 and PV
mRNAs thought to be present in P+ basket cells. The increase in a2 expression in layer 2
is consistent with previous findings of pre- and postsynaptic alterations in chandelier cell
inputs to the axon initial segment of pyramidal cells in this location. In contrast, the absence
of alterations in a3 subunit expression, which is present postsynaptic to chandelier cells in
deep layer pyramidal neurons matches the failure to find significant changes in chandelier
cell inputs in these layers.

Adapted from Beneyto et al. (2010).
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Fig. 4.

(A) Pre- and postsynaptic markers of chandelier neuron inputs to the axon initial segment of
pyramidal neurons. (a and b) Immunoreactivity for GAT1 (a) and parvalbumin (b) clearly
identifies vertical arrays of chandelier neuron axon terminals (cartridges) that are located
below the cell bodies of unlabelled pyramidal neurons. (¢) Immunoreactivity for the
GABAA o2 subunit is localized postsynaptically, in the axon initial segment of pyramidal
neurons. From Lewis et al. (2005). (B) Schematic summary of the trajectories of pyramidal
neuron axon initial segment and chandelier neuron axon cartridges labeled with different
markers across postnatal development in area 46 of monkey DLPFC. Lines for each marker
represent the percent maximal value achieved plotted against age in months after birth on a
log scale. Arrowheads demarcate the indicated ages in months, and the shaded area indicates
the approximate age range corresponding to adolescence in this species.

From Cruz et al. (2009a,b).
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Fig. 5.

Schematic summary figures illustrating trajectories of overall CB1R immunoreactivity and
MRNA levels (A) and density of CB1R-IR axons in layers 1 and 4 (B) across development
of monkey DLPFC. Lines were generated by plotting the density as a percent of the
maximum density value for individual animals for each marker as a function of age in
months after conception on a log scale, fitted by Loess regression analysis, and smoothed by
hand. The shaded area indicates the approximate age range corresponding to adolescence
(15-42 months; Plant 1988) in macaque monkey. Note the different developmental time
courses in overall CB1R immunoreactivity and mRNA levels (A) and in the laminar
distribution of CB1R immunoreactivity (B).

From Eggan et al. (2010).
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Fig. 6.

Expression levels of GABA, receptor al and a2 subunit mRNAS in the monkey DLPFC
during development. The optical densities for al (A) and a2 (B) subunit mMRNAS within area
46 are individually plotted for each age group. The mean values for each age group are
indicated as bars. During postnatal development, a1 mRNA levels increased, whereas o2
MRNA levels declined. Age groups that do not share the same letter are statistically different
at o < 05. Note that the shift in o subunit expression is a progressive and protracted process
that lasts through adolescence. M, months; Pre, prepuberty; Post, postpuberty; W, week.
From Hashimoto et al. (2009).
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