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Abstract

Convergent evidence suggests that schizophrenia is a disorder of neurodevelopment with 

alterations in both early and late developmental processes hypothesized to contribute to the disease 

process. Abnormalities in certain clinical features of schizophrenia, such as working memory 

impairments, depend on distributed neural circuitry including the dorsolateral prefrontal cortex 

(DLPFC) and appear to arise during the protracted maturation of this circuitry across childhood 

and adolescence. In particular, the neural circuitry substrate for working memory in primates 

involves the coordinated activity of excitatory pyramidal neurons and a specific population of 

inhibitory GABA neurons (parvalbumin-containing basket cells) in layer 3 of the DLPFC. Thus, 

understanding the relationships between the normal development of, and the schizophrenia-

associated alterations in, the DLPFC circuitry that subserves working memory could provide new 

insights into the nature of schizophrenia as a neurodevelopmental disorder. Consequently, in this 

article, we review 1) recent findings regarding alterations of DLPFC layer 3 circuitry in 

schizophrenia; 2) the developmental refinements in this circuitry that occur during the period when 

the working memory alterations in schizophrenia appear to arise and progress; and 3) how various 

adverse environmental exposures could contribute to developmental disturbances of this circuitry 

in individuals with schizophrenia.
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Schizophrenia as a developmental disorder

Multiple genetic liabilities (1–5) and perinatal environmental exposures (6;7) suggest that 

the neural substrate for schizophrenia may be present from early stages of development (8–

10). Other environmental exposures, such as urban residence during childhood and repeated 

cannabis use during adolescence (11), suggest that alterations in later developmental 

processes may also contribute to the disease process (9;12;13).

The appearance of certain core cognitive features of schizophrenia well before the onset of 

psychosis also supports the idea that schizophrenia is a neurodevelopmental disorder (14–

16). For example, at age 7 individuals who were later diagnosed with schizophrenia 

displayed deficits in tests indexing reasoning and conceptualization. These individuals 

subsequently began to fall behind their peers in other aspects of cognitive function, such as 

working memory (WM), and this developmental lag progressively worsened through puberty 

(16).

Working memory, the ability to transiently maintain and manipulate a limited amount of 

information to guide thought or behavior, depends on the activity of a distributed neural 

network. A number of cortical, thalamic and striatal regions are active during WM tasks 

(17–19) and alterations in these regions have been reported in schizophrenia (20–22). A key 

node in this network, the neural circuitry of the dorsolateral prefrontal cortex (DLPFC), has 

been a major focus of investigation in healthy monkeys and humans (23–25) and in 

schizophrenia (17;26). In monkeys and humans, both WM performance and DLPFC 

circuitry undergo protracted patterns of maturation which continue through late adolescence, 

and greater activation of the DLPFC is associated with improved WM performance during 

these periods (27–29). Thus, understanding the developmental trajectories of DLPFC 

circuits that subserve WM may reveal which elements of the circuitry are preferentially 

vulnerable, and when they are most vulnerable, to the environmental events associated with 

increased risk for schizophrenia.

Neural substrate for working memory

WM in monkeys appears to require the coordinated activity of excitatory pyramidal neurons 

and a specific population of inhibitory GABA neurons in DLPFC layer 3 (24). Layer 3 

pyramidal cells furnish wide-spreading, horizontal axon collaterals that terminate in stripe-

like arrays (30;31). These axon collaterals almost exclusively target the dendritic spines of 

other pyramidal cells (32). These extensive, reciprocal, glutamatergic connections are 

thought to provide the anatomical substrate required for the activity of spatially segregated, 

but functionally related, clusters of pyramidal cells during the maintenance phase of WM 

tasks (24;33;34).
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The axons of DLPFC layer 3 pyramidal cells also give rise to local collaterals that arborize 

in the vicinity of the cell body; the targets of these terminals are equally divided between 

pyramidal cell dendritic spines and the dendrites of a subpopulation of GABA interneurons 

that express the calcium-binding protein parvalbumin (PV) (35;36). These PV interneurons 

include basket cells (PVBCs), which innervate the perisomatic region (i.e., soma and 

proximal dendritic shafts and spines) of pyramidal cells. These inputs provide feedback 

inhibition that shapes the activity of pyramidal cell subpopulations during WM tasks (37–

40) (Figure 1A). The divergent connections of PVBCs also result in the coordinated 

inhibition of multiple pyramidal cells. The fast and simultaneous decay of this inhibition 

synchronizes the firing of pyramidal cells, producing oscillatory network activity in the γ 
frequency (30–80 Hz) range (41–44). The potential importance of γ oscillations for 

supporting WM (45) is suggested by findings that the power of prefrontal γ synchrony 

increases in proportion to WM load (46;47).

Of course, other neural elements in the DLPFC might also influence the function of this 

circuit. For example, the axon terminals of another subpopulation of PV interneurons, 

chandelier (PVChCs) or axo-axonic cells, form distinctive vertical arrays called cartridges 

that exclusively target the axon initial segments of pyramidal cells. In contrast to the 

conventional strongly hyperpolarizing role of PVBCs, the impact of PVChC inputs on 

pyramidal cell function in rodents appears to depend on stage of development, brain region 

and level of network activity (48–52). For example, chandelier cell (ChC) inputs can be 

depolarizing under certain conditions (48). In addition, PVChCs are reported to prevent 

ectopic action potential back-propagation especially during γ oscillations in vitro (53). 

Thus, PVBCs and PVChCs appear to uniquely shape the activity of postsynaptic pyramidal 

cells.

Exploring the role of development in DLPFC circuitry dysfunction in 

schizophrenia

The findings reviewed above suggest that understanding the normal development and 

alterations in schizophrenia of the DLPFC circuitry that subserves WM could provide new 

insights into the nature of schizophrenia as a neurodevelopmental disorder. Consequently, 

here we 1) review evidence of alterations in DLPFC layer 3 circuitry in schizophrenia; 2) 

consider how these circuitry elements are normally refined during the developmental periods 

when the WM impairments in schizophrenia arise and progress; and 3) discuss how adverse 

environmental exposures could produce developmental disturbances in DLPFC layer 3 

circuitry underlying WM deficits in schizophrenia.

Altered connectivity of DLPFC layer 3 circuitry in schizophrenia

A number of studies in the postmortem human brain provide convergent evidence that 

schizophrenia is associated with alterations in multiple elements of the WM circuitry in 

DLPFC layer 3. The interpretation of postmortem studies of schizophrenia needs to consider 

the potential effects of antipsychotic medications, nicotine, substances of abuse, suicide and 

other factors frequently comorbid with schizophrenia. In the findings reviewed below, the 
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effects of these factors have been accounted for using convergent approaches described in 

detail elsewhere (26;54;55;58).

Alterations in layer 3 pyramidal cells

In subjects with schizophrenia, cortical pyramidal cells exhibited smaller cell bodies 

selectively in layer 3 (54–56). In addition, basilar dendritic spine density was lower on 

pyramidal cells in DLPFC layer 3, but not layers 5 or 6, in schizophrenia subjects (57–59) 

(Figure 1B,C).

Several lines of evidence suggest that the dendritic spine deficit in DLPFC layer 3 pyramidal 

cells reflects altered regulation of the actin cytoskeleton that is required for the formation 

and maintenance of spines. First, recent genetic findings implicate convergent signaling 

pathways that regulate actin dynamics, suggesting a cell-autonomous disturbance in the 

formation and/or maintenance of dendritic spines (4;5). Second, key molecules regulating 

actin exhibit altered expression in schizophrenia. For example, the Rho GTPase cell division 

cycle 42 (CDC42) regulates the actin polymerization required for spine maturation (60;61); 

CDC42 messenger RNA (mRNA) levels are lower in the DLPFC of subjects with 

schizophrenia (62). Similarly, mRNA levels of kalirin, a Rho guanine exchange factor that is 

highly concentrated in spines and that regulates spine integrity through CDC42 signaling 

pathways (63), were lower in the DLPFC of subjects with schizophrenia (62). Importantly, 

levels of CDC42 and kalirin mRNAs predicted spine density only on layer 3 pyramidal cells.

The apparent specificity of the spine deficits to DLPFC layer 3 pyramidal neurons might 

reflect disturbances in molecules that are expressed selectively in these neurons. For 

example, CDC42 effector proteins (CDC42EP), which inhibit CDC42 activity, are 

preferentially expressed in layers 2–3 of the DLPFC (64). In schizophrenia, expression 

levels of CDC42EP3 and CDC42EP4 are upregulated in layer 3 pyramidal cells (65;66). 

Signaling via the CDC42-CDC42EP complex is thought to regulate the septin barrier in the 

spine neck that controls the flow of molecules into spines required for F-actin mediated 

growth of spines and synaptic potentiation. Thus, the combination of lower levels of CDC42 

and higher levels of CDC42EPs in schizophrenia might alter the septin filament barrier, 

impair spine plasticity and result in spine loss (66). In addition, recent gene expression 

studies specifically in DLPFC layer 3 pyramidal cells suggest that dysfunction in the 

CDC42-p21-activated serine/threonine protein kinases (PAK)-LIM domain-containing 

serine/threonine protein kinases (LIMK) signaling pathway could also alter actin dynamics 

(65) (Figure 1D, E).

In aggregate, these findings support the notion that cell type-specific abnormalities in the 

molecular regulation of actin dynamics could lead to fewer dendritic spines selectively on 

layer 3 pyramidal neurons. Because spines are the sites of most excitatory synapses, DLPFC 

layer 3 circuits would be expected to receive less excitatory drive. As a result, these cells 

may exist in a hypoactive state and thus would have a reduced need for mitochondria-

mediated energy synthesis (67). Consistent with this prediction, transcriptome analyses of 

layer 3 pyramidal cells revealed a substantial under-expression of nuclear gene products 

required for mitochondrial energy production (68). Importantly, only a subset of these 

alterations are present, or found only to a lesser degree, in samples of DLPFC gray matter 
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from the same subjects, suggesting that the pathology is amplified in layer 3 pyramidal cells 

(68;69).

Alterations in GABAergic components of layer 3 circuitry

Such an upstream deficit in layer 3 pyramidal cell activity suggests that homeostatic 

mechanisms might be evoked to produce a compensatory downregulation of feedback 

inhibition (67;70). Supporting this idea, multiple markers of GABAergic inputs to DLPFC 

layer 3 pyramidal cells are altered in schizophrenia in a manner consistent with lower 

inhibitory strength (71) (Figure 2A–C). For example, the number of DLPFC PV neurons is 

not altered in schizophrenia, but these neurons have lower mRNA levels for both PV and the 

GABA synthesizing enzyme, glutamic acid decarboxylase (GAD67) (72). Moreover, PV and 

GAD67 protein levels are lower in the axon terminals of PVBCs in DLPFC layer 3 (73;74). 

Because the expression of both PV and GAD67 is activity-dependent, these findings are 

consistent with less excitatory drive to PVBCs from a major source of such input, layer 3 

pyramidal cells. They also suggest that the synthesis of GABA is lower in PVBCs, and thus 

the presynaptic strength of PVBC inhibition of layer 3 pyramidal cells is reduced. The 

synaptic inputs from PVBCs to pyramidal neurons are enriched in postsynaptic GABAA 

receptors that contain α1 subunits (Figure 2B); mRNA levels for this subunit are selectively 

lower in DLPFC layer 3 pyramidal neurons in schizophrenia (75;76) (Figure 2C). These 

changes appear to be specific to 1) PVBCs, as PVChCs show a different pattern of 

alterations in schizophrenia (Supplemental Material and Figure 2D–F), and 2) to the 

pathophysiology of schizophrenia as they are not present in other psychiatric disorders.

These pre- and post-synaptic findings are consistent with a compensatory downregulation of 

inhibition from PVBCs in response to lower excitatory output from layer 3 pyramidal cells. 

This interpretation is supported by findings of upregulated “ opioid receptors (“ORs) in 

schizophrenia (77). These receptors are localized to the perisomatic compartment and axon 

boutons of PV interneurons (78;79). Their activation triggers G protein-coupled inwardly 

rectifying K+ channel activity that hyperpolarizes the membrane potential and suppresses 

GABA release (80;81). Thus, upregulation of DLPFC “ORs in schizophrenia would be 

expected to suppress GABA release from PVBCs, further reducing the inhibition of layer 3 

pyramidal cells (Figure 2C).

The signal to downregulate inhibition might be transmitted from DLPFC layer 3 pyramidal 

cells to PVBCs in the following manner. Pyramidal cells express the immediate early gene, 

neuronal activity-regulated pentraxin 2 (NARP), in an activity dependent manner (82). 

NARP protein is secreted at presynaptic glutamatergic axon terminals where it facilitates the 

clustering of postsynaptic GluR4-containing α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors (AMPARs) on PV interneurons (83;84). Deletion 

of the NARP gene and its receptor markedly lowered levels of GluR4 AMPARs in PV 

interneurons, a deficit associated with decreased feedback inhibition to pyramidal neurons 

and disruptions in WM (85). Consistent with DLPFC layer 3 pyramidal cell hypoactivity in 

schizophrenia, NARP mRNA expression was lower in these cells in schizophrenia, and 

NARP mRNA levels were positively correlated with GAD67 mRNA levels (82). The idea 

that lower GAD67 expression was due to reduced excitatory drive to PVBCs was supported 
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by evidence that expression of the immediate early gene Zif268 was also lower and 

predicted GAD67 mRNA levels in schizophrenia (86). The GAD67 promoter contains a 

conserved binding site for Zif268 (87;88), and Zif268 activation is accompanied by 

increased GAD67 expression (89). Thus, reduced Zif268 expression in response to lower 

excitatory drive from DLPFC layer 3 pyramidal cells might mediate the reduction in GAD67 

mRNA and protein levels in PVBCs, resulting in less GABA synthesis and a compensatory 

reduction in inhibition of layer 3 pyramidal cells.

In summary, the above findings converge on the idea that schizophrenia is associated with an 

intrinsic lower excitatory activity of DLPFC layer 3 pyramidal cells that evokes multiple 

pre- and post-synaptic mechanisms to reduce inhibition by PVBCs (71). These mechanisms 

could contribute to rebalancing excitation and inhibition in DLPFC layer 3, but at a lower 

level of both excitation and inhibition that is unable to support γ oscillations at a level 

required for normal WM function (67). However, these interpretations are based upon 

observed associations in postmortem human tissue and await proof-of-concept confirmation 

in relevant model animals.

Postnatal maturation of layer 3 circuitry in monkey DLPFC

Understanding how these components of layer 3 circuitry become vulnerable during 

development of individuals later diagnosed with schizophrenia requires knowledge of the 

normal maturation of this circuitry. In nonhuman primates, DLPFC circuitry is significantly 

refined during postnatal maturation. Thus, as previously proposed (10), when these 

developmental refinements bring DLPFC layer 3 circuitry “on-line”, the functional 

consequences of brain alterations that occurred earlier in development are revealed. 

Alternatively, the timing of developmental refinements in each component of this circuitry 

may reveal which components are most likely to be disrupted by adverse environmental 

exposures at a given age (90). To address these alternatives, the following sections review 

the normal development in nonhuman primates of the DLPFC layer 3 circuitry components 

that are altered in schizophrenia.

Development of layer 3 pyramidal cells

Pyramidal neurons in primate DLPFC layer 3 substantially change, in nonlinear ways, 

throughout postnatal development. For example, in both monkeys and humans the density of 

dendritic spines increases rapidly during the perinatal period, remains at a stable plateau 

throughout prepuberty, and then declines by ~50% during the peripubertal period (91;92) 

(Figure 3A). Changes in the density of asymmetric excitatory synapses, most of which target 

dendritic spines, show very similar developmental patterns in both monkeys and humans 

(93–95). These age-related developmental refinements in markers of excitatory inputs are 

more pronounced in layer 3 pyramidal cells than for pyramidal cells in layers 5 or 6 (92;93), 

a pattern which matches the laminar differences in spine deficits in schizophrenia.

Although the mechanisms that lead to the decline in excitatory inputs to layer 3 pyramidal 

cells during adolescence remains unknown, the only study that has examined this question in 

monkeys found that these inputs seemed to be functionally mature well before puberty; a 

subset of these mature synapses were then pruned during peripuberty. For example, in 
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perinatal monkeys, excitatory inputs to layer 3 pyramidal cells had immature functional 

properties, such as lower AMPA/N-methyl-D-aspartic acid (NMDA) receptor ratio and high 

probability of glutamate release (96). In contrast, in peripubertal monkeys, just prior to the 

onset of synaptic pruning, excitatory inputs to DLPFC layer 3 pyramidal neurons exhibited 

mature functional properties with higher AMPA/NMDA receptor ratios and low probability 

of glutamate release (96) (Figure 3B). Similarly, assessment of the postsynaptic molecular 

determinants of glutamate neurotransmission (expression levels of the AMPA receptor 

subunit GluA1 and NMDA receptor subunit GluN1) in DLPFC layer 3 pyramidal cells 

revealed that postpubertal levels of expression were acquired early during development (97) 

(Figure 3C,D). These findings suggest that the reorganization of excitatory connectivity 

involves 1) the elimination of mature synapses rather than nascent, immature synapses; and 

2) that presynaptic factors (e.g., the source of the excitatory input (98)) and/or postsynaptic 

signals may tag mature synapses for pruning during peripuberty (96).

Development of layer 3 PVBCs

Both pre- and post-synaptic components of PVBCs undergo marked changes in primate 

DLPFC layer 3 during postnatal maturation. For example, as measured by PV 

immunoreactivity, the detection of PVBC boutons (presumed axon terminals) increases 

steadily from 1 month of age to postpuberty (99). These findings suggest either a 

developmental rise in bouton density or in PV protein levels per bouton such that they 

become more evident with age. Recent studies using techniques that can measure both 

bouton density and protein levels per bouton reported no difference in the density of PVBC 

boutons between prepubertal and postpubertal monkeys (100;101). In contrast, PV protein 

levels in PVBC boutons were nearly two-fold higher in postpubertal than in prepubertal 

monkeys (100;101) (Figure 4A,B). These findings—consistent with anatomical evidence 

that the axonal arbors of PVBCs remain relatively constant over this same period of 

development (102)—suggest that the axons of PVBCs mature structurally early in 

development with progressive changes in their biochemical properties extending across 

postnatal development.

At the postsynaptic level, expression of mRNAs encoding GABAA receptor α1, β2 and γ2 

subunits in monkey DLPFC layer 3 pyramidal neurons exhibit protracted postnatal 

developmental trajectories. In human DLPFC, mRNA levels for the GABAA α1 (Figure 

4C), β2 and γ2 subunits in the gray matter display similar trajectories during postnatal 

development (103). The GABAA β2 subunit preferentially co-assembles with the α1 and γ2 

subunits to mediate GABA neurotransmission at PVBC connections onto pyramidal cells 

(104). The comparable developmental increases in each of these three GABAA receptor 

subunits may contribute to important changes in the functional properties of DLPFC 

circuitry. For example, GABAA receptor α subunits influence the decay rate of inhibitory 

postsynaptic currents (IPSCs); thus, the progressive increase in expression of GABAA α1 

mRNA in layer 3 pyramidal cells across postnatal development is likely to substantially 

decrease the duration of IPSCs in these neurons with age. Consistent with this prediction, 

recordings in living slice preparations of monkey DLPFC layer 3 pyramidal cells found that 

the decay of GABAAR-IPSCs decreased while the amplitude of GABAAR-IPSCs increased 

across postnatal development, at least until the peripubertal period (101) (Figure 4G). These 
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changes in the molecular and physiological properties of DLPFC layer 3 circuitry elements 

likely contribute to establishing the network properties required to efficiently generate the γ 
oscillations associated with WM. In particular, γ oscillations require a fast decay of 

perisomatic inhibition (e.g., IPSC duration of 25 μsec) in order to generate an oscillation at 

40 Hz. Therefore, increasing levels of GABAA α1 subunits at the PVBCs synapses onto 

pyramidal neurons during postnatal development might contribute to a greater capacity for 

generating cortical γ oscillations and to the associated developmental improvements in WM 

performance. However, transcriptional studies of receptor subunit expression cannot 1) 

discriminate between protein levels of receptor subunits tethered to the plasma membrane or 

present in the cytoplasm or 2) determine if postnatal developmental changes reflect a switch 

in subunit composition at particular synaptic sites or a change in total number of receptors 

containing a particular subunit. Further studies are necessary to distinguish among these 

possibilities.

Developmental disturbances in DLPFC layer 3 and circuitry alterations in 

schizophrenia

In sum, the findings reviewed above support the hypothesis that DLPFC dysfunction in 

schizophrenia could arise, at least in part, from cell-autonomous molecular alterations in 

layer 3 pyramidal cells. These molecular alterations translate into a deficit in dendritic 

spines, an associated reduction in excitatory inputs, and a resulting hypoactivity in DLPFC 

layer 3 circuitry. In response to these alterations, compensatory homeostatic mechanisms are 

engaged to downregulate feedback inhibition in order to restore excitation/inhibition (E/I) 

balance in the circuit, albeit at levels of both excitation and inhibition that are too low to 

maintain the generation of γ oscillations required for normal WM function (67;71). These 

molecular alterations may arise during postnatal development, given recent evidence that γ 
oscillations and WM continue developing into childhood-adolescence (67;105;106) and are 

deficient both in individuals experiencing their first episode of psychosis and in those who 

will later be diagnosed with schizophrenia (16;107–109). For example, the rapid rise in 

dendritic spine density during the perinatal period could be disrupted in schizophrenia by 

intrinsic deficits in the actin cytoskeleton, leading to a reduced complement of dendritic 

spines. Consequently, decreased excitatory activity of DLPFC layer 3 pyramidal cells in the 

cortical circuit responsible for WM might drive down the normal developmental increase in 

presynaptic GAD67 and PV and postsynaptic GABAA α1 containing receptors. At the same 

time, decreased excitatory activity of these neurons might drive up the normal decline in 

“OR expression. In concert, these circuit alterations might result in reduced recurrent 

excitation and feedback inhibition.

Alternatively, it is possible that PV cell alterations drive the circuit abnormalities in 

schizophrenia. The lower levels of GAD67 mRNA could reflect disturbances in upstream 

factors that regulate the GAD1 gene. For example, a variant in the GAD1 gene was 

associated with increased risk for schizophrenia (110). Altered chromatin structures at the 

GAD1 promoter (111) have been associated with lower GAD67 expression in schizophrenia. 

Selective NMDA receptor ablation on GABA neurons during postnatal development resulted 

in schizophrenia-like phenotypes (112). PV cell dysfunction in schizophrenia may also be 
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mediated by alterations in intrinsic molecular cascades. For example, the long non-coding 

RNA, myocardial infarction associated transcript (MIAT), regulates the splicing of the 

neuregulin receptor ErbB4 (113), which is expressed in PV cells (114–116). Higher MIAT 

RNA levels in the DLPFC in schizophrenia are associated with an abnormal shift in ErbB4 

splicing from the JM-b to the JM-a variant selectively in PV neurons (114). This shift in 

splicing is predicted to impair ErbB4 signaling. Specifically, given the role of ErbB4 

signaling in the formation of excitatory synapses to PV neurons (117;118), the altered 

splicing is predicted to contribute to fewer excitatory inputs to PV neurons. Consistent with 

this prediction, the altered ratio of ErbB4 splicing variants was associated with the activity-

dependent down-regulation of PV expression in schizophrenia (114). The idea that an 

ErbB4-mediated alteration in PV cells is “upstream” in DLPFC layer 3 circuitry alterations 

in schizophrenia is supported by findings that conditional deletion of ErbB4 in PV neurons 

in mice resulted in cellular, physiological and behavioral deficits suggestive of 

schizophrenia, including deficits in dendritic spine density (117).

Many of the components of DLPFC layer 3 circuitry that are altered in schizophrenia differ 

in the pattern and timing of their developmental trajectories (90;119), suggesting that 

specific elements of cortical circuitry may be more susceptible to environmental 

perturbations at specific different stages of development. For example, maternal immune 

activation could lead to elevated cytokines in the fetal brain (120), which may affect the 

postnatal development of neural circuits (121;122). Alternatively, postnatal immune 

dysfunction may interact with peripubertal stress (123) to produce alterations in 

inflammatory markers observed in schizophrenia (124). Interestingly, model animal studies 

have shown that peripheral cytokines directly impact dendritic spine morphogenesis and 

plasticity in a developmentally-mediated fashion (125;126). Furthermore, a potential link 

between genetic risk, immune activation and developmental spine deficits in schizophrenia 

has recently been reported (5). Also, frequent cannabis use during early adolescence may 

disrupt DLPFC layer 3 circuit maturation by altering the balance in perisomatic inhibitory 

inputs from PVBCs and cholecystokinin-containing basket cells (CCKBCs) and thus 

dysregulating cortical oscillations (127). Cannabinoid 1 receptors (CB1Rs), the principal 

target of the key psychoactive agent in cannabis (128), are enriched at CCKBC terminals 

(129;130). CCKBCs make direct synaptic contacts with PVBCs and pyramidal cells (131), 

and CCK activates PV cells directly via CCK2 receptors (132). These findings provide a 

plausible biological mechanism by which repeated exposure to cannabis, resulting in non-

physiological activation of CB1Rs, could alter the maturation of PVBCs and shift the 

balance of perisomatic inhibition to a pathological state thereby disrupting γ oscillations and 

WM (127).

These associations suggest the existence of multiple sensitive periods during which adverse 

environmental exposures could alter the postnatal developmental trajectories of, and thus 

lead to disruptions in, the functional properties of DLPFC layer 3 circuitry in schizophrenia 

(70). The protracted maturation of this circuitry in primates provides multiple opportunities 

for adverse environmental factors to have their effects amplified as they alter the trajectories 

of subsequent developmental events. This amplification process might overwhelm the 

allostatic processes maintaining homeostasis (133). Indeed, the components of DLPFC 

circuitry that exhibit marked changes during postnatal development are also altered in 
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schizophrenia, suggesting that the disease-related alterations reflect developmental 

disturbances. Such a scenario could explain why the status of WM circuitry and function in 

schizophrenia resembles that of an earlier stage of development (27;134). The cumulative 

consequences of genetic liabilities and adverse environmental exposures during postnatal 

development could induce an allostatic load (133) that overwhelms adaptive processes, 

giving rise to the emergence of the schizophrenia phenotype. Future studies are needed to 

interrogate how specific, individual stressors operating in discrete, temporal time windows 

alter circuit components required for WM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Alterations in DLPFC layer 3 pyramidal cells in schizophrenia. (A) Schematic diagram 

illustrating the circuitry in DLPFC layer 3 thought to be crucial for generating γ frequency 

oscillations required for working memory. Reciprocal connections furnished by local axon 

collaterals of pyramidal cells provide recurrent excitation, whereas excitatory innervation 

from pyramidal cells to PVBCs generates feedback inhibition. P, pyramidal cell; PVBC, 

parvalbumin basket cell. (B) Micrographs of Golgi-impregnated basilar dendritic shafts and 

spines from a healthy comparison subject (left) and a subject with schizophrenia (right) 
illustrating a marked decrement in the density of dendritic spines in schizophrenia. Adapted 
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from (58). (C) Scatter plot demonstrating a lower mean spine density on DLPFC deep layer 

3 pyramidal neurons in schizophrenia subjects relative to both healthy and psychiatrically-ill 

comparison subjects. (D) CDC42 signaling pathways that regulate the contribution of F-

actin to dendritic spine structure in the healthy brain. The activity of CDC42 is inhibited by 

ARHGDIA that suppresses intrinsic GTPase activity. CDC42-CDC42EP pathway: 
Activated CDC42 inhibits CDC42EPs, which dissociate the complex of septin filaments 

consolidated by SEPT7 in the spine neck, enabling the transient influx of second messengers 

and molecules from the parent dendrite that facilitate F-actin mediated growth of spines. 

CDC42-PAK-LIMK pathway: CDC42 activates PAK, which activates LIMK, resulting in 

downstream regulation of cofilin family of actin depolymerizing proteins necessary for 

modulating F-actin turnover. Green arrows indicate activation, and red blunted lines indicate 

inhibition of each target. (E) Molecular alterations and predicted functional consequences of 

altered CDC42 signaling pathway components in schizophrenia. The multiple alterations in 

CDC42 signaling pathways are predicted to destabilize actin dynamics and produce spine 

deficits preferentially in DLPFC layer 3 pyramidal cells in schizophrenia. Larger and darker 

ovals indicate higher mRNA levels in schizophrenia, while smaller and lighter ovals indicate 

lower mRNA levels in schizophrenia. Increased thickness of arrows and blunted lines 

indicate predicted higher activity in schizophrenia, while dashed, thin arrows and blunted 

lines indicate predicted lower activity in schizophrenia relative to the healthy state shown in 

panel D.
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Figure 2. 
Schematic summary of alterations in PVBC and PVChC inputs to DLPFC pyramidal cells in 

schizophrenia. (A) PVBC innervation of the soma and proximal dendrites of pyramidal cells 

provides strong and fast feedback inhibition. (B) In the healthy state, the strength of PVBC 

inputs is regulated by both pre- and post-synaptic molecules (See text for details). (C) 

Schizophrenia is associated with lower strength of PVBC-mediated inhibition due to: 1) 

downregulation of GAD67 mRNA and protein leading to reduced GABA synthesis and less 

GABA (black dots) in synaptic vesicles; 2) lower levels of PV expression decrease calcium 

buffering within PVBC terminals (lighter pink shading); 3) upregulation of “OR lowers 

presynaptic release of GABA; 4) downregulation of postsynaptic GABAA α1-containing 

receptors in pyramidal cells which lowers chloride influx and post-synaptic strength of 

inhibition. Please refer to Supplemental Information for details about PVChCs in D–F. (D) 

PVChCs innervate the axon initial segments of pyramidal cells. (E) In the healthy state, the 

strength of PVChC inputs is regulated by both pre- and post-synaptic molecules (See 

Supplemental Information for details). (F) Schizophrenia might be associated with increased 

strength of GABA neurotransmission due to: 1) downregulation of GAT1 protein leading to 

increased spillover of GABA from terminals (depicted as a lighter shade of green on the 

terminal outline); 2) upregulation of GABAA α2-containing receptors in pyramidal cells 
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which might increase chloride influx and postsynaptic strength of GABA neurotransmission 

at the axon initial segment. GAD67, glutamic acid decarboxylase, 67kDa; PVBC, 

parvalbumin basket cell; μOR, “ opioid receptor; GABA α1, GABAA receptor α1 subunit; 

PVChC, parvalbumin chandelier cell; GAT1, GABA membrane transporter 1; GABA α2, 

GABAA receptor α2 subunit.
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Figure 3. 
Postnatal development of DLPFC layer 3 pyramidal cells. (A) Age-related alterations in 

mean spine density on dendrites of layer 3 pyramidal cells in monkey DLPFC (x-axis in 

weeks). Gray bar indicates the peripubertal period in monkeys that is roughly analogous to 

adolescence in humans (93;119). Adapted from (91). (B) Age-related increase in AMPA 

relative to NMDA receptor contribution to excitatory postsynaptic currents (EPSCs) in 

DLPFC layer 3 pyramidal cells (x-axis in months). Adapted from (96). (C and D) Age-

related changes in mRNA expression of molecular determinants of glutamate 

neurotransmission (AMPA receptor subunit GluR1 and NMDA receptor subunit GluN1) in 

DLPFC layer 3 pyramidal cells (x-axis in months). Adapted from (97). In panels B-D, age 

groups not sharing the same letter are significantly different (p<0.05).
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Figure 4. 
Postnatal development of PVBCs and PVChCs in the primate DLPFC. (A) Postpubertal 

monkey DLPFC multi-labeled for NeuN/AnkG (blue; cell body and axon initial segment 

(AIS) markers), GABAA receptor γ2 subunit (red; postsynaptic marker), PV and vGAT 

(green, presynaptic markers). PV/vGAT boutons adjacent to γ2-IR clusters not associated 

with AnkG-labeled AIS were classified as PVBC (schematic magnification). (B) PV protein 

levels in PVBC boutons were significantly higher in postpubertal monkeys (left) but the 

density of PVBC boutons did not differ between prepubertal and postpubertal monkeys 

(right). (C) GABAA receptor α1 subunit mRNA expression increases in a protracted fashion 
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during postnatal development in DLPFC layer 3 pyramidal cells. Please refer to 

Supplemental Information for details about PVChCs in D–F. (D) Postpubertal monkey 

section multi-labeled for NeuN/AnkG, γ2, PV, and vGAT as in panel A. PVChC cartridges 

were classified as PV/vGAT boutons adjacent to γ2-IR clusters within AnkG-labeled AISs 

(schematic magnification). (E) PV protein levels in PVChC cartridges did not differ between 

prepubertal and postpubertal monkeys (left) but the density of PVChC boutons/AIS were 

significantly lower in postpubertal monkeys (right). Panels A, B, D, E adapted from (100). 

(F) Protracted age-related decrease in mRNA expression for the GABAA receptor α2 

subunit in DLPFC layer 3 pyramidal cells. (G) During postnatal development, the amplitude 

of inhibitory postsynaptic currents (IPSCs) significantly increases in DLPFC layer 3 

pyramidal cells (left), whereas the duration of IPSCs significantly decreases (right). Adapted 

from (101). In all relevant panels, age groups not sharing the same letter are significantly 

different (p<0.05).
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Table 1

DLPFC circuitry: Cell type-specific functions, alterations in schizophrenia and developmental trajectories

Proposed 
circuit function 

in working 
memory

Alterations in schizophrenia Postnatal developmental trajectories References

Pyramidal Neurons

Recurrent 
excitation among 

layer 3 
pyramidal 
neurons

↓ Dendritic spine density
↓ Somal and dendritic arbor size
↓ GABAA α1 mRNA
↑ GABAA α2-IR AIS; ↑ 
GABAA α2 mRNA

↑ Perinatal dendritic spine density
↓ Peripubertal dendritic spine density
↑ GABAA α1 mRNA
↓ GABAA α2 mRNA

(57–59), (91–93)
(54–56), (91–93)
(75;76;135;136)
(75;137)

PVBCs

Feedback 
inhibition of 

layer 3 
pyramidal 
neurons

↑ “OR mRNA
↓ PV mRNA and protein

↓ “OR mRNA
↑ PV protein levels per terminal
↔ Terminal density during postnatal 
development

(138)
(72;74;139)
(100)

PVChCs

Regulation of 
pyramidal 
neurons:

-Blockade of 
back- 

propagating 
action potentials
-Depolarization

↓ GAT1 immunoreactive 
cartridge terminals
? PV protein levels in PVChC 
terminals currently unknown

↓ Terminal density during postnatal 
development
↔ PV protein levels per terminal

(100;137)
(100)
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