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Abstract

Individuals with schizophrenia (SZ) exhibit cognitive performance below expected levels based 

on familial cognitive aptitude. One such cognitive process, working memory (WM), is robustly 

impaired in SZ. These WM impairments, which emerge over development during the premorbid 

and prodromal stages of SZ, appear to reflect alterations in the neural circuitry of the dorsolateral 

prefrontal cortex (DLPFC). Within the DLPFC, a microcircuit formed by reciprocal connections 

between excitatory layer 3 pyramidal neurons (PNs) and inhibitory parvalbumin basket cells 

(PVBCs) appears to be a key neural substrate for WM. Postmortem human studies indicate that 

both layer 3 PNs and PVBCs are altered in SZ, suggesting that levels of excitation and inhibition 

are lower in the microcircuit. Studies in monkeys indicate that features of both cell types exhibit 

distinctive postnatal developmental trajectories. Together, the results of these studies suggest a 

model in which 1) genetic and/or early environmental insults to excitatory signaling in layer 3 

PNs give rise to cognitive impairments during the prodromal phase of SZ and evoke compensatory 

changes in inhibition that alter the developmental trajectories of PVBCs, and 2) synaptic pruning 

during adolescence further lowers excitatory activity to a level that exceeds the compensatory 

capacity of PVBC inhibition, leading to a failure of the normal maturational improvements in WM 

during the prodromal and early clinical stages of SZ. Findings that support as well as challenge 

this model are discussed.
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Cognitive impairments: A core and early clinical feature of schizophrenia

Cognitive deficits are considered one of the core features of schizophrenia (SZ)(1). In 

most individuals with SZ, cognitive performance falls below expectations based on familial 

cognitive aptitude(2), and the magnitude of the premorbid cognitive deficit directly predicts 

the risk of psychosis(3). Furthermore, cognitive deficits are the best predictor of long-term 

functional outcomes in persons with SZ(4).

Among the cognitive domains that have been well-studied, working memory (WM), the 

ability to transiently maintain and manipulate a limited amount of information to guide 

thought or behavior(5), is robustly impaired in individuals with SZ. Multiple studies have 

demonstrated that SZ is associated with WM deficits of large effect sizes across various 

types of WM tasks(6). These WM deficits cannot be explained by effects of IQ, duration of 

illness, or use of antipsychotic medications(6). Unaffected siblings of persons with SZ also 

exhibit lower than expected performance on WM tasks(7–10), suggesting a shared genetic 

and/or environmental liability for WM impairments(11). Finally, some studies indicate that 

WM deficits might be a core contributing factor to disturbances in other cognitive domains 

in SZ(12).

WM deficits likely have a neurodevelopmental basis, as they are present at the first 

psychotic episode(13) and are also detectable before psychosis onset(14). In individuals 

who are later diagnosed with SZ, some cognitive domains are impaired in early childhood, 

whereas impairments in other domains emerge during adolescence(15–17). For example, 

between 18 months and 8 years of age, individuals later diagnosed with SZ exhibited 

a decline in IQ, which continued to worsen through age 20(18). These individuals also 

progressively fell behind their peers in WM performance during their teen years(17,18). 

These developmental impairments in cognitive function were not found in individuals later 

diagnosed with major depression(18), suggesting that they are specific to the disease process 

of SZ.

These findings suggest that understanding both the neural circuitry basis for WM 

impairments in SZ, and the developmental trajectories of the components of this neural 

circuitry, might reveal which components are vulnerable to the disease process of SZ and 

when they are most susceptible.

Role of a local neural circuit in the dorsolateral prefrontal cortex in WM

Working memory is dependent on a distributed cortical neural network which includes a key 

node in the dorsolateral prefrontal cortex (DLPFC)(19). Indeed, multiple lines of evidence 

indicate that alterations in the DLPFC are central to impaired WM performance in people 

with SZ(20). Within the primate DLPFC, gamma frequency (30–80 Hz) oscillations, which 

reflect the synchronous activity of large groups of neurons in cortical layers 2–3(21,22), 

appear to be a neural corollary of mental representation during WM. For example, the power 

of frontal gamma oscillations increases in proportion to WM load(23,24), and individuals 

with SZ fail to increase this power in response to greater WM demands(25–27).
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Consistent with this association between WM and gamma oscillations, studies in monkeys 

and other experimental systems suggest that the same neural circuit involving DLPFC layer 

3 pyramidal neurons (PNs) mediates both processes. These PNs furnish a principal axon 

which gives rise to both local axon collaterals (which equally target PN dendritic spines 

and GABA-containing dendrites) and horizontally-spreading axon collaterals (most of which 

target the dendritic spines of other layer 3 PNs(28–30)). In experimental and computational 

modeling studies, these PN-PN connections form a local circuit(31) that could support 

recurrent excitatory activity among subsets of DLPFC layer 3 PNs during the delay period 

of WM tasks(31–34). The delay period activity of these PNs is, in turn, shaped by inhibitory 

inputs from neighboring GABA neurons(35–37).

Among cortical GABA neuron subtypes, parvalbumin (PV)-containing basket cells (PVBCs) 

are suspected to be the most involved in regulating PN activity important for WM. PVBCs 

have extensive axonal arborizations(38) that provide fast synaptic inhibition onto the 

perisomatic region of multiple PNs(39) and might coordinate the activity of PN subsets(40) 

that are responsive to a particular stimulus(41). When this inhibition ends, the innervated 

PNs share a high probability of firing synchronously(42). Given the predominance of α1 

subunit-containing GABAA receptors at PVBC synapses(43), the decay kinetics of this 

inhibition results in a firing rate of PNs at gamma frequency(44). Indeed, computational 

modeling and experimental studies in the hippocampus support a central role for PVBCs in 

entraining gamma frequency activity of PNs(45). Finally, in rodent neocortex, stimulation or 

inhibition of PV neurons can induce or suppress gamma oscillations, respectively(46–48). 

However, a causal role of PVBCs in the generation of gamma oscillations in the primate 

cortex has not been experimentally demonstrated.

The potential role of PVBCs in gamma oscillation generation is not shared by PV-

containing chandelier cells. Although chandelier cells synapse on the axon initial segment 

of PNs(49,50) and powerfully veto action potential generation(51), they lack the synaptic 

contacts with other chandelier neurons that are essential for organizing oscillatory 

activities(52). Furthermore, chandelier neuron synapses on PN axon initial segments are 

enriched for GABAA receptors containing α2 subunits with decay kinetics that are likely too 

slow to generate gamma frequency oscillations.

DLPFC layer 3 microcircuitry alterations in SZ and potential 

neurodevelopmental origins

The findings reviewed above suggest that the PN-PVBC microcircuit in DLPFC layer 3 

plays a significant role in gamma oscillations and WM. Altered development of one or 

more microcircuit components could contribute to WM dysfunction during the premorbid, 

prodromal, and clinical stages of SZ. In the following sections, we first present data 

highlighting alterations to components of this microcircuit in postmortem studies of the 

DLPFC from individuals with SZ. We then summarize key findings from studies of the 

postnatal development of these same circuitry components in the monkey DLPFC. Finally, 

we compare these findings to suggest when the circuitry alterations present in SZ might arise 

during development.
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Layer 3 PNs

Alterations of layer 3 PNs in SZ.—DLPFC layer 3 PNs exhibit numerous 

morphological anomalies in people with SZ, including smaller somal volumes, shorter and 

less complex dendritic arbors, and lower dendritic spine density(53–57). Because dendritic 

spines receive most of the excitatory inputs to PNs(58), the combination of shorter dendrites 

and lower spine density suggests that DLPFC layer 3 PNs receive a lower number of 

excitatory synapses in SZ. In contrast, these morphological alterations are not present in 

layer 5 and 6 PNs(59) that are not involved in gamma oscillations or WM delay period 

activity.

These morphological alterations in PNs have been suggested(60) to stem from disturbances 

in signaling pathways that regulate the actin dynamics essential for dendritic arbor and spine 

formation and maintenance(61). In SZ, genetic risk factors implicate gene products involved 

in regulating actin dynamics signaling pathways(62). Indeed, the expression of critical 

molecules that regulate actin dynamics is altered in the DLPFC of people with SZ. For 

example, transcript levels of Rho GTPase cell division cycle 42 (CDC42), which regulates 

the actin polymerization required for spine maturation(61), and of kalirin, a Rho guanine 

exchange factor that regulates spine integrity through CDC42 signaling pathways(63), are 

lower in the DLPFC of subjects with SZ(64,65). These pathways may be selective for, or 

at least enriched in, layer 3 PNs of the DLPFC, as levels of CDC42 and kalirin mRNAs 

predicted spine density only on layer 3 PNs(60,64,65).

Development of DLPFC layer 3 PNs.—In both monkeys and humans, the densities 

of dendritic spines on DLPFC layer 3 PNs and layer 3 excitatory synapses exhibit a 

characteristic developmental trajectory (Figure 1): these densities increase rapidly during 

the postnatal period, remain at a stable plateau through the prepubertal period, and then 

decline by ~50% during the peripubertal period and early adulthood until stable levels are 

achieved(66–69). For dendritic spines, this characteristic developmental trajectory is most 

pronounced on layer 3 PNs which exhibit greater overproduction and pruning of dendritic 

spines relative to PNs in layers 5 or 6(67,68).

Whether the lower dendritic spine density in SZ reflects an early failure to form the 

normal complement of spines, a later excessive pruning of spines, or an imbalance of 

both processes throughout development remains an open question(70,71). The appearance 

of WM dysfunction during the early teen years in individuals later diagnosed with SZ(18) 

might reflect an ‘unmasking’ of alterations that occurred earlier in development(72). For 

example, maternal immune activation might increase the risk for SZ in offspring(73) by 

increasing cellular stress, and inflammatory markers could initiate a pathogenic process that 

disrupts vital functions in the regulation of actin dynamics critical for spine development. 

Indeed, markers of actin dynamics that are altered in DLPFC layer 3 PNs in SZ(60) typically 

exhibit a pronounced shift in expression in monkey layer 3 PNs during the early postnatal 

period(74) when spines are massively overproduced. Therefore, maternal immune activation 

could interfere with the normal developmental trajectory of molecular markers regulating 

actin dynamics and potentially impair the genesis of dendritic spines. Fewer dendritic spines 

would be expected to reduce the volume of neuropil. Indeed, maternal immune activation in 
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monkeys was associated with smaller prefrontal gray matter volumes and altered cognitive 

development in the prepubertal period of offspring(75).

However, it is unclear if the evidence of elevated immune-related markers in the DLPFC of 

individuals with SZ(76,77) reflects the persistence of such a prenatal insult, a later elevation 

of immune-related transcript expression, or some combination of both(78). For example, 

postnatal immune dysfunction might interact with peripubertal stress(79) to produce 

the alterations in inflammatory markers observed in SZ(77); in animal models, these 

inflammatory processes can directly impact dendritic spine morphogenesis and plasticity in 

a developmentally-mediated fashion(80,81). Thus, the genetic and environmental liabilities 

of SZ could impair spine development early in development.

Alternatively, the spine deficit in SZ might represent over-pruning during adolescence, a 

view supported by the finding that the genetic locus with the strongest statistical linkage to 

SZ harbors the major histocompatibility complex/complement component 4A (C4A)(82,83). 

Higher levels of C4A gene copy numbers in SZ(84) have been suggested to result in 

greater complement activity, microglial-mediated synaptic engulfment(85), and a reduction 

in spine density during the SZ prodrome. Supporting this idea, elevated levels of plasma 

C4-anaphylatoxin, a C4 protein fragment released upon C4 protein activation, have been 

reported in SZ(86). However, a recent analysis of large-scale genetic and transcriptomic data 

sets did not find enrichment of complement system genes in SZ and suggested that synaptic 

pathways are a more prominent factor in SZ risk(87).

The pronounced developmental trajectory of layer 3 PN dendritic spines and their 

preferential vulnerability relative to SZ might reflect unique molecular properties of these 

spines. As reviewed elsewhere(88), dendritic spines on layer 3 PNs in monkey DLPFC 

exhibit high cAMP-PKA protein levels, promoting the concentration of cytosolic calcium 

levels. Moderate levels of cytosolic calcium are thought to contribute to the strengthening 

of synapses, but pathologically high levels of cytosolic calcium in dendritic spines could 

induce an inflammatory response and promote higher levels of pruning by microglia. Thus, 

the distinctive molecular properties of dendritic spines on DLPFC layer 3 PNs might render 

these spines more susceptible to pruning during the premorbid or prodromal phases of SZ.

Finally, it might be that spines with immature excitatory inputs are preferentially vulnerable 

to excessive pruning in SZ; if so, then understanding when these inputs obtain their 

mature state might suggest the developmental period(s) of heightened vulnerability. 

Studies in monkey DLPFC suggest that the excitatory inputs to layer 3 PNs are 

functionally mature well before puberty. For example, during the early postnatal period, 

excitatory inputs to primate DLPFC layer 3 PNs have immature functional properties, 

such as lower α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/N-methyl-

D-aspartate (NMDA) receptor ratio and high probability of glutamate release, but these 

functional properties achieve adult levels prior to the onset of puberty(89). Similarly, adult 

levels of postsynaptic molecular determinants of glutamate neurotransmission (e.g., AMPA 

receptor subunit GluA1 and NMDA receptor subunit GluN1) are reached prior to puberty in 

DLPFC layer 3 PNs in monkeys(60).These findings suggest that the peripubertal refinement 

of excitatory connections in primate DLPFC involves the elimination of mature rather than 
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immature synapses. Thus, presynaptic factors (e.g., the source of the excitatory input) might 

tag a mature subset of synapses for pruning during the peripubertal period(89). Indeed, 

intrinsic axon collaterals of DLPFC layer 3 PNs undergo much greater pruning during 

the peripubertal period than do associational axons arising from PNs in other cortical 

regions(90). Thus, the deficit in dendritic spines on layer 3 PNs in SZ might reflect the 

pathological pruning of a specific source(s) of excitatory inputs.

In concert, the available data suggest that the deficiency of dendritic spines in SZ likely 

reflects some combination of both insufficient spine formation early in development and a 

later over-pruning of mature synapses (Figure 1)

PV basket cells

Alterations of PVBCs in SZ.—Multiple studies in different cohorts of subjects 

have shown that levels of activity-dependent PV mRNA are lower in the DLPFC of 

subjects within SZ(91–95). Consistent with these findings, lower levels of PV protein 

immunoreactivity have been found in PVBC cell bodies(96,97) and axon terminals(98,99). 

However, neither the density nor morphology of PV neurons in the DLPFC is altered in 

SZ(93,96,97,99–101) (Figure 1).

PV neuron functional capacity, which can be indexed by quantifying levels of transcripts and 

proteins involved in GABA signaling, appears lower in SZ. For example, transcript levels 

of the 67 kilodalton form of glutamic acid decarboxylase (GAD67), the enzyme responsible 

for most cortical GABA synthesis, have been consistently lower in the DLPFC in multiple 

studies of SZ(94,102–106). In particular, SZ is associated with lower levels of GAD67 

mRNA in PV cell bodies(93) and of GAD67 protein in PV axon terminals of PVBCs, but 

not in the axon cartridges of PV chandelier cells(99,105,107). In addition, the density of 

excitatory inputs to PV neurons is lower in the DLPFC in SZ(97).

Development of layer 3 PVBCs.—In monkey DLPFC, the density of cell bodies 

with PV immunoreactivity reaches mature levels at the end of the postnatal period(108). 

In contrast, the density of PV-positive axonal boutons, presumably from PVBCs, rises 

steadily from the postnatal to postpubertal period(109). The latter findings reflect an 

increase in PV protein levels per bouton between prepubertal and postpubertal monkeys 

without a developmental change in the density of PVBC boutons(110,111). These findings

—consistent with evidence from Golgi studies that the axonal arbors of PVBCs do not 

change over this same period of development(112)—suggest that PVBC axons mature 

morphologically early in development but undergo progressive changes in their biochemical 

properties across postnatal development. These developmental patterns appear to be cell 

type-specific as the axon terminals of PV-positive chandelier cells show the opposite pattern 

of development: the mean number of PV-positive boutons per axon cartridge declines with 

age, but PV protein levels per bouton do not(110).

The density of excitatory synapses (identified as the overlap of presynaptic vesicular 

glutamate transporter 1 (VGLUT1) and postsynaptic PSD95 immunoreactive puncta) on 

DLPFC PV neurons was higher in prepubertal than postpubertal monkeys(113). In contrast, 

VGLUT1 and PSD95 protein levels across puncta were higher in postpubertal monkeys and 

Dienel et al. Page 6

Biol Psychiatry. Author manuscript; available in PMC 2023 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



positively predicted cellular PV levels(113). Together, these findings suggest that although 

excitatory inputs to PV neurons are pruned during development, the remaining synapses 

show indices of greater synaptic strength that could contribute to an activity-dependent 

increase in PVBC PV levels during the same developmental time frame.

Potential relationships between alterations in layer 3 PNs and PVBCs

The developmental trajectories of layer 3 PNs and PVBCs in the primate DLPFC suggest 

potential sensitive periods for the emergence of alterations in both cell types, and subsequent 

impairments in gamma oscillation power and WM performance, in individuals with SZ. 

Below, we posit a developmental model of how PN and PVBC alterations might arise in SZ.

According to this model (Figure 1), genetically-driven, cell-autonomous, molecular 

alterations in layer 3 PNs produce a deficit in dendritic spines early in development, an 

associated reduction in excitatory inputs, and a resulting hypoactivity of DLPFC layer 3 

PNs, which is worsened during the peripubertal period by microglial-mediated pruning of 

dendritic spines. This idea of a hypoactive state is supported by findings that DLPFC layer 

3 PNs in SZ exhibit lower levels of transcripts that are activity-dependent(114,115) and 

a coordinated downregulation of mitochondrial markers(116,117), an expected finding in 

neurons under a lower level of demand for energy production(118). The alternative view, 

that a primary problem in mitochondrial energy production leads to dendritic spine deficits, 

seems less likely for the following reasons: 1) Genetic studies have not implicated nuclear 

genes regulating mitochondrial function as risk factors for SZ(83,119–121). 2) Our cell type-

specific studies in schizophrenia revealed larger alterations in mitochondrial-related gene 

expression in layer 3 PNs than in PVBCs(122), whereas a primary problem in mitochondrial 

energy production might have produced the opposite findings, given that PVBCs are more 

active and require greater ATP production than PNs(123–127). 3) Genetic manipulations 

that impaired mitochondrial function in PV neurons were associated with greater excitatory 

inputs to PV neurons and greater gamma band power(128), the opposite of findings in 

SZ(97,129).

Because PVBCs in cortical layers 3–4 are a major recipient of excitatory inputs from 

layer 3 PNs(130), hypoactivity of layer 3 PNs in SZ would be expected to produce activity-

dependent alterations in PVBCs, such as lower levels of PV and GAD67. Indeed, the 

magnitude of the deficit in excitatory inputs onto PV cells was inversely associated with 

GAD67 and PV transcript levels in SZ(97). This compensatory downregulation of inhibition 

from PVBCs could restore some level of homeostasis in the circuit(129).

How might this chain of pathogenic events transpire developmentally? The available data 

suggests that it begins as early as the postnatal period. For example, an increase in 

spine density on DLPFC layer 3 PNs(66–69) during the postnatal period is temporally 

concordant with marked shifts in the expression of genes regulating actin dynamics(74). 

This association raises the possibility that alterations to these molecular shifts could give rise 

to an early deficit in excitatory activity in DLPFC circuitry that contributes to the deficit in 

IQ seen during early childhood in individuals who are later diagnosed with SZ(18).
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The compensatory changes in PVBCs might not appear until later, given the delayed 

maturational trajectory of GABA neurotransmission relative to similar indices of glutamate 

neurotransmission(131). Thus, early alterations in excitatory signaling might alter later 

developmental trajectories of PVBC cell bodies and axon terminals(108,110). For example, 

because PV and GAD67 mRNA expression are activity-dependent(132,133), weaker 

excitatory signaling onto PVBCs might blunt the normal developmental increase in PV 

and GAD67 mRNAs, contributing to the lower DLPFC levels of these transcripts in SZ.

This downregulation of PVBC-mediated inhibition in SZ might provide a sufficient 

compensatory response to partially minimize the negative impact of layer 3 PN hypoactivity 

on the function of the DLPFC WM circuit during the prepubertal period. However, the onset 

of excessive excitatory synapse pruning during the peripubertal period might exceed the 

compensatory capacity of downregulated PVBC signaling and give rise to the progressively 

more severe WM impairments observed in individuals later diagnosed with SZ(18) (Figure 

1).

An alternative model that alterations in PVBCs are primary in the SZ disease process 

also bears consideration. The lower levels of GAD67 mRNA in PV neurons could be due 

to disease-related alterations in upstream factors that regulate expression of the GAD1 
gene. For example, a GAD1 gene variant was putatively associated with greater risk for 

schizophrenia(134) and altered chromatin structures at the GAD1 promoter(135) were 

associated with lower GAD67 expression in schizophrenia; however, replications of these 

findings have not been reported. If replicated, such alterations might explain GAD67 

mRNA deficits in laminar locations (e.g., layer 2-superficial 3) where PVBCs are relatively 

sparse(102).

PVBC dysfunction in schizophrenia could also be mediated by alterations in molecular 

cascades intrinsic to these neurons. For example, excitatory synapse number on PV 

interneurons is regulated, at least in part, by erb-b2 receptor tyrosine kinase 4 (ErbB4), 

whose function is influenced by alternative splicing(136), which has been suggested to 

be a ‘primary mechanism’ in SZ(137). Indeed, alternative splicing of ErbB4 is altered 

in SZ(138), and this shift in splicing was associated with both fewer excitatory inputs 

to PV neurons and the down-regulation of PV expression in SZ(97,113,139) and during 

normal pubertal development in monkeys(113). Furthermore, conditional deletion of ErbB4 

in murine PV neurons produced cellular, physiological, and behavioral abnormalities 

suggestive of SZ, including deficits in dendritic spine density(140). Thus, alterations in 

ErbB4 splicing intrinsic to PVBCs could cause a cell-autonomous decrease in the number of 

excitatory inputs to PVBCs and the constellation of molecular alterations in PVBCs found in 

SZ. However, the experimental production of GAD67 deficits in PV neurons fails to produce 

other alterations observed in SZ(141), arguing against a primary GABA deficit in the illness.

In the face of a primary deficit in inhibition from PVBCs, postsynaptic GABAA receptors, 

such as those containing the GABAA α1 subunit, would be expected to exhibit a 

compensatory upregulation as they are critically involved in cortical plasticity, especially 

during developmental critical periods(142). However, in SZ, mRNA levels of the GABAA 

α1 receptor subunit are lower in layer 3 PNs in SZ(143). Although it is unknown if the lower 
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expression of the α1 subunit is present in early development as a primary pathology or a 

later compensation for PN hypoactivity, current experimental evidence supports the latter 

hypothesis(144). For example, suppression pyramidal neuron activity in layers 2–3 of mouse 

visual cortex via overexpression of an inwardly-rectifying potassium channel (Kir2.1) results 

in a proportional downregulation of PV-mediated inhibition(144).

Of course, the current data do not exclude other scenarios. It is possible that 1) the disease 

process of SZ involves alterations in layer 3 PNs and PVBCs that are co-primary, or 2) the 

alterations in PVBCs are secondary deleterious consequences (as opposed to compensations) 

of the PN abnormalities, or 3) both PN and PVBC alterations are secondary to a shared 

(but currently unknown) upstream disturbance. Discriminating among these possibilities 

requires proof-of-concept studies capable of converting associations observed in the disease 

state into evidence of causal mechanisms. In this regard, recent findings using dynamic 

causal modeling of in vivo neuroimaging and electroencephalography data from individuals 

with SZ support the hypothesis that deficits in PN signaling contribute to the alterations in 

inhibitory neurons and not vice versa(145).

Conclusions

Alterations in excitatory and inhibitory signaling in the layer 3 PN-PVBC microcircuit of 

the DLPFC are likely key contributors to impaired gamma oscillations and WM in people 

with SZ. Based on the available data, a parsimonious model posits that early impairments 

in excitatory signaling among DLPFC layer 3 PNs contribute to the cognitive deficits that 

emerge during childhood in individuals who are later diagnosed with SZ. These impairments 

in excitatory signaling evoke compensatory changes in the developmental trajectory of 

inhibitory signaling from PVBCs. However, these changes in inhibition are inadequate to 

compensate for the further reduction in excitatory signaling associated with the peripubertal 

pruning of excitatory synapses, impairing the normal maturation of WM function during 

adolescence and young adulthood.

Further testing of this model requires a consideration of the other components of cortical 

circuitry that contribute to WM function. For example, somatostatin-containing GABA 

neurons influence excitatory inputs to layer 3 PNs, and levels of somatostatin mRNA 

in the DLPFC are lower in SZ(92,94). Similarly, inputs from other brain regions (e.g., 

hippocampus, thalamus, and dopamine neurons from the midbrain) influence WM and are 

altered in SZ(146). Thus, studies to determine the nature of the schizophrenia-associated 

alterations in these elements of cortical circuitry are needed to fully understand the neural 

basis for WM dysfunction in SZ.

Studies that examine the effect of PN and PVBC alterations at different stages of 

development are also needed. For example, ablation of NMDARs in PV interneurons early 

in postnatal development produced more prominent behavioral alterations than the same 

manipulation in adult mice(147). In addition, compensatory strategies in response to PN 

hypoactivity appear to differ across development. For example, in mouse visual cortex, 

manipulations early in postnatal development that lower neuronal activity elicit greater 
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PN intrinsic excitability without changes in inhibition, whereas the same manipulation in 

adulthood results in lower inhibition without changes in PN intrinsic excitability(148).

Further testing and refinements of the model proposed in this review will hopefully provide 

the groundwork for novel therapeutic interventions directed at preempting the emergence of 

cognitive symptoms in individuals at risk for SZ.
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Figure 1. 
Schematic summary of the DLPFC layer 3 pyramidal neuron (PN) – PV basket cell (PVBC) 

circuit across monkey development (left panel) and in schizophrenia (SZ) (right panel). 
During postnatal development in monkeys, the density of dendritic spines on the basilar 

dendrites of layer 3 PNs (orange) increases during the immediate postnatal period and 

through the prepubertal period; spine density then reaches a plateau until synaptic pruning 

is initiated during the peripubertal period(66). In PVBCs (blue), levels of PV protein in the 

cell bodies(113) and axon terminals(109, 110) increase (depicted here as increasing color 

saturation), with adult levels of the protein achieved in the postpubertal period. Expression 

levels of the GABAA α1 receptor subunit (blue ovals), which is enriched at PVBC inputs, 

increase in layer 3 PNs between the pre- and postpubertal periods(149), coincident with the 
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maturation of PVBC inputs. Levels of proteins that index the strength of excitatory inputs 

(orange triangles) onto PVBCs increase between the pre- and postpubertal periods, whereas 

the density of these inputs declines between the prepubertal and peripubertal periods(113), 

coinciding with the pruning of spines on layer 3 PNs.

In our proposed model of SZ, alterations in components of this circuitry are present at 

every developmental stage. First, the density of dendritic spines is predicted to be lower 

early in postnatal development due to impaired spinogenesis, with this deficit becoming 

greater during adolescence due to elevated spine pruning. Second, the lower PV levels in 

PVBC boutons present in adult individuals with SZ are predicted to be a consequence 

of PV levels not increasing during the peripubertal period(98, 99). Third, as part of the 

compensatory response to deficient excitatory drive from fewer spines, layer 3 PNs do not 

exhibit the peripubertal increase in GABAA α1 receptor subunit mRNA levels(143) (Note: 

these findings have not been demonstrated at the protein level as depicted here). Finally, 

although the protein levels of pre- and postsynaptic indices of excitatory inputs onto PVBCs 

are not altered at any developmental stage in SZ, the density of excitatory inputs is predicted 

to decline across the peripubertal and postpubertal periods(97), coincident with the predicted 

excessive excitatory synapse pruning onto layer 3 PNs across these periods.

In this model, the insufficient formation and subsequent excessive pruning of dendritic 

spines in SZ results in a progressive reduction in excitatory drive to layer 3 PNs. This 

reduction in activity evokes compensatory downregulation of inhibition from PVBCs, but 

later developmental declines in excitation exceeds the capacity of the inhibitory system to 

compensate further. Together, these alterations are manifest as lower levels of excitation and 

inhibition which are insufficient to maintain the neural activity necessary for proper WM 

function during the prodromal and early clinical stages of SZ.
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