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ABSTRACT
Schizophrenia is associated with reduced numbers of spines and dendrites from layer III of the dorsolateral prefrontal
cortex (dlPFC), the layer that houses the recurrent excitatory microcircuits that subserve working memory and abstract thought. Why are these synapses so vulnerable, while synapses in deeper or more superﬁcial layers are little
affected? This review describes the special molecular properties that govern layer III neurotransmission and neuromodulation in the primate dlPFC and how they may render these circuits particularly vulnerable to genetic and
environmental insults. These properties include a reliance on NMDA receptor rather than AMPA receptor neurotransmission; cAMP (cyclic adenosine monophosphate) magniﬁcation of calcium signaling near the glutamatergic
synapse of dendritic spines; and potassium channels opened by cAMP/PKA (protein kinase A) signaling that
dynamically alter network strength, with built-in mechanisms to take dlPFC “ofﬂine” during stress. A variety of genetic
and/or environmental insults can lead to the same phenotype of weakened layer III connectivity, in which mechanisms
that normally strengthen connectivity are impaired and those that normally weaken connectivity are intensiﬁed. Inﬂammatory mechanisms, such as increased kynurenic acid and glutamate carboxypeptidase II expression, are
especially detrimental to layer III dlPFC neurotransmission and modulation, mimicking genetic insults. The combination of genetic and inﬂammatory insults may cross the threshold into pathology.
https://doi.org/10.1016/j.biopsych.2022.02.003

By diverse means we arrive at the same end
—Michel de Montaigne

The etiology of schizophrenia remains a puzzle, with seemingly
divergent mechanisms among the many risk factors for this
complex cognitive disorder. A large number of genetic factors
as well as environmental factors, such as perinatal inﬂammatory events and psychological stress in adolescence, confer
risk. Although this landscape remains challenging, accumulating data are beginning to provide a foothold, suggesting
how risk factors may weaken the recurrent excitatory circuits in
the dorsolateral prefrontal cortex (dlPFC) that subserve higher
cognition.
There is consistent evidence that schizophrenia involves
impaired functioning of the dlPFC, with deﬁcits in working
memory and dlPFC blood oxygen level–dependent response
relating strongly to symptoms of thought disorder [e.g. (1–5)],
including worsening with stress exposure (6). Risk genes for
schizophrenia are enriched in dlPFC compared with other
brain areas (7); structural imaging studies show waves of PFC
gray matter loss heralding disease onset (8,9), accompanied
by elevated inﬂammation (9,10); and positron emission tomography markers show reduced presynaptic labeling (11).
Most pertinent to the current review, postmortem

neuropathological studies show consistent reduction in the
numbers of spines and dendrites in deep layer III dlPFC
(12,13), the sublayer that contains the recurrent excitatory
microcircuits that subserve working memory (14). The
reduction in spines shows striking laminar speciﬁcity (15),
with normal levels in superﬁcial III or deep layers V and VI
(12,16), and regional speciﬁcity, with relatively preserved
spine numbers in the primary visual cortex (12). Thus, clues to
the etiology of schizophrenia may be found in trying to understand this selective pathology, determining why spine
numbers are particularly reduced in deep layer III dlPFC. It is
possible that the distorted thinking of schizophrenia is related
to this selective change in layer III, while more global insults to
all layers of dlPFC would produce a simpler syndrome of
cognitive impairment. Note that the reduction in spine number
(here termed atrophy) may reﬂect impaired spine formation
and/or increased removal of existing spines and that there are
decreases in spine/synapse numbers in other cortical areas
as well, e.g., in anterior cingulate cortex (17), temporal association cortex (18), and primary auditory cortex (19,20)
[although excitatory synapse numbers remain constant in
auditory cortex despite loss of spines (19)]. However, as little
is known about the molecular regulation of these areas in
primates, they will not be considered here.
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The current review discusses how a variety of genetic
and environmental risk factors may lead to loss of spines on
layer III dlPFC, based on studies of the rhesus monkey
dlPFC. Layer III dlPFC spines in the rhesus macaque express a concentration of proteins that are risk factors for
disease, with many related to the special molecular properties needed for working memory. These properties include
a reliance on NMDA receptor (NMDAR) rather than AMPA
receptor (AMPAR) neurotransmission, cAMP (cyclic adenosine monophosphate) magniﬁcation of Ca21 signaling near
the synapse, and K1 channels opened by cAMP/PKA
(protein kinase A) signaling that dynamically alter network
strength. These mechanisms render layer III spines especially vulnerable to atrophy when they are dysregulated
owing to genetic and/or inﬂammatory insults, weakening
network connectivity.

SUMMARY OF dlPFC NEUROTRANSMISSION AND
NEUROMODULATION
The dlPFC is essential to working memory, i.e., our mental
sketch pad—the ability to generate, maintain, and manipulate
mental representations without sensory stimulation, the foundation of abstract thought and the executive functions,
including cognitive control (14,21–24). The dlPFC accomplishes these functions through widespread connections; e.g.,
it has reciprocal connections with the sensory association
cortices, mediodorsal thalamus, and hippocampus (25–27) as
well as outputs to basal ganglia, premotor cortices, and ponscerebellum to inﬂuence motor response (25–28). Fuster and

Goldman-Rakic found Delay cells in macaque dlPFC with
tuned persistent ﬁring that represent information (e.g., a location) over a delay period of many seconds without sensory
stimulation (29–31). Goldman-Rakic (14) showed that persistent ﬁring arises from recurrent excitatory circuits concentrated
in deep layer III dlPFC (Figure 1A), with information reﬁned by
lateral inhibition, a model that has been afﬁrmed by in vitro
recordings (32). Thus, pyramidal cells excite each other
through glutamatergic synapses on spines to keep information
“in mind” (32).
Recent research shows that Delay cells have unusual
neurotransmission and neuromodulation, likely related to their
need to sustain dynamic, ever-changing mental representations. Delay cell neurotransmission relies heavily on glutamate
stimulation of NMDARs (GluN2B and GluN2A), but not
AMPARs (Figure 1B) (33). GluN2B subunits close slowly and
ﬂux high levels of Ca21 and reside exclusively within the
postsynaptic density (PSD) in layer III dlPFC (33). This
dependence on GluN2B channels had been predicted by
computational models (34). In classic circuits, such as rodent
hippocampus, AMPARs normally serve to depolarize the
postsynaptic membrane, ejecting the Mg21 block from the
NMDAR channel and permitting NMDAR neurotransmission.
However, dlPFC Delay cells have surprisingly little reliance on
AMPARs, and instead this critical permissive function is performed by acetylcholine, through actions at nicotinic-a7 receptors (Nic-a7Rs) (35) and/or muscarinic M1 receptors (36)
that reside within the PSD (Figure 1B). M1 receptors act in part
by closing KCNQ5 K1 channels (36), while Nic-a7Rs directly
ﬂux Na1 and Ca21. The heavy reliance of these synapses on

Figure 1. Schematic diagram of layer III dlPFC
recurrent excitatory microcircuits subserving working memory. (A) Pyramidal cells with shared properties excite each other to keep information “in mind”
through glutamatergic synapses on spines. Note:
There is also lateral inhibition by GABA interneurons
to reﬁne the contents of working memory; this is not
shown. (B) A glutamatergic NMDAR synapse on a
dendritic spine in the young adult, healthy dlPFC with
tightly regulated, feedforward Ca21-cAMP-K1
channel signaling. In these microcircuits, neurotransmission depends on NMDAR with GluN2A and
GluN2B subunits, with permissive activation by
cholinergic Nic-a7R and M1R (M1R via closure of
KCNQ5 channels, not shown). These spines also
contain the molecular machinery for cAMP-PKA to
magnify Ca21 signaling needed to sustain persistent
ﬁring, including internal Ca21 release from the SER
spine apparatus, which, in turn, increases cAMP
production, leading to feedforward cAMP-Ca21
signaling. A variety of receptors are localized on
spines that drive cAMP-Ca21 signaling, including the
dopamine D1R, the vasoactive intestinal peptide and
PACAP receptor, VIPR2, and the norepinephrine receptor a1-AR. Layer III spines also express
K1 channels that are opened by cAMP-PKA
signaling to provide negative feedback and for dynamic changes in network connectivity. Under healthy conditions, these intracellular signaling pathways are tightly regulated by receptors that inhibit cAMP
production, PDE4s that are anchored to the SER by DISC1 and that catabolize cAMP once it is generated, and calbindin to bind cytosolic Ca21. PDE4s are also
found in dendrites near mitochondria, positioned to regulate cAMP drive on Ca21 release from the SER into mitochondria. AC, adenylyl cyclase; AR, adrenoceptor; calb, calbindin; cAMP, cyclic adenosine monophosphate; D1R, D1 receptor; dlPFC, dorsolateral prefrontal cortex; GABA, gamma aminobutyric acid;
HCN, hyperpolarization activated cyclic nucleotide gated cation; M1R, M1 receptor; Nic-a7R, nicotinic-a7 receptor; NMDAR, NMDA receptor; PDE4, phosphodiesterase type 4; PKA, protein kinase A; PKC, protein kinase C; PSD, postsynaptic density; SER, smooth endoplasmic reticulum.
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Nic-a7Rs may help explain why most patients with schizophrenia smoke cigarettes or vape nicotine.
Layer III Delay cells also have unique neuromodulation
needed to sustain neuronal ﬁring without sensory stimulation
and to dynamically alter network strength, e.g., according to
arousal state (Figure 1B). Layer III spines express the molecular
machinery to magnify Ca21 signaling near the PSD through
multiple mechanisms, including Ca21 entry through NMDAR
and Nic-a7R and through voltage-gated Ca21 channels as well
as internal Ca21 release from the smooth endoplasmic reticulum (called the spine apparatus in spines). These Ca21 actions are increased by cAMP/PKA signaling, and Ca21 can also
increase internal Ca21 release; e.g., Cav1.2 calcium channels
drive Ca21 release through ryanodine receptors (37). Cytosolic
Ca21 can, in turn, increase cAMP production via adenylyl
cyclase, thus driving feedforward signaling (Figure 1B). Layer III
dlPFC spines express a large number of cAMP-signaling proteins, especially near the spine apparatus and the PSD (38,39).
There is also a concentration of cAMP/Ca21 signaling near
mitochondria in nearby dendrites (38,40), coordinating energy
demands.
Layer III spines also express ion channels that are opened
by cAMP/PKA signaling that weaken connectivity. The open
state of HCN (hyperpolarization activated cyclic nucleotide
gated cation) channels is increased by cAMP, and these
channels are concentrated on layer III spines in dlPFC (38,41),
but not V1 spines (42). Opening HCN channels with cAMP
reduces Delay cell ﬁring, while HCN channel blockade enhances ﬁring (41). Recent data suggest a likely partnership with
Slack K1 channels (43), where cAMP opens HCN channels,
and the entry of sodium opens neighboring Slack channels to
have a net outﬂow of K1. Another key channel localized in layer
III spines is the KCNQ2 K1 channel, whose open state is
increased by PKA signaling (36). Opening these channels reduces, while blocking them increases, Delay cell ﬁring (36). The

capability to rapidly open and close these ion channels allows
very rapid, dynamic changes in network strength (termed dynamic network connectivity), needed for a constantly changing
mental sketch pad (44), including taking dlPFC “ofﬂine” during
stress (see below).
In the young, healthy dlPFC, feedforward Ca21/cAMP/K1
channel signaling is tightly regulated by mGluR3 and a2A
adrenoceptor (AR) inhibition of cAMP production and by
phosphodiesterase type 4 (PDE4) catabolism of cAMP once it
is formed (39). Layer III dendritic spines are a focus of these
proteins, e.g., with PDE4A anchored to the spine apparatus by
DISC1 (44). Layer III dlPFC pyramidal cells are also enriched in
the Ca21-binding protein calbindin, which regulates Ca21 in
the cytosol (45). Loss of these regulatory proteins, e.g., owing
to inﬂammation or advancing age, leads to toxic Ca21 dysregulation, atrophy of dendritic spines, and reduced Delay cell
ﬁring (39).

STRESS SIGNALING IN dlPFC WEAKENS
CONNECTIVITY AND TAKES dlPFC “OFFLINE”
Layer III dlPFC circuits have built-in molecular mechanisms to
rapidly take dlPFC “ofﬂine” during uncontrollable stress
exposure. This has survival value under some dangerous
conditions (e.g., being cut off on the highway, where it is
helpful to rapidly switch control to circuits mediating habitual/
instinctive behaviors), but it is detrimental when one needs
higher cognition to deal with the threat (e.g., an invisible virus).
As summarized in Figure 2, high levels of catecholamine
release during uncontrollable stress activate large numbers of
dopamine D1 receptors (D1Rs) and norepinephrine a1-ARs to
drive high levels of Ca21/cAMP/K1 channel signaling and
disconnect dlPFC recurrent networks. For example, high levels
of D1R signaling markedly reduce Delay cell ﬁring via
increased cAMP-PKA signaling, and this is prevented by HCN
Figure 2. The effects of uncontrollable stress
exposure on layer III dorsolateral PFC spines. Acute
exposure to an uncontrollable stressor increases
catecholamine release in the PFC, driving feedforward cAMP-Ca21-K1 channel signaling, to rapidly
weaken synaptic efﬁcacy, reduce persistent ﬁring,
and take dorsolateral PFC “ofﬂine.” Cortisol release
exacerbates (or, on its own, mimics) these actions,
likely by blocking the extraneuronal catecholamine
transporters on glia that take up catecholamines
from the extrasynaptic space. With chronic stress
exposure, there are additional architectural changes,
with loss of spines and dendrites that correlate with
cognitive deﬁcits. Phagocytosis of spines and dendrites likely involves Ca21 overload of mitochondria,
initiating an inﬂammatory response. Calbindin
expression is decreased by chronic stress exposure,
which may further elevate cytosolic Ca21 levels. AC,
adenylyl cyclase; AR, adrenoceptor; calb, calbindin;
cAMP, cyclic adenosine monophosphate; D1R, D1
receptor; M1R, M1 receptor; MAOS, mitochondriaon-a-string;
Nic-a7R,
nicotinic-a7
receptor;
NMDAR, NMDA receptor; PFC, prefrontal cortex;
PKC, protein kinase C.
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channel blockade (46,47). Other Gs-coupled receptors likely
contribute as well: b-ARs are currently under study, and transcriptomics show very high levels of ADCYAP1 (encoding
PACAP) in layer III dlPFC (48), the master stress activating
peptide that drives cAMP signaling (49), e.g., via VPAC2 receptors (see below). High levels of a1-AR stimulation also
reduce Delay cell ﬁring via IP3-mediated Ca21/protein kinase C
signaling (50,51). Interestingly, rodent studies have shown that
protein kinase C can cause internalization and/or decoupling of
a2A-ARs (52,53) and mGluR3 (54), which, if true in dlPFC as
well, would reduce the inhibitory regulation of stress signaling
pathways. Detrimental effects of high levels of D1R or a1-AR
stimulation can also be seen at the behavioral level, where
D1R or a1-AR stimulation in dlPFC impairs working memory
performance and, conversely, D1R or a1-AR blockade reduces
stress-induced working memory deﬁcits [reviewed in (55,56)]. It
is noteworthy that atypical antipsychotics have a1-AR blocking
properties that may be beneﬁcial in blocking stress signaling in
the dlPFC (57).
During stress, glucocorticoids (e.g., cortisol) are also
released by the adrenal cortex and cross into the brain. High
levels of glucocorticoids can mimic and/or exacerbate the effects of catecholamines in PFC, e.g., impairing working
memory in rats (58) and deactivating PFC in humans (59).
Glucocorticoids are known to block the extraneuronal catecholamine transporters on glia that normally serve to remove
catecholamines from the extracellular space (60), which would
exacerbate the stress response.
With chronic stress exposure, there continues to be
elevated catecholamine and glucocorticoid release, but there
are additional architectural changes, with loss of layer III
dendrites and spines [(61–63), reviewed in (64)]. Much of this
research has been done in rodent models, largely for ethical
reasons. These studies show that elevated cAMP/PKA and
Ca21/protein kinase C signaling contributes to layer III spine

loss and that spine loss correlates with working memory deficits (65,66). In particular, dysregulated Ca21 signaling can
initiate a number of toxic actions, including Ca21 overload of
mitochondria, leading to inﬂammatory signals such as complement that initiate spine removal (Figures 2, 3) [reviewed in
(64)]. In layer III dlPFC, stress may simultaneously elevate
cytosolic Ca21 and weaken synaptic efﬁcacy through opening
of nearby K1 channels. However, either of these conditions
may be sufﬁcient to initiate spine removal. It is possible that
related mechanisms contribute to the loss of spines and
dendrites from layer III dlPFC in schizophrenia when intracellular stress signaling pathways are dysregulated by genetic
and/or environmental insults. In this regard, it is of interest that
there is an increased DA innervation of macaque layer III dlPFC
in adolescence (67), which can drive stress signaling (47,56).
As there are increased DA D1Rs in the dlPFC in the earliest
stages of schizophrenia (68), magniﬁed stress signaling in layer
III may contribute to the distinctive spine loss in this layer at the
onset of disease, especially if proteins that regulate the stress
response are impaired by genetic and/or inﬂammatory insults.

GENETIC RISK FACTORS WEAKEN LAYER III dlPFC
CONNECTIVITY
The genetics of schizophrenia are complex, with a large
number of factors of (mostly) very small effect size (7,69). As
summarized in Figure 4, many of the genetic insults that increase risk of schizophrenia would weaken the connectivity of
layer III dlPFC synapses. A general pattern emerges whereby
there are 1) loss-of-function alterations in proteins that are
necessary to strengthen connectivity, including those needed
for synapse creation or structure, for NMDAR neurotransmission, for mitochondrial energy production, or for inhibitory
regulation of cAMP/Ca21/K1 channel signaling, and 2) gain-offunction alterations in proteins that weaken synaptic

Figure 3. Speculations regarding the sequence of
events underlying spine removal. Initial events
involve reduced growth factors and/or elevated,
dysregulated Ca21 signaling followed by actin
destabilization, Ca21 overload of the mitochondria,
and inﬂammatory signaling, which engages glial
removal of the spine. Complement C1q signaling is
shown for illustrative purposes. Note that genetic
alterations in schizophrenia may propel spine loss at
multiple stages of this sequence. For more details on
the mechanisms underlying spine removal, see (64).
BDNF, brain-derived neurotrophic factor; MOAS,
mitochondria-on-a-string; ROS, reactive oxygen
species.
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Figure 4. There are multiple genetic risk factors
for schizophrenia that would weaken layer III dorsolateral prefrontal cortex network connectivity by
either reducing beneﬁcial actions or increasing
detrimental actions. The loss-of-function alterations
in gene products that normally strengthen connectivity are shown in gray; the gain-of-function alterations in gene products that normally weaken
connectivity are shown in red. Thus, multiple
different genotypes can lead to the same phenotype
of weakened layer III dorsolateral prefrontal cortex
connectivity. AC, adenylyl cyclase; cAMP, cyclic
adenosine monophosphate; MAOS, mitochondriaon-a-string; NMDAR, NMDA receptor; PDE4, phosphodiesterase type 4; PKA, protein kinase A; SER,
smooth endoplasmic reticulum.

connectivity, including those that increase cAMP/Ca21/K1
channel signaling or that mediate phagocytic removal of spines
such as complement C4a (70). As a thorough review of this
extensive ﬁeld is beyond the scope of this review, this section
focuses on genetic alterations that directly relate to the
neurotransmission and neuromodulation of layer III dlPFC circuits that may help to explain their exceptional vulnerability.

Loss-of-Function Alterations in Gene Products That
Normally Strengthen Layer III dlPFC Network
Connectivity
There are multiple genes where loss-of-function genetic mutations would weaken synapses, including those involved with
synaptic development and adherence [e.g., ZNF804A (71),
NRXN1 (72)], actin cytoskeletal dynamics [e.g., CDC42, ARP2/
3 (73,74)], and mitochondrial energy production [e.g. (75–77)].
However, these genetic insults should affect all synapses, and
thus a key question is why they would particularly affect synapses in deep layer III more than others, e.g., those in layer V.
The recurrent excitatory circuits in deep layer III are thought to
reside on the basal dendrites of deep layer III pyramidal cells,
which have remarkably high levels of dendritic branching and
spine density (78–80), and thus these insults may be more
evident against a background of high connectivity. It is also
possible that synaptic errors could be magniﬁed in a recurrent
excitatory circuit, including interactions with additional factors
that preferentially weaken connectivity in layer III dlPFC, as
discussed below.
Several genetic insults linked to schizophrenia target
glutamate neurotransmission in ways that may be particularly
detrimental to layer III dlPFC recurrent circuits. Proteins that
normally strengthen dlPFC network connectivity and are
associated with loss-of-function mutations are shown in gray
in Figure 4. As discussed above, layer III dlPFC Delay cell
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circuits heavily rely on NMDARs with either GluN2B or GluN2A
subunits (33). GRIN2A, which encodes NMDAR/GluN2A, is a
replicated risk factor for schizophrenia (69,81). Inadequate
NMDAR/GluN2A neurotransmission may lead to spine pruning,
as weak synapses are generally removed, e.g., in developing
circuits (82). Interestingly, insults to GRIN2B are associated
with even more profound intellectual disability, which may
relate to the key role this receptor plays in cortical development (83).
Perhaps most distinct to layer III dlPFC would be genes that
regulate feedforward, Ca21/cAMP-K1 channel signaling in
layer III spines, where loss of regulation would weaken synaptic connectivity. A key gene in this regard is GRM3, which
encodes mGluR3. As mentioned above, mGluR3 are concentrated on layer III dlPFC spines [rather than axon terminals,
where they reside in classic circuits, e.g., rodent spinal cord
(84)]. In layer III dlPFC, mGluR3 inhibits cAMP/K1 channel
signaling, strengthening connectivity and enhancing Delay cell
ﬁring (85). GRM3 is a consistent risk factor for schizophrenia
(86), with reduced mGluR3 protein in the dlPFC of patients with
schizophrenia (87). Our data suggest that loss-of-function
mutations in GRM3 would be especially detrimental to layer
III dlPFC connectivity (85,88), consistent with ﬁndings that
genetic alterations in mGluR3 are associated with impaired
dlPFC function in patients with schizophrenia (89) and in
healthy individuals (90).
A rare loss-of-function translocation in DISC1 is associated
with high rates of mental disorders (91). DISC1 has multiple
functions, including anchoring PDE4s, the enzymes that
catabolize cAMP (92). We have documented DISC1 anchoring
PDE4A to the spine apparatus in layer III dlPFC spines (38,93),
positioned to regulate feedforward, cAMP/Ca21/K1 channel
signaling (39,93). Thus, a loss-of-function mutation in DISC1
would result in high levels of K1 efﬂux and elevated cytosolic
Ca21, reducing Delay cell ﬁring and increasing risk of dendritic
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atrophy. DISC1 knockdown in rat medial PFC lowered the
threshold for stress-induced deﬁcits in working memory, with
no effect under nonstress conditions (94). These data suggest
that phenotypic expression of reduced DISC1 may be seen
only under stressful conditions when there is elevated cAMP
signaling in layer III dlPFC. Similar effects in humans may help
to explain the heterogeneity of the DISC1 phenotype.

Gain-of-Function Alterations in Gene Products That
Normally Weaken Layer III dlPFC Network
Connectivity
There are also multiple gain-of-function alterations in proteins
that weaken layer III dlPFC connectivity by increasing Ca21/
cAMP/K1 channel signaling (Figure 4, left side). For example, a
rare microduplication of the Gs-coupled receptor VIPR2 (i.e.,
VPAC2) increases risk of schizophrenia (95). VIPR2s are
stimulated by either vasoactive intestinal peptide or the master
stress peptide pituitary adenylate cyclase-activating polypeptide, increasing cAMP signaling. Studies in patients with
schizophrenia that express this microduplication show
increased VIPR2 transcription and increased cAMP signaling in
cultured lymphocytes (95). VIPR2s are concentrated on layer III
dlPFC spines, positioned near the smooth endoplasmic reticulum spine apparatus where they can drive feedforward cAMP/
Ca21/K1 channel signaling [(96); D. Datta, Ph.D., et al., unpublished data, 2021). Thus, microduplications that increase
VIPR2/cAMP signaling would weaken layer III dlPFC
connectivity.
Genetic alterations in voltage-gated Ca21 channels are also
a replicated risk factor for schizophrenia (97). In particular, a
gain-of-function mutation (98) in CACNA1C, which encodes
for the a subunit of the L-type Ca21 channel, Cav1.2, is
consistently linked to increased risk of schizophrenia and bipolar disorder (69,81,99–101). This gain-of-function in Cav1.2 is
associated with inefﬁcient dlPFC function (102) and poor
working memory and executive control in healthy control
subjects and especially in patients with schizophrenia
(103,104). In the heart, Cav1.2 is central to the ﬁght-or-ﬂight
stress response, where its activation by noradrenergic b-AR/
PKA signaling drives internal Ca21 release from the sarcoplasmic reticulum, increasing muscle contraction (105). Our
immuno-electron microscopy data found parallel localization
on layer III dlPFC spines near the smooth endoplasmic reticulum spine apparatus (96), positioned to drive Ca21/cAMP/K1
signaling, which can weaken connectivity and increase toxic
Ca21 actions that lead to spine removal.
There also appear to be gain-of-function insults to the gene
that encodes for one of the key channels that weakens synaptic connectivity in layer III spines: HCN1 (81,106). The HCN1
risk allele is associated with impaired spatial memory (107),
and physiological data are consistent with the risk allele
conferring a gain of function (108).
All of these gain-of-function alterations would weaken the
efﬁcacy of dlPFC synapses, and increased expression of
VIPR2 or Cav1.2 would additionally increase cytosolic Ca21,
which can cause Ca21 overload of mitochondria, leading to an
inﬂammatory response, e.g., complement activation (82), to
initiate phagocytosis and the removal of spines and dendrites
(Figure 4). Alternatively, over-pruning of spines and dendrites

could occur through a gain-of-function genetic alteration in
complement C4a, which has the largest likelihood of being a
genetic risk factor for schizophrenia (70). The C4a gain-offunction risk allele has been shown to increase phagocytosis
in mouse models (70) and is associated with reduced neuropil
in patients (109), consistent with excessive spine pruning
contributing to the etiology of schizophrenia. The current discussion highlights how multiple genetic insults, indirectly or
directly, can lead to weakening and removal of layer III dlPFC
excitatory synapses on spines.

INFLAMMATORY INSULTS CAN MIMIC GENETIC
INSULTS TO WEAKEN dlPFC CONNECTIVITY
Environmental insults are also major risk factors for schizophrenia, including perinatal inﬂammation (e.g., inﬂuenza during
the second trimester, hypoxia at birth), and psychological
stressors during adolescence/early adulthood are associated
with symptom onset (e.g., leaving home for college) (110). It is
hypothesized that perinatal inﬂammation may sensitize the
inﬂammatory response and contribute to greater spine removal
during adolescence. This section describes three inﬂammatory
responses that may be especially detrimental to layer III dlPFC
connections, as summarized in Figure 5, mimicking several of
the genetic insults shown in Figure 4.

Kynurenic Acid
Inﬂammation increases tryptophan metabolism to kynurenine,
which can then be further processed to kynurenic acid (KYNA),
especially in astrocytes (111). Kynurenine is actively taken up into
brain, so it can also originate from peripheral sources (112). Most
pertinent to the current discussion, KYNA is known to block both
NMDAR and Nic-a7R (113,114), the receptors most essential to
dlPFC neurotransmission. Thus, KYNA inﬂammatory signaling
would mimic loss-of-function alterations in GRIN2A as well as
reduce factors permissive for NMDAR neurotransmission in layer
III dlPFC and thus may be particularly detrimental to the circuits
mediating higher cognition. Schizophrenia is associated with
higher KYNA levels (115), including in the dlPFC (116,117), and
KYNA is especially evident in cases of schizophrenia with signatures of inﬂammation, where it is associated with reduced
dlPFC volume and impaired attention regulation (117). Current
treatment strategies aim to inhibit KYNA production and restore
dlPFC function (118,119).

Glutamate Carboxypeptidase II
As shown in Figure 5, glutamate carboxypeptidase II (GCPII)
reduces mGluR3 signaling by catabolizing NAAG (N-acetylaspartylglutamate), the endogenous ligand for mGluR3 that is
co-released with glutamate (Figure 5) (120). GCPII expression
is increased by inﬂammation, e.g., in the aged rat medial PFC
(121), and, especially relevant to schizophrenia, by perinatal
inﬂammation (122). Thus, inﬂammation can mimic loss-offunction mutations in GRM3 by reducing mGluR3 signaling.
As mGluR3s are concentrated on layer III spines where they
enhance connectivity, loss of beneﬁcial mGluR3 actions would
be particularly deleterious to dlPFC working memory function.
Elevated GCPII levels have been documented in the dlPFC of
patients with schizophrenia (87), consistent with increased
inﬂammation in this disorder. Interestingly, in healthy
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Figure 5. Inﬂammation weakens layer III dlPFC
network connectivity in ways that mimic genetic
insults. Inﬂammation increases the expression and
release of KYNA and GCPII by astrocytes and increases p38-MK2 signaling within neurons. KYNA
blocks NMDAR and Nic-a7R, which would mimic
loss-of-function genetic alterations to GRIN2A;
GCPII reduces NAAG stimulation of mGluR3,
which would mimic loss-of-function genetic alterations to GRM3; and MK2 unanchors and disinhibits PDE4s, which would mimic loss-of-function
genetic alterations to DISC1. Calbindin expression
may also be decreased by chronic stress exposure, which would increase cytosolic Ca21 levels,
similar to gain-of-function mutations in CACNA1C.
Ca21 overload of mitochondria can lead to complement activation, which may mimic gain-offunction genetic alterations in complement C4A.
Thus, the combination of genetic and environmental insults may interact to cross the threshold
into pathology. AC, adenylyl cyclase; calb, calbindin; cAMP, cyclic adenosine monophosphate;
dlPFC, dorsolateral prefrontal cortex; GCPII,
glutamate carboxypeptidase II; KYNA, kynurenic
acid; MAOS, mitochondria-on-a-string; MK2,
mitogen-activated protein kinase–activated protein
kinase 2; NAAG, N-acetylaspartylglutamate; Nic-a7R, nicotinic-a7 receptor; NMDAR, NMDA receptor; PDE4, phosphodiesterase type 4; ROS, reactive
oxygen species.

individuals, a gain-of-function variant in the FOLH1 gene that
encodes for GCPII is associated with decreased NAAG levels,
inefﬁcient dlPFC activity, and impaired cognition (90), highlighting the importance of this signaling mechanism to human
intelligence.

Mitogen-Activated Protein Kinase–Activated
Protein Kinase 2
Mitogen-activated protein kinase–activated protein kinase 2
(MAPKAPK2 or MK2) is a downstream substrate of p38MAPK
signaling that is activated under conditions of stress and/or
inﬂammation (123). MK2 phosphorylates the PDE4s such that
they can no longer be anchored by DISC1 to the correct
location (124,125). In this way, MK2 inﬂammatory signaling
would mimic loss-of-function translocation in DISC1. MK2 also
prevents PKA from activating PDE4s, thus taking away negative feedback that would normally regulate stress signaling
that, once initiated, can “run wild.”

Psychological Stressors
Although most studies of inﬂammation use infectious agents
or hypoxia to induce an inﬂammatory state, it is important to
remember that psychological stress also impacts many of
these same signaling pathways (Figure 2). As described above,
psychological stress drives Ca21/cAMP/K1 signaling, and
chronic stress exposure leads to loss of spines. There is some
evidence from rodents that psychological stress exposure can
reduce the expression of the Ca21 binding protein calbindin
(126), which would further increase cytosolic Ca21 levels,
leading to inﬂammation and spine removal (64).
Taken together, it is evident that there are multiple ways in
which inﬂammatory/stress signaling can weaken dlPFC
network connectivity and, in several cases, increase cytosolic
Ca21 signaling, mimicking genetic insults. Thus, the interaction
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between environmental and genetic insults may cross the
threshold into pathology, leading to atrophy of layer III dlPFC
dendrites and spines.

LIMITATIONS, FUTURE DIRECTIONS, AND
SUMMARY
There is much that is not known about the primate cortex that
limits our current hypotheses and interpretations. For example,
almost nothing is known about the molecular regulation of
synapses in primate cortices beyond the dlPFC and V1. Thus,
it is not possible to relate spine differences in schizophrenia in
other cortical areas to vulnerabilities in their underlying molecular regulation. There is also little known about the mechanisms governing gray matter thinning in the primate cortex,
whether this process targets ineffective connections, and how
these processes may be altered in schizophrenia. The current
review is an initial attempt to begin to relate synaptic and inﬂammatory mechanisms under study in primate dlPFC to the
striking pathology of these circuits in schizophrenia.
In summary, a unique feature of layer III dlPFC circuits is
their built-in mechanisms to rapidly take them “ofﬂine” during
psychological and/or physiological stress. These include
cAMP-PKA magniﬁcation of Ca21 signaling in spines and the
concentration of cAMP-PKA opened K1 channels on spines
that rapidly weaken synaptic efﬁcacy. These properties may
interact with genetic insults (e.g., gain-of-function expression
of Cav1.2), and/or environmental insults (e.g., GCPII-mediated
dysregulation of cAMP signaling) to cross the threshold into
pathology. Flaws in neuronal signaling may also be exaggerated owing to the recurrent nature of layer III microcircuits, e.g.,
where the reduction in neurotransmission caused by genetic
insults to GRIN2A and/or blockade of NMDAR by KYNA would
be ampliﬁed across a large number of layer III recurrent
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NMDAR synapses on spines. Understanding the unique needs
of these circuits may help in the design of preventive treatments to protect these recently evolved circuits that are so
critical to cognitive function.
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