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Emerging research on neuroplasticity processes in psychosis spectrum illnesses—from the synaptic to the macrocircuit levels—fill
key gaps in our models of pathophysiology and open up important treatment considerations. In this selective narrative review, we
focus on three themes, emphasizing alterations in spike-timing dependent and Hebbian plasticity that occur during adolescence,
the critical period for prefrontal system development: (1) Experience-dependent dysplasticity in psychosis emerges from activity
decorrelation within neuronal ensembles. (2) Plasticity processes operate bidirectionally: deleterious environmental and
experiential inputs shape microcircuits. (3) Dysregulated plasticity processes interact across levels of scale and time and include
compensatory mechanisms that have pathogenic importance. We present evidence that—given the centrality of progressive
dysplastic changes, especially in prefrontal cortex—pharmacologic or neuromodulatory interventions will need to be
supplemented by corrective learning experiences for the brain if we are to help people living with these illnesses to fully thrive.

Neuropsychopharmacology (2023) 48:168-185; https://doi.org/10.1038/s41386-022-01451-w

INTRODUCTION

Over the years, many investigators have proposed that psychosis
spectrum illnesses arise due to progressive changes in neural
microcircuits that result in disturbances in experience-dependent
plasticity and in the development of maladaptive cortical
representational systems (e.g., [1-5]. While the concept is not
new, emerging research on neuroplasticity processes—from the
synaptic to the macrocircuit levels—fills key gaps in our models of
pathophysiology and opens up important treatment considera-
tions. Indeed, we will argue that these illnesses are best
conceptualized as disorders of adolescent critical period prefrontal
plasticity.

Of course, “brain plasticity” means everything and nothing,
since changing in response to the environment is what the brain
does. And it is impossible for one review article to even skim the
surface of such a huge field of research. To start with, there are
multiple types of interacting/overlapping neuroplasticity pro-
cesses at multiple levels of scale. Experience-dependent (Hebbian)
plasticity mechanisms at both the microcircuit and systems level
need to be distinguished from spike-timing dependent, homeo-
static, and metaplasticity operations, for example (Table 1). At the
same time, it is arbitrary to separate these processes, since they all
reverberate with each other and with intrinsic neuronal excitability
and neuromodulatory input to coordinate—or stabilize against—
changes in network connectivity and function that occur as the
brain interacts with its environment. Changes in one of these
processes affects the others, and all of these mechanisms are
relevant to psychosis.

In this selective narrative review, we focus on recent research
findings related to three themes, emphasizing alterations in spike-
timing dependent and Hebbian plasticity that occur during
prefrontal system development:

1. Experience-dependent dysplasticity in psychosis emerges
from activity decorrelation within neuronal ensembles.

2. Plasticity processes operate bidirectionally: Deleterious
environmental and experiential inputs shape microcircuits.

3. Dysregulated plasticity processes interact across levels of
scale and time and include compensatory mechanisms that
have pathogenic importance.

The evidence supporting each of these themes is indirect and
relies on basic science experiments and computational modeling
—we cannot directly assess microcircuit function in humans,
while macrocircuit plasticity can only be inferred from neuroi-
maging evidence and TMS studies. However, each of these
themes helps to integrate a disparate range of research findings
while broadening our view of what it will take to develop
effective restorative, preventive, and perhaps even curative
interventions for individuals who are vulnerable to persistent
psychosis. We present evidence that—given the centrality of
progressive dysplastic changes, especially in prefrontal cortex—
pharmacologic or neuromodulatory interventions will need to
be supplemented by corrective learning experiences for the
brain if we are to support individuals living with these illnesses
to fully thrive.
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Table 1.

Key neuroplasticity processes
Synaptic plasticity
Spike-timing dependent

plasticity

Critical period (experience-

expectant) plasticity

Hebbian (experience-dependent

or activity-dependent) plasticity

Homeostatic plasticity

Compensatory plasticity

Synaptic scaling

Definition

The activity-dependent modification of the
efficiency or strength of synaptic transmission at
pre-existing synapses

The process by which synaptic transmission is
enhanced or depressed, based on the order and
precise temporal interval between presynaptic and
postsynaptic spikes; its relative importance varies
across synapses and activity regimes

An epoch in brain development where large-scale
changes in neuronal response selectivity can be
induced by passive exposure to specific forms of
environmental inputs; requires that intrinsic
maturational programs and environmental inputs
are temporally aligned

A form of synaptic plasticity which is induced by
and further amplifies correlations in neuronal
activity; outside of the critical period, it is harnessed
as a function of alertness, attention, incentive
salience of inputs, and behavioral outcome

A set of neuronal changes that restores activity to a
setpoint following perturbation; creates balance
between intrinsic excitability and synaptic strength,
and between network excitation and inhibition;
coordinates changes in circuit connectivity

The capacity to adapt to the loss of neural
macrocircuit (or cortical sector) function by
undergoing plastic changes in neural interactions,
circuit structure, and/or circuit connectivity.

A negative feedback mechanism to changes in the
level of network activity, in which the synaptic
strengths of a neuron are modified by regulating

Summary of key neuroplasticity processes and examples of their disruption in psychosis spectrum illnesses.

Examples of disruption in psychosis spectrum
illnesses

Abnormally elevated microglial synaptic engulfment
[138]

Spike timing activity in PFC is disrupted by NMDAR
blockade in a nonhuman primate model of
schizophrenia [17]

Alterations in critical period transcriptomics [145].

—Impaired LTP-like responses in visual cortex [191];
—Impaired neurostimulation-induced LTP- and LTD-
like effects [169]

Hypothesized functional and structural and synaptic
downregulation that occurs in response to initial
microcircuit hyperexcitation [4]

-Thalamic hypoconnectivity between prefrontal-
striatal-cerebellar regions and hyperconnectivity
with sensory-motor cortices [177]

—Abnormal recruitment of VWFA during auditory
working memory in people with psychosis [181]

Computational modeling of EEG and fMRI data
indicating reduced pyramidal cell synaptic gain
[192]

synaptic receptors following a scaling factor. The
total synaptic input is adjusted to match the
neuron’s homeostatic range while preserving the
relative differences among synaptic weights

Metaplasticity

EXPERIENCE-DEPENDENT DYSPLASTICITY IN PSYCHOSIS
EMERGES FROM ACTIVITY DECORRELATION WITHIN
NEURONAL ENSEMBLES

Dysplasticity mechanisms are often posited to originate from
primary alterations in plasticity-relevant genes and/or gene
expression [6], but they also manifest as downstream conse-
quences of many other factors that affect microcircuit function
and the coordinated activity within neuronal ensembles. This
includes factors that affect excitation-inhibition balance within
cortical circuits, such as glutamatergic and GABA-ergic signaling;
dopamine modulation of cortical and subcortical systems; the
integrity of perineuronal nets; and microglial activity in synaptic
remodeling (see Fig. 1).

Different pathogenic models converge on decorrelation of
neuronal ensemble activity

Hamm et al. ([7]) studied two distinctly different mouse models
relevant to schizophrenia: blockade of NMDA receptors (NMDAR)
via chronic ketamine and 22q11.2 microdeletions. The two models
diverged in key neurophysiological indices (such as background
gamma oscillations and overall levels of activity), but they
converged at the neuronal ensemble level, both showing weaker
neuronal coactivity patterns (attractor states) in the visual cortex
at rest and during visual stimulation. These two different
manipulations relevant to schizophrenia showed decorrelated
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Activity-dependent changes in neural functions that
modulate subsequent synaptic plasticity responses.

Early childhood adverse experiences increase the
risk for schizophrenia [51]

neuronal ensemble firing rate patterns over time, such that fewer
and shallower attractor states were visited by the network. Zick
and Chafee studied NMDAR blockade in monkeys and a 22q11.2
microdeletion model in mice, and found that both manipulations
showed decorrelated activity in prefrontal networks at a finer time
scale, on the order of milliseconds, reducing the frequency of
synchronous 0-lag spikes observed between pairs of simulta-
neously recorded prefrontal neurons [8]. Such a loss of
synchronous spiking could disconnect prefrontal circuits via
spike-timing dependent plasticity mechanisms. Consistent with
that possibility, less information was transmitted at monosynaptic
lags between prefrontal neurons in both the monkey drug and
mouse genetic models [8].

Disrupted attractor states and disrupted spike timing may be
considered two forms of temporal decorrelation of neuronal
activity unfolding at different time scales. Attractor states, defined
as stable patterns of firing rates over neuronal ensembles, capture
covariation in average firing rate between neurons at behavioral
time scales—e.g. over hundreds of milliseconds as sensory,
cognitive, and motor processes wax and wane, or as networks
revisit stable activity patterns in spontaneous activity. Spike
synchrony also reflects temporal covariation in neuronal activity
(spiking), but at a millisecond time scale. Although clearly distinct
in terms of their underlying causes and impacts on synaptic and
system plasticity, both are forms of activity timing and correlation
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plasticity. (Adapted with permission from ref. [142]).

that are likely disrupted in psychosis spectrum illnesses. Disrup-
tions in activity timing are evident at larger spatial scales as well.
For example, local field potentials exhibit more frequent spike-
wave events at the cortical level and weaker inter-hippocampus
synchrony in rats with neonatal ventral hippocampus lesions, a
neurodevelopmental model of schizophrenia [9].

Thus, it appears that various biological mechanisms relevant to
psychosis spectrum illnesses converge to alter the the ability of
neurons to form or sustain complex coordinated patterns of
activity at multiple levels of temporal and spatial scale: from spike
timing in pairs of neurons, to the coordinated activation of
neuronal ensembles to form stable attractor states, to the
orchestration of activity within networks. Some of these timing
anomalies may derive from alterations in the precise balance
between glutamatergic excitatory inputs relative to GABA-ergic
inhibitory inputs in local circuits, referred to as E-l balance. The
maintenance of a precise E-l balance appears critical to promote
the optimal temporal order of synaptic action potentials necessary
for adaptive spike-timing dependent plasticity; however, as
O’Donnell et al. point out [10], a simple one-dimensional E-l
balance model does not fully account for the multidimensional
computational functions of neural microcircuits (including how
they are modified over development and how changes in certain
cellular subcomponents have more of an influence on circuit
function than others).

Nonetheless, cortical plasticity deficits can arise by both
enhancing excitation and by reducing inhibition in microcircuits
[11]. Specifically, disruption of the E-I balance in favor of excitation
leads to impaired cortical plasticity in vivo [12]. This disruption can
happen as a consequence of both (1) deletion of the NMDAR
subunit Grin2a gene, a genetic risk for schizophrenia [13, 14],
which enhances excitation by prolonging glutamatergic synaptic
responses; (2) reducing GADG65, a key enzyme needed to generate
synaptic GABA, which lowers cortical inhibitory tone. Both deficits
can be rescued by enhancing cortical inhibition via diazepam, an
allosteric modulator of the GABA-A receptor [12]. Similarly,
Cisneros-Franco et al. have shown that destabilization of sensory
representations in the aging rat brain is associated with decreased
GABA concentration, a reduction in parvalbumin perineuronal
nets, and decreased cortical inhibition, which in turn are related to
dysregulated (overly active but unstable) plasticity; these pro-
cesses can be reversed by increasing inhibitory tone via diazepam
[15]. This example illustrates how degraded sensory inputs—in this
case, due to aging—can affect E-I balance and result in abnormal
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GABAergic interneurons expressing parvalbumin (PV) play a key
role in excitatory-inhibitory balance and both respond to and
regulate activity-dependent plasticity processes

Perineuronal nets (PNN) are extracellular matrix components that
densely enwrap neurons, especially PV+ interneurons, thereby
stabilizing synapses and limiting plasticity

Neuromodulatory inputs, especially dopamine (DA) release,
regulate plasticity through their association with behaviourally
salient states of motivation, attention, and emotion

Myelin-associated proteins are critical for long-range connectivity,
and can both up-regulate in response to neural system activity

\ =[O

Microglia monitor the extracellular milieu and physically remodel
synapses in response to activity-dependent changes as well
neuroinflammatory processes

Plasticity regulators in prefrontal microcircuits. Simplified diagram of prefrontal microcircuit components and key regulators of

plasticity operations (discussed further in Section “Plasticity
processes are bidirectional: Deleterious environmental and
experiential inputs shape macro- and micro-circuit function”).

Decorrelation of neuronal ensemble activity leads to the
unwiring of local circuits

Subtle abnormalities in E-l balance (via impaired glutamatergic or
interneuron function, for example), with resultant spike-timing
disruptions and decorrelated neuronal activity, will end up
disrupting synaptic connectivity in local prefrontal circuits via
Hebbian principles [16, 17]—"neurons that don't fire together
won't wire together”. This in turn impairs the engagement of
plasticity regulators and the adaptive tuning of neuronal
ensemble representational processes. In other words, as cells stop
firing together and local circuits become less coordinated, cortical
attractor states become destabilized and the information they
encode is degraded. In some individuals this process might
become accelerated during the normal prefrontal synaptic
pruning that occurs during adolescence—the critical period for
the maturation of executive and other higher-order socio/
cognitive functions in humans [18]. Other contributing factors
could include genetically-determined excessive synaptic pruning
mechanisms that may occur in some forms of schizophrenia [19]
or disruptions of in utero brain development [20, 21] that result in
impaired prefrontal circuit function early in life.

In any case, as prefrontal local circuits gradually unwire,
adaptive excitatory interactions between neurons may eventually
fall below the physiological threshold needed to meaningfully
sustain coordinated activity within ensembles. At this point,
further activity-dependent disconnection and further pruning
could start to drive one another in a mutually reinforcing but
pathogenic feedback cycle [8], since microglia sculpt neuronal
ensembles as a function of their activity inputs (less coordinated
activity input = more pruning) [22] and spike timing synchrony
depends on intact recurrent local networks that would be getting
weaker as pruning progresses. Compensatory reductions in
GABAergic inhibitory tone may occur as a result [23], which
further impairs the ability of neuronal ensembles to form or
sustain the complex patterns of activity needed for adaptive
behavior, and which creates the conditions for dysregulated
plasticity to begin operating (as we discuss further in Section
“Dysregulated experience-dependent plasticity processes interact
across levels of scale and time and include compensatory
mechanisms that have pathogenic importance”). This is a reversal
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Local circuit effects

* Increase in coordinated neural patterning among
excitatory neurons

* Increase in inhibitory tone in PV+ interneurons

* Maturation of local circuits

* Tuning of the fidelity and power of neural
ensemble representations

/

Plasticity effects

* Adaptive synaptic pruning (targeted microglial
activity)

= Consolidation of neural activity patterning

* Downstream effects on myelination and
long-range connections

* Increased gray matter

Disrupted local circuit function

* Decorrelated/discoordinated neural patterning
in excitatory cells with reduced signal-to-noise
ratio

* Decrease in coordinated PV+ local circuit
inhibitory tone

= Delayed or aberrant maturation of local circuit
function

* Decreased fidelity, coordination, power, speed in
neuronal ensembles

v

“Dysplasticity” effects

= Maladaptive synaptic pruning; stochastic or
dysregulated microglial engulfment (plus
secondary inflammatory changes?)

* High-fidelity neural activity patterns do not
consolidate

* Loss of myelin

= Loss of gray matter

Fig.2 Neuroplasticity processes in healthy development and in vulnerability to psychosis. Hypothesized assocations linking neural activity
inputs, microcircuit function, plasticity effects, and representational processes—as they occur in healthy development and are disrupted in

individuals who are vulnerable to psychosis.

of the adaptive plasticity that normally occur during healthy
critical periods and healthy development, where statistically
reliable inputs to well-functioning prefrontal local curcuits engage
enhanced E-l coupling and coordinated neuronal activity patterns,
resulting in the maturation of inhibitory interneurons and the
perineuronal nets which surround them, increases in gray and
white matter, and improved adaptive representational pro-
cesses (see Fig. 2). (Critical period plasticity refers to specific
epochs during development when cortical representations are
passively organized in response to statistically predictable inputs
from the environment in order to consolidate perceptual and
cognitive skills critical for survival. Classically, this has referred to
periods during which sensory, motor, and language abilities are
acquired. More recently, the role of prefrontal plasticity in
adolescence and the acquisition of higher-order executive and
social skills is recognized. Plasticity continues throughout adult-
hood but becomes tightly regulated and depends increasingly on
attentional and motivational state, behavioral practice, and
behavioral outcome.)

Dopamine function/dysfunction amplifies the effects of local
circuit pathology

Near-synchronous spiking of pre- and postsynaptic local circuit
neurons is required to establish a persistent eligibility trace within

Neuropsychopharmacology (2023) 48:168 - 185

dendritic spines that renders specific synapses susceptible to
potentiation by cortical dopamine [24, 25]. This suggests that the
synaptic specificity of dopamine relies on the spike timing history
of individual synapses; loss of synchronous spiking in prefrontal
local circuits at the millisecond time scale would be expected to
degrade the mechanism that confers synapse specificity on
dopamine-mediated signals and lead to indiscriminate synaptic
potentiation and the further disorganization or aberrant pattern-
ing of neuronal ensembles in the prefrontal cortex [26]. As is well
established, striatal presynaptic dopamine synthesis, storage, and
release is increased in psychosis spectrum illnesses [27-31], while
cortical dopamine release is reduced, and the two appear to be
inversely correlated [32-34]. The fact that NMDAR synaptic deficits
[35-37] and dopamine disruptions are both contributors to illness
expression indicates that the illness not only affects the number of
dendritic spines [38, 39], but likely changes how dendritic spines
work as biochemical machines to respond to dopamine inputs
and to adjust the strengths of synapses to spiking patterns in
networks—i.e., to engage in adaptive plasticity [16].

The emergence of psychosis, which usually occurs during mid-
late adolescence, is heralded by an increase in dopamine signaling
in the dorsal associative striatum [28, 40, 41]. The degree of
excessive dopamine synthesis predicts conversion to psychosis
and correlates with positive symptom severity [42]. Dorsal striatum
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receives direct projections from the dorsolateral prefrontal cortex
[43] and provides feedback to it via relays in ventral anterior and
medio-dorsal thalamic nuclei [44]. By virtue of this cortico-striatal-
thalamo-cortical loop, a disturbance in dopamine modulation in
the dorsal striatum will propagate throughout the network to
disrupt neural ensemble dynamics in the dorsolateral prefrontal
cortex, affecting its capacity to sustain internal representations of
external stimuli stored in working memory and to engage in
efficient predictive coding [45-47]. Behaviorally, striatal dopamine
plays a key role in tagging reward prediction errors (the
discrepancy between expected and actual rewards) and in
assigning salience to environmental stimuli, including threat,
novelty/surprise and motivational importance. The interaction of
these functions with a faulty cortical processor could result in the
“burning in” of aberrant attractor networks corresponding to false
perceptions or aberrant interpretations as a secondary conse-
quence of abnormal learning while the brain is in an unstable or
dysplastic state [27, 48].

Though striatal hyperdopaminergia plays a fundamental role in
the emergence of frank psychosis, active debate remains on the
exact nature and direction of the relationship between striatal
dopamine, cortical dopamine, and models of cortical dysfunction
in schizophrenia [49]. For instance, in an experimental manipula-
tion in mice that produced elevated synaptic pruning and cortical
ensemble dysfunction, striatal hyperdopaminergia and psychosis-
relevant behaviors were secondarily generated that were subse-
quently reduced by antipsychotic medication [50]. Cortical
synaptic dysfunction can thus precede and induce striatal
hyperdopaminergia, though the exact mechanisms are unknown.
Hyperresponsivity in dopamine neuromodulation due to prior
trauma exposure can also be a critical factor that tips the system
beyond its homeostatic capacities in individuals who are
vulnerable to high-stress conditions [51].

Local circuit pathology propagates up the information
processing hierarchy

Local neuronal ensemble coordination, in conjunction with
neuromodulatory input that is appropriate to the behavioral
demands at hand, is the sine qua non of adaptive experience-
dependent plasticity at the higher systems level [52]. Cortical
networks at higher association levels are integrators that operate
with dynamic (and relatively brief) time constants, and plasticity-
induced changes in cortical representations are dependent on the
integration of coincident inputs. A range of processes—including
membrane potential, noise, and input firing rate—can modify the
sensitivity of cortical neurons to the degree of temporal
correlation between their synaptic inputs [53]. Thus, the stronger
the selectivity, reliability, and coordination of the neurons in lower
levels of the network that feed coincident inputs into prefrontal
neurons, the stronger is the power of those inputs to drive
adaptive plastic remodeling across the distributed network.
Moreover, finely tuned coordination of activity is what enables
higher-order association regions to sustain the reverberant
activations needed to accomplish complex cognitions and
behaviors.

Lower-level disruptions in the ability of neuronal ensembles to
sustain complex patterns of activity that accurately represent the
state of the world, and/or inappropriately scaled neuromodulation
of that activity, thus end up propagating distortions that affect the
fidelity of higher-level prefrontal circuit computations. As Yang
et al. have shown, a global microcircuit E-I imbalance will
preferentially affect long-range prefrontal connectivity patterns,
due to the fact that there are physiological differences (stronger
recurrent excitation) in association vs. nonassociation cortices [54].
This includes the representation and meaning of perceptual
information as well as associated predictive, categorization,
memory, and action-output information—distortions which are
posited to give rise to subjective psychosis symptoms. As the
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world becomes characterized by unpredictable aberrant percepts
and experiences that appear salient, a range of representational
patterns may be shifted into abnormal configurations which are
then learned into place. Note that during critical period plasticity,
the cortex learns to represent the experiences it is being exposed
to as long as they show statistical regularities—these activity
patterns induce the tuning of neuronal ensembles and circuit
maturation. In a state of dysregulated plasticity during the first
episode of psychosis, symptoms might arise from sudden
transitions to abnormal neural representation patterns, and
subsequent plastic changes then lock that new neural firing
pattern in as an attractor state [55, 56].

Plasticity-informed interventions can aim to target cortical
circuit dysfunction

If discoordinated local neuronal ensemble dynamics is a key
common pathogenic feature in psychosis spectrum illnesses that
lead to system-level dysplasticity during a critical period of
prefrontal cortical development, then it follows that treatments
which target abnormal neural coordination should be useful in
psychosis. What is the evidence thus far?

Assessing abnormal neuronl ensemble coordination: a gateway to
treatment development. Since there is no direct way to measure
neuronal ensemble decorrelation in the human brain in order to
determine its responsiveness to interventions, clinical researchers
must resort to indirect methods. Neurophysiological indices of the
fast temporal integration and resolution of auditory inputs, such
as the 40 Hz gamma-band auditory steady state response (ASSR)
and the auditory mismatch negativity response (MMN), are
dependent on intact NMDAR function and probably serve as
indirect proxies of local neural ensemble coordination in auditory
cortex and also across thalamo-cortical circuit integration (they
also index other relevant processes, such as short-term hypoplas-
ticity, which are themselves likely to be manifestations of local
circuit dysfunction). Deficits in ASSR and MMN are observed in
psychosis spectrum illnesses, predict conversion to psychosis in
high-risk individuals, and are noted to be key biomarkers for new
drug development. Psychosis-relevant deficits in these two
measures can be induced by NMDAR antagonists in humans
and in rodent and monkey models [57-59].

In a recent large-N structural equation modeling study, ASSR
and MMN deficits were found to significantly contribute to unique
hierarchical “bottom-up” effects on neurocognition, symptoms,
and functioning in patients [60], consistent with the notion that
changes in local circuit dynamics that affect lower level perceptual
processing have widespread deleterious behavioral consequences
as their effects propagate up the information processing
hierarchy. This same group of investigators determined that
measures of early auditory information processing, particularly
MMN, had a direct effect on general (not modality-specific)
cognition (p<0.001), that cognition had a direct effect on
negative symptoms (p<0.001), and that both cognition
(p <0.001) and negative symptoms (p < 0.001) had direct effects
on functional outcome.

This model further predicted that a treatment that provided a 1
WV improvement in the MMN response would result in improve-
ments in cognition with an effect size of d =0.78 and improve-
ments in psychosocial functioning with an effect size of d =0.28
[61]. Given the dysplasticity processes described earlier, it is
unlikely that a short-term improvement of 1 pV in the MMN
response will immediately lead to more adaptive higher-order
cognitions and functioning—rather, improvements in lower-order
information processing would need to be initiated, sustained, and
combined with treatments that shift pre-existing maladaptive
learned behavior. Coordinated neuronal ensembles are just one
step in the translation of experience into the brain and generating
adaptive behaviors: pulling on the molecular levers that affect
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Table 2.

Brain dysplasticity changes observed in aged rats with age-related degradation in sensory perception and in young rats exposed to

prolonged broadband noise; analogous observations in psychosis; and the reversibility of these changes in the rat model after perceptual training.

Brain dysplasticity changes observed in aged
rats and in young rats exposed to prolonged
broadband noise [15, 67, 68]

Degraded reliability of temporal coding
Decreased cortical firing synchrony
response [59]

Parallel findings in psychosis
spectrum illness

Degree to which changes are reversible by
intensive auditory discrimination training in
the animal model [68]

(Inferred) Decreased amplitude and ++
synchronization of the 40-Hz ASSR

Decreased cortico-cortical interaction Consistent with the “disconnection Sl
model” [193]
Decreased relative responses to rare stimuli Impaired ERP responses during oddball ++

tasks Reduced MMN response [62]

-Decreased PV staining; weak PV expression in
PV + neuron
-Simplification of PV + cell dendritic arborization

Decreased myelin basic protein density in
the cortex [194]

Poorer auditory frequency discrimination

Increased false-positive errors during behavior

Reduced PV interneuron density seen in 4
post-mortem samples [148]

Decreased superficial white matter +
Impaired auditory feature 4

discrimination [195]

Consistent with increased false-alarm +

responses on memory tasks [196]

In the rat model, exposing the brain to degraded neural activity inputs—whether from aging or from exposure to broadband noise—drives a range of
physiologic changes in cortex that are consistent with dysregulated plasticity responses (as if the cortex has been driven into an immature state). Analogous
physiologic findings are seen in psychosis spectrum illness. In the rat model, these physiological changes are reversible in response to perceptual training that

improves the fidelity and power of cortical sensory representations.

these ensembiles likely needs to be supplemented by methods
that generate and hardwire corrective macrocircuit patterns
as well.

Glycine and D-serine. Glycine and d-serine are co-agonists at the
NMDAR and in a range of studies have been shown to enhance
NMDAR functioning within microcircuits. They also reverse the
abnormal MMN response [62] and even though they are not yet
an actionable treatment path, emerging data in schizophrenia are
encouraging [63, 64]. Moreover the molecular actions of these co-
agonists suggest exciting avenues for multimodal treatment
approaches. Kantrowitz et al. combined higher-dose d-serine
(60 mg/kg) with two sessions of auditory tone-matching training
in individuals with schizophrenia and demonstrated both a
significant improvement in auditory MMN and in task perfor-
mance (d=0.7), providing evidence of NMDAR target engage-
ment by d-serine as well as adaptive training-induced
neuroplasticity [65]. Well-powered studies combining d-serine
with cognitive training are a next important step, especially given
very recent findings that d-serine is required for the fine-tuning of
glutamatergic neurotransmission, neuronal excitability, and synap-
tic plasticity in the prefrontal cortex through the actions of
dopamine at D; and Ds receptors [66]. D-serine could be a
powerful permissive agent that—when combined with appro-
priate cognitive and behavioral interventions—exerts its effects by
enhancing microcircuit functioning and inducing adaptive
experience-dependent synaptic plasticity across distributed
systems.

Neuroplasticity-informed ~ cognitive  training. Neuroplasticity-
informed cognitive training methods apply principles derived
from several decades of research on learning-induced plasticity in
animal experiments to the design of human interventions. As an
example of two experiments which are relevant to psychosis
spectrum illnesses, De Villers-Sidani et al. studied cognitive and
functional brain changes in aged rats and in young adult rats
exposed to prolonged broadband noise [67, 68]. They showed
that, with the degraded fidelity of auditory processing that occurs
in aging, neuronal ensembles in primary auditory cortex had
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reduced firing synchrony, reduced cortico-cortical interactions,
and a weak relative suppression to repetitive, high-probability
background sounds, resulting in a loss of salience of novel, low-
probability stimuli (similar to the abnormal MMN seen in chronic
psychosis). The aged cortex also showed reduced parvalbumin
(PV) staining of inhibitory interneurons, reduced PV cell dendritic
arborization, and a significant decrease in myelin basic protein,
consistent with a homeostatic response to decreased and less
reliable sensory inputs that occurs with aging. Similar changes
were found in young adult rats exposed to the degraded auditory
representations from prolonged broadband noise (Table 2).

After intensive training on an auditory oddball discrimination
task, the aged rats showed a nearly complete reversal of the
majority of these functional and structural cortical impairments,
along with improved frequency discrimination and reduced false-
positive errors [68]. These experiments highlight similarities
among the dysplastic cortical changes observed in two animal
models— aging and exposure to perceptual noise- and what is
seen in psychosis, which we discuss in more detail further below. It
also demonstrates that these dysplastic changes are reversible
after a well-defined course of specifically targeted, behaviorally-
relevant, sustained and patterned neural activity (see Table 2).

In the human application, individually adaptive behavioral
exercises are delivered to evoke high-fidelity perceptual proces-
sing at speed, which requires increases in the coordination and
amplitude of neural responses at the level of both sensory and
prefrontal cortices [69]. Exercises require close attentional control
and operate at an 80% correct threshold, yielding a dense reward
schedule (that presumably engages dopaminergic tagging) and
driving individuals to train at their response threshold. Exercises
are designed to improve the selectivity of neural responses to
specific auditory or visual stimuli; the resolution of spectro-
temporal or spatiotemporal stimulus complexity; the representa-
tion of stimulus magnitudes and modulation rates; successive-
signal segmentation and integration; stimulus duration and inter-
stimulus interval resolution and estimation; stimulus sequencing;
stimulus source location or identification; signal-to-noise condi-
tions for stimulus representation; and response reliability. The goal
is to drive more strongly coordinated populations of neurons that
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efficiently represent and act upon salient auditory or visual
information. In order to drive and consolidate the needed cortical
plastic changes in individuals with impaired cognition, exercises
must be delivered at an effortful level (~20% error rate), on a
sufficiently intensive schedule (3-5 times per week), and for a
sufficient duration of training (20-50 hours). Otherwise, little
cognitive benefit is seen.

In studies of auditory system training in people with psychosis
spectrum illnesses, abnormal baseline ASSR and MMN normal-
ized after one hour of training exposure [70]. The presence of an
abnormal baseline ASSR and MMN also predicted the overall
general cognitive improvement seen after many weeks of
training (20-50 hours), though interestingly, the full course of
training did not induce lasting changes in ASSR or MMN [70, 71]
(Both studies had small Ns and the dynamic picture of MMN
change over time in response to distributed system perturba-
tions is complex, possibly due to the presence of compensatory
neural system changes in psychosis, as seen in neuromodulation
studies [64]).

These findings suggest that psychosis-spectrum individuals
with neurophysiological indices suggestive of neural discoordi-
nation in early auditory processing (abnormal ASSR or MMN)
may be especially responsive to this form of auditory cognitive
training. Imaging work has demonstrated that this “lower-level”
training results in extensive plastic changes in task-related
activations within auditory cortex as well as higher-order
prefrontal cortical systems; improvement in a corollary discharge
measure; and preservation of thalamic volume in early phase
individuals [72-76]. Whether this translates into adaptive
changes in local neuronal ensemble synchrony is unknown,
though may be presumed to occur given the increased
amplitude observed in M100 auditory responses in primary
auditory cortex [76]. Finally, this form of plasticity-informed
training in early psychosis is associated not just with improved
general cognition but also with reduced psychosis symptoms at
6 month follow-up, consistent with the idea that lower level
corrective plastic changes can “propagate up” the information
processing hierarchy to improve higher order cortical represen-
tations and subjective experience [77].

There is very indirect and tentative evidence of the interaction
between this form of intensive cognitive training and the
NMDAR system. Intensive cognitive activity in animals increases
brain levels of d-serine, and serum levels of d-serine are known
to be lower in people with schizophrenia compared to healthy
controls. [78] showed that, after auditory system training in
people with psychosis, there was an increase in serum d-serine
that was positively correlated with cognitive gains, suggesting
that endogenous d-serine—and hence NMDAR function—is
involved in the plasticity processes induced by training. This
form of cognitive training has also been associated with
significant increases in serum BDNF, again providing tentative
evidence that cognitive training induces molecular/cellular
effects consistent with neuroplasticity [79].

Into the future: Therapeutic optogenetic reprogramming of neuronal
ensembles. Finally, while the idea is in the realm of science
fiction, it may be possible in the not-too-distant future to
selectively activate and imprint specific cortical neuronal ensem-
bles using optogenetic techniques [80], which in theory could
allow for the reprogramming of aberrant cortical circuit function,
the restabilization of an abnormal attractor landscape, and
reversal of psychosis symptoms [7, 81] used two-photon
optogenetics to repetitively activate defined neural populations
in the visual cortex of mice; this intervention generated
(imprinted) neuronal ensembles that then recurred spontaneously
and remained coactive on consecutive days. These results suggest
that it may be possible to not only deliberately enhance or create
cognitively adaptive neuronal ensembles and attractor networks
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in cortex, but also to deliberately deactivate or reconfigure
maladaptive neuronal ensembles, in order to to support recovery
and functioning.

PLASTICITY PROCESSES ARE BIDIRECTIONAL: DELETERIOUS
ENVIRONMENTAL AND EXPERIENTIAL INPUTS SHAPE MACRO-
AND MICRO-CIRCUIT FUNCTION

While many have proposed a causal chain linking cellular
dysfunction to microcircuit impairment to progressive maladap-
tive experience-dependent plasticity, we emphasize that plasticity
mechanisms can and do operate bidirectionally [82]. The brain
evolved so that behavior and experience could shape (and re-
shape) neural activity, and neural activity modulates the growth
and sculpting of dendritic spines by inducing a range of changes
in gene transcription and protein synthesis, including changes
related to microglial and cytokine activation; these changes in turn
drive modifications at the local circuit, neuronal ensemble, and
systems level [26, 83-85].

Deleterious experiences affect brain microcircuit function
Deleterious experience-induced changes in distributed neural
network functioning—including changes in the neuromodulatory,
endocrine, and immune systems—can lead to changes in
microcircuit physiology and cellular firing patterns [86-88]). Each
individual's prior and current social and environmental exposures,
along with their emotional and behavioral responses, affect the
circuitry underlying sensory, cognitive, and affective processes
and can push the circuitry in the direction of adaptive or
pathological patterns. As an example, extremely deleterious
mental/emotional states—such as those induced by repeated
severe psychological/physical trauma or prolonged sleep depriva-
tion—can drive hyperarousal and persistent aberrant assignment
of salience that then contribute to psychosis through enduring
macrocircuit dysfunction and epigenetic changes that alter gene
expression and synaptic function [89-92]. This has been especially
well studied in the stress literature, but is relevant across all
significant human-environment interactions.

Adolescence is a critical period for plasticity in executive,
social, and functional capacities

Adolescence is the key critical period for experience-dependent
plasticity in executive, social, and adult functional capacities,
where exposure to (and learning from) appropriate stimuli in
these domains must occur in order to prepare the individual for
adaptive adult behavior and future successful social learning. An
individual who is in the prodrome for psychosis or who is moving
through the first few episodes is undergoing highly disruptive and
stressful perceptual, cognitive, and emotional experiences while
also experiencing social and functional failures and decline.
People who are at high risk for, and who enter into, their first
episodes of psychosis, have a higher history of being bullied and
experience impoverished and unsatisfactory social interactions
(e.g., [93, 94]). Individuals with early psychosis view themselves as
being of lower social rank and inferior in relation to matched
controls, report engaging in submissive behaviors more fre-
quently, and feel more entrapped by external events [95].

Let us focus for a moment on this social dysfunction. Recent
research in rodents indicates unequivocally that adolescence is a
“sensitive period” for experience-dependent plasticity in social
behavior [96]. For example, two weeks of juvenile isolation leads
to abnormal adult sociability and a failure to activate medial
prefrontal cortex neurons that project to the posterior paraven-
tricular thalamus (mMPFC—pPVT) during social exposure in adult-
hood. Both reduced excitability of mPFC—pPVT neurons and
increased inhibitory input drive from somatostatin interneurons
are observed, indicating fundamental changes in the circuit
mechanism underlying the sociability deficits [97]. In humans,
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adolescence is considered a critical plasticity period for the
acquisition of lifelong social and functional skills, and cognitive
science has established that the mPFC is a central node in the
network supporting representation of self and other, social
reward, and social interactions. Social reward salience is dimin-
ished in psychosis, and may explain aspects of defeatist beliefs
and reduced motivation.

Given this, we can view the progressive social and functional
impairment that occurs during adolescence and early adulthood
in more severe or persistent forms of the illness as a social
deafferentation syndrome [98]—a pathogenic mechanism in and
of itself that will, through cumulative maladaptive plastic changes
during a sensitive period, substantially affect maturation and
functioning within prefrontal neural circuits. Consistent with this
idea, both childhood maltreatment and solitary confinement are
associated with the emergence of psychosis; and adoptees at high
genetic risk for psychosis are protected by a healthy rearing-family
environment but show psychiatric problems when reared in
dysfunctional families [99]. At the very least, without the
appropriate successful learning experiences, the trajectory of skills
acquisition that needs to occur during the critical period of
adolescence will be derailed, resulting in severe psychosocial
impairment.

Plasticity-informed interventions can harness corrective
environmental and experiential forces

Successful treatment in the early phases of psychosis requires not
just medications to reduce striatal hyperdopaminergia, but
keeping the individual engaged with family, friends, school, and
work. A neuroplasticity-based perspective conceptualizes these
activities as capitalizing on the critical period for the acquisition of
social skills and functional autonomy and as preventing further
maladaptive plastic changes in the brain’s cognitive and socio-
affective capacities for participating in society. Relationship with
peers is especially important and has been found to predict
clinical recovery, though it is not always explicitly addressed in
treatment programs [100].

A neuroplasticity perspective on psychotherapeutic and psychosocial
treatments. Current successful psychotherapies for psychosis
spectrum illnesses teach stress-management skills and/or modify
the beliefs, behaviors, and sense of self the individual forms
around symptoms, especially during the critical developmental
period for identity formation. Interventions focused on resilience,
positive psychology, and social engagement all have a significant
effect on the course of illness, self-stigma, and disability [101-104].
Evidence-based supportive employment programs enhance qual-
ity of life and appear to also confer clinical benefit [105].

From a neuroplasticity-based view, these treatments explicitly
encourage the development of compensatory strengths-based
cognitions, affects, behaviors, and sense of self that reduce stress
and fear responses and that create new distributed macrocircuit
configurations to competitively interfere with the aberrant
perceptual and cognitive representations induced by psychosis.
An especially important issue is when an individual's self-
representation becomes fused with the experience of psychosis
—what we might call “lack of insight” In the highly creative
AVATAR therapy, patients select virtual avatars to represent their
persecutory and derogatory hallucinations, and then engage in a
progressive positive dialogue with the avatars via a therapist, to
slowly modulate the intensity, negative valence, and significance
of the hallucinations and “unfuse” from the aberrant perceptual
experience [106].

Animal experiments show unequivocally that enriched environ-
ments increase adaptive plasticity and improve neuronal response
properties, thus increasing the capacity for ongoing learning.
Likewise, psychotherapies that harness corrective environmental
and experiential forces induce adaptive systems-level plastic
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changes that are enduring. CBT for psychosis strengthens the
neural connectivity between higher-order cognitive systems and
those involved in threat and salience, potentially facilitating
reappraisal, and these effects endure at 6 months [107]. Cortical
reorganization that occurs after a course of multimodal psycho-
logical therapy predicts the subsequent recovery path of people
with psychosis across 8 years [108]. Two years of cognitive
enhancement therapy (CET), combining cognitive remediation
with social skills group training, drove increased right DLPFC
activity 2 years later that was associated with improved cognition,
as well as increased functional connectivity between DLPFC and
amygdala that was associated with improved emotion manage-
ment [109, 110].

Using social cognitive training to enhance reward responsivity and
social functioning. Impaired social cognition is a hallmark feature
of many forms of psychosis spectrum illness and is a critical
determinant of motivated behavior and functioning [111, 112]. A
recent longitudinal causal discovery model in a large sample of
first-episode individuals showed that baseline social-emotional
ability was a direct causal factor for motivated behavior and in
turn related to 6-month outcomes for social and occupational
functioning [113].

Impaired basic social cognition capacities—such as emotion
recognition, eye-gaze detection, and auditory emotional prosody
discrimination—are highly responsive to neuroplasticity-informed
targeted cognitive training, as shown in a recent double-blind
randomized multi-site trial [114]. In secondary analyses, improve-
ments in social functioning, virtual functional capacity, and
motivation are also observed. Another double-blind RCT examined
the benefit of adding social cognitive training to a neurocognitive
training regimen and showed that the combination resulted in
improved measures of emotional prosody and in self-reported
reward responsivity [115]—improvements which increased over
the course of training, were present at 6-month follow up, and
were positively associated with improved social functioning.
Unpublished data reveal that the group who received this
combined training show improved accuracy on a monetary
incentive delay task along with enhanced mPFC activation during
reward anticipation; mPFC enhancement was positively associated
with self-reported gains in reward responsivity (Subramaniam,
manuscript in preparation). These findings are consistent with
Subramaniam et al. [74], where combined social cognitive
+neurocognitive training also enhanced mPFC activation during
a self-other source memory task in a manner that correlated with
improved social functioning 6 months later.

The PRIME app (Personalized Real-time Intervention for Motiva-
tional Enhancement) is another creative approach to improving
motivated behavior and social functioning in first episode
individuals [116]. Based on intrinsic motivation theory [117], the
app is based on user-centered design principles and creates an on-
line social community of young people experiencing a first episode
of psychosis; it provides them with remote coaching and goal-
setting as well as the opportunity to share their experiences and
display their accomplishments to a community of peers. In a
randomized trial, and as compared to the waitlist condition, people
participating in PRIME had significantly greater improvements in
self-reported depression, defeatist beliefs, self-efficacy, and motiva-
tion/pleasure, with improvements being maintained 3 months after
the end of the intervention. Individuals in the PRIME condition also
showed significantly greater improvements in social motivation
(anticipated pleasure and effort expenditure) in a laboratory-based
social trust game.

Into the future. The field is ready for a systematic neuroscience-
informed treatment approach that is delivered as early as possible
(for pioneering work with this concept, see refs. [118, 119]) and
that focuses on corrective social and executive learning
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experiences for the adolescent prefrontal cortex within a multi-
modal context:

® NMDAR-enhancing medication to improve microcircuit func-
tioning and create the conditions for optimal learning.

® Non-invasive neuromodulation to prime prefrontal circuits
before or during cognitive training (see ref. [120]).

® A course of well-defined cognitive and social cognitive
training to drive adaptive plastic changes in brain circuits
that support fundamental representational capacities.

® Evidence-based and user-centered digital tools to support
involvement with peers, enhance motivation, and promote
engagement with treatment and recovery.

® Evidence-based psychotherapeutic and psychosocial pro-
grams to provide higher-level corrective skills, strategies, and
experiences. A special focus on social skills training—which is
very effective but not yet systematically implemented—will
be important, as will interventions to promote successful peer
activities and romantic relationships as part of essential critical
period experiences.

For a complementary neurophysiologic intervention, Yamamuro
et al—based on their findings of the dysplastic effects in adults of
“social deafferentiation” during the critical period in adolescent mice
—proposed that chemogenetic or optogenetic stimulation of
MPFC—pPVT neurons in adulthood paired with social interaction
could rescue the dysplastic social network, restore its function, and
reverse the sociability deficits caused by juvenile isolation. Similar
macrocircuit targeting could be useful in a clinical population, raising
the idea that mPFC might be an important neuromodulation target
for people with psychosis spectrum illness, especially in early phases.
For instance, [121] applied deep brain stimulation (DBS) to mPFC in
adolescent rats from the neurodevelopmental maternal immune
stimulation model of schizophrenia. They found that DBS in this
region prevented the development of impaired sensorimotor gating
and executive function in adulthood, and normalized dopaminergic
and serotonergic transmission indicative of widespread restorative
neural plasticity beyond that related to social behavior.

At the very least, one would hypothesize that combining social
cognition training with TMS activation of mPFC could be useful in
enhancing social cognition, mood, motivation and adaptive
engagement with treatment. TMS inhibition of mPFC could be useful
for addressing the biasing effect of negative memory schemas,
which probably play a role in clinical symptoms of defeatist beliefs
and possibly also delusions. In a study of individuals with depression,
TMS inhibition of mPFC resulted in a lower false recognition of
negative critical lures, suggesting that such an approach is feasible
[122].

DYSREGULATED EXPERIENCE-DEPENDENT PLASTICITY
PROCESSES INTERACT ACROSS LEVELS OF SCALE AND TIME
AND INCLUDE COMPENSATORY MECHANISMS THAT HAVE
PATHOGENIC IMPORTANCE

The timescales of the factors which operate on and affect plasticity
processes range from milliseconds to hours, days, years, and even
intergenerationally. In rat experiments, stressful postnatal experi-
ences, for example, impair memory performance and hippocampal
plasticity not just in the animals but in their future offspring, a finding
with sobering implications for social determinants of psychosis risk
[123-125]. We highlight a few of these dynamic factors that are
relevant to pathogenesis and intervention development.

Deleterious experiences such as cannabis exposure or
persistent stress can affect the plasticity machinery, which is
itself plastic

A common exogenous factor that increases the risk for psychosis
and affects the plasticity machinery is cannabis use. Miller et al.
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have recently shown, in a rat model, that adolescent THC exposure
induces premature and irreversible pruning of dendritic spines,
protracted atrophy of apical trees, and significant changes in the
transcriptional patterns of pyramidal neurons [126]. Specifically,
adolescent THC exposure alters the gene networks involved in the
regulation of cytoskeletal dynamics at excitatory synapses and
dendritic spines (as well as gene networks involved in epigenetic
histone and chromatin modifications). Taken together, their
results indicate that THC in the adolescent brain prematurely
attenuates plasticity mechanisms in circuits that are refining
themselves for adulthood, while also showing evidence of long-
lasting changes in pyramidal cell function.

Stress, which is also related to the risk for psychosis, alters
neuroplasticity operations in multiple complex ways via its effects
on noradrenergic and dopaminergic neurotransmission and on
the HPA axis (see refs. [28, 127-129]). As noted earlier, people who
develop psychosis have a higher rate of exposure to adverse
childhood events, which primes them for sensitization and
dysregulation of midbrain dopamine systems in response to
future acute stressors; the increased stress responsivity interacts
with pre-existing neurodevelopmental and cognitive vulnerabil-
ities and peaks in adolescence, facilitating the conditions for the
onset of psychosis [51].

Stress and its biological effects can both accelerate or delay
critical periods of heightened plasticity depending on the timing
and nature of the stressor [130]. In animal models, maternal and
perinatal immune challenge [131], parental separation [132]), and
social isolation [133] all lead to anomalies in fast-spiking
parvalbumin-expressing (PV) interneuron cells in prefrontal cortex
and/or in hippocampus. Maturation of these inhibitory PV
interneurons—along with the maturation of the perineuronal
nets (PNNs) which enwrap them—is required for the closing of
critical periods in interaction with microglial—mediated synaptic
pruning [22, 134]. All of these processes are modified by
experience-induced neural activity and are affected by chronic
stress.

Changes in PV and PNN maturation. Without the appropriate
experiential inputs during critical periods, the number and
strength of PV synapses on pyramidal cells remain reduced; PV
cell membranes fail to mature; and perineuronal net (PNN) growth
is delayed, with the net result being immature cortical circuitry
[135]. Chronic stress exposure affects this PV and PNN maturation:
a recent study of prolonged stress in adolescent rats showed that
PNN maturation was slowed in medial and orbito-frontal cortices
and that frontally-mediated behaviors were impaired. Another
function of PNNs is to protect PV cells from oxidative stress, but
PNNs can themselves be damaged by excessive redox dysregula-
tion, which then results in PNN loss and prolongs critical period
plasticity or circuit immaturity [136]; this process has been
proposed to contribute to circuit instability in schizophrenia [137].

Changes in microglial activity. Microglia respond to changes in
neural activity by harnessing inflammatory signaling cascades to
assemble, remodel, and eliminate synapses across the entire
lifespan [85]. Increased endogenous microglia engulfment of
synapses (for example, due to a genetic predisposition to
exagerrated complement synapse-tagging [37]) may be one
explanation for the decrease in dendritic spine density, the
reduced gray matter, and the functional dysconnectivity seen in
schizophrenia [138]. However, complex bidirectional interactions
between physiological state, neuronal activity, and microglial
process dynamics are the rule. Pre- and postnatal early life stress
as well as stressors in adulthood can prime microglial reactivity
[139], leading to maladaptive synaptic remodeling and/or proin-
flammatory processes that can last throughout the lifespan [140].

In sum, the brain retains a lifelong capacity to toggle back and
forth between a less-plastic or more-plastic state as a function of
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PV interneuron function, PNN integrity, synaptic remodeling, and
microglial activity—processes which are exquisitely sensitive to
not just microcircuit E-I balance and neuronal activity levels, but
also to early life events, exposures to substances such as cannabis,
and the consequences of psychological stress such as altered
neurohormonal activity and redox dysregulation [137, 140, 141].

Chronic unreliable (noisy) inputs dysregulates critical period
plasticity mechanisms

Prolonged exposure to unstructured stimuli—unreliable or noisy
sensory inputs—can have the same effect as deleterious rearing
environments in terms of derailing the trajectory of critical period
plasticity. For example, exposing juvenile rat pups to temporally
modulated white noise produces a shorter than usual critical
period for spectral tuning in the auditory cortex, while masking
normal auditory inputs with continuous white noise keeps it open
indefinitely [142]. As noted earlier, even in the mature cortex,
sensory inputs with low signal-to-noise ratios can maladaptively
open plasticity windows, as has been shown in young adult rats
housed in a noisy auditory environment for 8 weeks [67]. These
young adult animals show neuronal desynchronization, poor
tuning selectivity, and reduced sensitivity to low-probability
sounds, associated with reduced inhibitory interneuron expression
and decreased cortical myelin. Noisy sensory inputs, whether
originating from the environment or from endogenous factors
associated with aging or with pathology, drive inhibitory
interneuron functioning “backwards” and stimulate microglial
synaptic engulfment to generate functional and structural
changes consistent with immature circuit function.

What are the implications for psychosis spectrum illnesses? If
the cortex is exhibiting E-1 imbalance, manifesting prediction
errors, and functioning as an unreliable or noisy sensory processor,
this will result in a subtle degradation over time in the statistical
structure and fidelity of sensory inputs and in the predictive
machinery that resolves them; indeed, during the height of acute
psychosis, such statistical structure and fidelity is entirely
disrupted. This may toggle the prefrontal cortex into a state of
heightened (dysregulated, immature) plasticity. Abnormally ele-
vated neuromodulatory function may compound this state. Similar
to the aging brain, the result is not just cognitive impairment, but
can include the development of compensatory neural system
reorganization that is not always behaviorally adaptive [143]. In
adolescent rats, a mere 25% downregulation in PV levels in frontal
cortex was sufficient to significantly reduce GABAergic inhibitory
transmission in a manner that persisted into adulthood—
permanently disrupting prefrontal E-l balance, afferent processing
from the ventral hippocampus, and prefrontally-mediated beha-
viors [144]. These data suggest that adolescence is characterized
by a critical window for prefrontal PV interneuron maturation in
order to develop the adaptive “inhibitory endophenotype”
needed to sustain adult prefrontal functions. If sufficient PV
maturation does not occur during this critical window, then long-
lasting deficits in prefrontal microcircuit and macrocircit function-
ing are the consequence.

Dysregulated critical period plasticity appears to be a feature
of psychosis, especially in the early phases

Consistent with an abnormal state of immature plasticity, in a
recent bioinformatics study of microarray datasets of schizophre-
nia and bipolar disorder, Smith et al. found a distinct cluster of
60% of psychosis spectrum individuals who showed a “hyper-
plasticity phenotype” in their functional plasticity transcriptomics.
(They studied the critical period-related transcriptome for ocular
dominance plasticity in primary visual cortex, which presumably
reflects aspects of transcriptome activity related also to
experience-dependent plasticity processes [145]). The rest of the
sample showed either a reduced or normal functional plasticity
phenotype.
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Individuals with schizophrenia also exhibit transcriptional
immaturity of prefrontal cortex-expressed genes, such that the
transcriptional patterns more closely resemble those of infants 1-5
years old than healthy adults [146]. The expression of genes that
are normally increased during human prefrontal development
(maturation markers) is decreased, while genes for immaturity
markers are relatively increased, though to a lesser degree. The
relationship of these findings to illness duration is not known, nor
is their relationship to the accelerated brain aging described
further below. Individuals with schizophrenia also manifest
reduced perineuronal nets, reduced PV interneuron density, and
evidence of increased microglial activity [138, 147, 148].

In animal experiments, dysplasticity processes can affect
discrete subregions/circuits across a cortical sector, depending
on the nature of the abnormal sensory inputs [149]. The same may
well be true for prefrontal cortex in humans. Such a mechanism
might help to explain why different patterns of symptoms—
sensory hallucinations, delusions of control, paranoid beliefs—
emerge for different individuals, which could be a function of the
underlying prefrontal cortical circuit that is undergoing dysplastic/
hyperplastc changes and/or the functional hierarchical differences
among cortical sectors [54]. This is consistent with Sterzer et al.'s
discussion on how different kinds of prefrontal predictive coding
impairments might arise for different sensory modalities and their
integration [46].

It's worth noting that dysregulation of critical period plasticity
machinery is also likely in autism spectrum disorders (ASD), but
earlier in life [150]. Mouse models of ASD strongly implicate a
disruption of plasticity mechanisms that operate during the early
sensory critical periods (e.g., [151]), while [152] studies of familial
ASD risks converge on structural and functional deficits in visual
cortical areas at 6-12 months—a peak of visual cortical plasticity
and well before social dysfunction manifests. ASD may be
characterized by aberrant plasticity processes manifesting during
early critical periods in primary sensory cortices, with a down-
stream cascading dysregulation in social information processing
as the child develops. In contrast, psychosis spectrum illnesses
may be more preferentially associated with dysregulation of
plasticity mechanisms in prefrontal cortex during the later
adolescent critical period of social development—perhaps after
a slow cascading cumulation of subtle microcircuit changes.
However, the shared genetic risk observed between ASD and
psychosis, along with the fact that ASD-like features are seen in
approximately 20% of early psychosis individuals, implies an
overlap in pathophysiology for a subset of individuals [13].

Initially dysregulated and immature “hyperplasticity” may be
followed by hypoplasticity
Smith et al. [145] also observed that individuals with a shorter
duration of iliness showed the hyper- critical period transcriptional
phenotype; individuals with an intermediate duration of illness
showed no change in critical period gene expression; and
individuals with a long duration of illness had a hypo- critical
period transcriptional phenotype. This suggests that illness
duration has a dose-dependent influence on the expression of
critical period genes and that earlier phases of illness are
characterized by immature or dysregulated “hyperplastic” pro-
cesses characteristic of an immature prefrontal cortex. At the same
time, brain structural changes observed in people with psychosis
suggest an accelerated developmental period (see ref. [153]);
individuals with schizophrenia reach their point of greatest white
matter functional anisotropy six years earlier than controls [154].
A large body of work also shows a consistent pattern of
differences in cortical connectivity and activity/excitability
between very early and chronic phases of illness, moving from
abnormally high to abnormally low. In early illness, patterns of
brain-wide resting state functional hyperactivity and hypercon-
nectivity are observed, especially in the prefrontal cortex (e.g.,
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Fig. 3 Critical periods of plasticity—from infancy to adulthood—
in sensory-motor systems, language, and social competence/
executive functioning. a Normal development. b Hypothesized
hypoplasticity psychosis spectrum illness course—Low-level micro-
circuit anomalies and/or hypoplastic processes are present at birth,
subtly affect sensory-motor and language development, accumulate
over time, and worsen in adolescence and through adulthood.
¢ Hypothesized hyperplasticity illness course—Subtle microcircuit
dysfunction or hypoplasticity may be present prodromally (e.g.,
possibly manifesting during language development) but then
cascades into cortical hyperexcitability and the sudden dysregula-
tion/upregulation of cortical plasticity mechanisms during adoles-
cence. Secondary hypoplasticity processes ensue. (Adapted with
permission from ref. [142]).

[155] and are associated with the severity of positive symptoms
[156]. Later in the illness, functional hypoconnectivity is seen
(resting state functional connectivity is felt to reflect Hebbian
neural system plasticity (Guerra-Carrillo et al., 2014).). The degree
of cortical functional hyperactivity in the first episode correlates
with the decline in functional connectivity over time (as reviewed
in ref. [4]). Dysregulated high frequency oscillatory activity is seen
in early phases of the illness [157, 158]; during the clinical high risk
period, elevated high-gamma activity, consistent with increased
glutamatergic excitability, is observed in frontal and temporal
areas, but in later phases of illness it is abnormally reduced [57].
These findings, though not definitive, suggest that a period of
dysregulated cortical “hyperplasticity” may be followed later by
hypoplasticity in at least some individuals, and may reflect a
distinct process from a more persistently “hypoplastic” phenotype
(Fig. 3).

What is not at all clear is whether this developmental picture of
dysregulated hyperplasticity in adolescence followed by later
hypoplasticity is the general rule, or if it reflects just a small piece
of a complex picture of genetically-determined hyper/hypo
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plasticity imbalance that exists in different subgroups of people
with psychosis. Certainly, the psychosis biotypes identified by the
BSNIP consortium—and the fact that the biotypes hold true in
first-degree relatives—suggest this latter model. Biotype 1
individuals manifest cortical hypoexcitability along with significant
and widespread reductions in gray matter volume and poorer
cognition and functioning [159], consistent with a persistent
hypoplasticity syndrome, accelerated aging, and a more relent-
lessly impairing form of illness [2]. But Biotype 2 individuals show
high cortical excitability and less extensive reductions in gray
matter volume, suggesting causal roles for psychological stress
and trauma, which are associated with intrinsic sensory hyper-
activity and bottom-up inhibition deficits [160]. Biotype 2 is also
reminiscent of the sensory hyperexcitability and prefrontal
hyperconnectivity reported in early phases of psychosis
[155, 157], and could be consistent with potential hyperplasticity
processes being at play [145].

Dysregulated plasticity is associated with progressive gray
matter loss

If dysregulated or “hyperplastic” critical period processes are
occurring in early phases of illness, they are happening
concurrently with dynamic macro-scale structural brain changes
that signal a devolving cortex, consistent with over-exuberant
synaptic sculpting as the brain attempts to shape its representa-
tions to an environment with unreliable statistics and/or is
responding to increased stress and inflammation. High-risk
individuals who develop psychosis have greater rates of cortical
atrophy and reductions in the fractional anisotropy of white
matter than those who don’t over the one-year period prior to
onset of illness [161, 162]. In animal models, sensory deprivation,
sensory noise, deleterious environments, and social isolation all
impact cortical integrity and myelination [163]. Of note, in high
risk individuals who do not develop psychosis, rates of cortical
atrophy are also accelerated but to a lesser extent, suggesting the
importance of protective or resilience factors in mitigating the
transition to psychosis in an otherwise at-risk brain that manifests
dysplastic structural changes [161].

After the onset of psychosis, accelerated brain aging continues
to be observed, particularly in the first few years. Changes include
reduced white and gray matter volume [164] and changes in gray
matter density maps [165]. The rate of gray matter volume loss is
greatest in young adulthood, consistent with an accelerated
synaptic reduction during early illness [166]. In contrast, reduc-
tions in white matter functional anisotropy and the rate at which
those reductions grow are increased over the lifespan, consistent
with a brain that is gradually becoming “unwired” (losing integrity
in long range communication pathways) in response to altered
cortical processing [154, 166]. Similar findings are seen across the
population as a function of genetic risk, suggesting again that
adolescence critical period dysplasticity mechanisms are a
permissive rather than causal factor and that resilience or
protective factors are important [167].

Increases in inflammatory signaling, which as mentioned earlier
are known to impact synaptic pruning [168], may play a role in this
accelerated aging process. Proinflammatory plasma cytokines
predict the future one-year gray matter loss in high-risk
individuals, as do a briefer duration of prodromal symptoms
[161]. This clinical picture of acute symptom onset + elevated
inflammatory processes + accelerated gray matter loss may repre-
sent a group of individuals who have rapidly entered a period of
hyperexcitability-induced dysregulated plasticity and cortical fail-
ure, as compared to individuals with an insidious symptom onset
with less acutely accelerated gray matter loss, who may be
characterized by long-standing hypoplastic processes dating back
to childhood or earlier (Fig. 3). Inflammatory dysregulation could
be an important causal factor for the first group, in which case it
might drive dysplasticity via its influence on oxidative stress, PNNs,
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and microglial functioning, or could be secondary to altered
cortical efficiency (acute onset of significant excitability/neuronal
ensemble decorrelation) and the experience of an unpredictable
and persistently stressful environment.

Generally speaking, however, by the time the illness has
entered chronic phases, the picture is one of gray matter loss
and widespread impaired plasticity responses within and across
neural circuits [169]. Degeneration of neuromodulatory function is
likely a major contributor to the diminished plasticity. While we
discussed dopamine’s pro-plasticity effects in Section “Experience-
dependent dysplasticity in psychosis emerges from activity
decorrelation within neuronal ensembles”, cholinergic and nora-
drenergic neuromodulation are also key regulators of plasticity,
facilitating cue detection, attentional control, molecular synaptic
plasticity, and thalamo-cortical connectivity [170, 171]. Cholinergic
and noradrenergic tone are reduced in the illness and all three
neuromodulatory systems are affected by the medications that are
commonly prescribed. Anticholinergic medication burden in
particular has a strong deleterious affect on cognition and cortical
function and is associated with a reduced response to
neuroplasticity-informed cognitive training [172, 173].

Compensatory plasticity processes are the rule

In the face of both pathologic challenges and normal experience-
dependent changes, the brain engages in functional adaptations
to maintain the stability and functional capacity of neural
networks. Compensatory plasticity mechanisms can occur across
different levels of scale, with different temporal trajectories and
downstream effects, and with different pathogenic implications.
We highlight several examples.

Compensation at the microcircuit level. [152] performed dynamic
causal modeling on EEG (resting state, ASSR, MMN) and on resting
state fMRI data from individuals with schizophrenia and found
that the experimental data were best accounted for by a single
underlying parameter change: greater self-inhibition in excitatory
pyramidal cells. However, they also found that this primary loss of
synaptic gain on pyramidal cells appeared to be compensated for
by a secondary downregulation of inhibitory interneurons, and
that psychotic symptoms were the result of this secondary
downregulation.

Compensation at the systems level. [4] have posited that
“compensatory” homeostatic plasticity processes explain the
progressive loss of neural network structure and function that
occurs over time in schizophrenia. Consistent with [174], they
suggest that initial microcircuit hyperactivation triggers functional
and possibly structural synaptic downregulation that then
cascades from the microcircuit to the macrocircuit level, resulting
in widespread prefrontal functional disconnectivity as a homeo-
static process. During a spatial memory task, as an example, theta
phase coupling between mPFC and medial temporal lobe is
impaired in people with schizophrenia and does not show the
normal association with task performance that it does in controls.
The medial temporal regions implicated overlap with regions
showing reduced GABA, receptor availablility, suggesting a role
for reduced inhibitory tone in this process [175].

Prefrontal disconnectivity, including prefrontal-thalamic dis-
connectivity, coexists with hyperconnectivity between thalamus
and sensory cortices [176, 177]. This signature is increased in
individuals who are at clinical high-risk for psychosis, with the
most pronounced changes being in individuals who will later
develop illness [178]. Prefrontal-thalamic circuits are uniquely
equipped to support cognitive functions which require extended
cortical representations over time. A recent study [179]
employed chemogenetic circuit suppression in maturing mice
to demonstrate that activation of thalamo-prefrontal circuits
during the adolescent critical period but not in adulthood was
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necessary to establish normal cognitive function and behavior. If
these circuits are functionally impaired, the brain may attempt
to co-opt plasticity in thalamo-sensory networks in an attempt
to compensate for prefrontal dysfunction, but such compensa-
tion is unlikely to be completely successful. Schmitt et al have
shown in rodents that mediodorsal thalamo-prefrontal inputs
can amplify local prefrontal connectivity in a supralinear way,
but lateral geniculate thalamo-visual cortical inputs only amplify
in a sublinear fashion [180].

Consistent with these ideas, in an MEG study of the encoding
of speech sounds in people with schizophrenia, participants with
schizophrenia did not show the normal correlation of task
performance with task-induced high-gamma power in superior
temporal gyrus that was observed in healthy subjects [181].
Instead, they recruited the left visual word form area (VWFA).
VWFA activity during encoding correlated with a neuropsycho-
logical measure of auditory working memory and also with the
magnitude of hallucinations. It is plausible that left VWFA
plasticity was harnessed to compensate for dysfunction in
superior temporal gyrus in people with high hallucinations,
suggesting a partially successful functional reorganization in
visual association cortex in response to abnormal neuronal
dynamics in the temporal sector.

A deeper understanding of compensatory network changes is
likely to be important for optimal treatment development. [182]
has shown abnormally increased thalamo-temporal connectivity
at baseline in young recent-onset individuals, consistent with
the literature, but also found that after intensive cognitive
training of the auditory system, this connectivity was increased
even further compared to the control group. Moreover, the
increase in thalamo-temporal connectivity was positively asso-
ciated with post-training gains in cognition. This suggests that
training (or other corrective experiences) may sometimes
harness a compensatory pathway to drive behavioral improve-
ments, while in other instances, compensations may result in
further functional or behavioral impairment.

Plasticity-informed treatment approaches to address unmet
treatment needs

The most important principle to emerge from this develop-
mental theme is “The right intervention for the right process at
the right time.” A second principle, which so far has not received
much focused research attention, is the clear role for protective
or resilience factors: if progressive gray matter loss and
abnormally increased thalamo-cortical connectivity are observed
in clinical high risk individuals and in individuals with high
genetic loading who do not develop psychosis spectrum illness,
then what is protecting them? Can we deliberately harness these
protective factors? Finally, the noisy/unreliable cortical dynamics
and hypoplasticity seen in persistent psychosis, along with
indices of accelerated brain aging, suggest that we may gain
useful insights from considering senescence mechanisms in the
brain as another window into the illness trajectory and avenue
for intervention. For all of these questions, we need a better
understanding of the reverberating interactions linking primary
and downstream pathogenic processes to each other, to the
brain’s plasticity responses, and to clinical symptoms, before we
can create a precise map for the nature and timing of optimal
interventions. But a few ideas are evident and either have an
emerging evidence-base or are ripe for further investigation
(Table 3).

For example, all individuals with psychosis spectrum illness are
likely to benefit from approaches which reduce anti-cognitive and
anti-plasticity factors. Foremost among these is changing our
prescribing practices to reduce (whenever possible) anticholiner-
gic burden. Other interventions include a therapeutic focus on
adaptive social and cognitive stimulation and a vigorous approach
to reducing obesity and improving nutrition; findings are coming
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Table 3.

Mechanism of action
Reduce antiplasticity factors

Increase pro-plasticity factors

Modulate the trajectory of
prefrontal critical period
plasticity/dysregulated plasticity

Phase of lliness/lliness biotype to be targeted

Likely relevant to all individuals experiencing
psychosis spectrum illness

May need special considerations for the subgroup of
individuals characterized by neuroinflammation?

Likely most relevant for individuals who are in
ongoing phases of illness and/or for biotypes with
longstanding premorbid cognitive impairment,
prefrontal dysfunction, cortical hypoexcitability, and
hypotheized hypoplasticity

Likely most relevant for a subgroup of individuals
who are late in the clinical high-risk period or who
are in their first episode of psychosis without
evidence of long premorbid decline

May include biotypes without marked premorbid
cognitive impairment who show cortical
hyperexcitability and hypothesized hyperplasticity
Might be important in early-phase individuals who
have marked neuroinflammation?

A neuroplasticity-based perspective on near-term clinical practice and clinical research directions for psychosis spectrum illnesses.

Potential treatment approaches

Eliminate or reduce medication-induced
anticholinergic burden through all possible
prescribing approaches

Intervene to avoid or mitigate social
deafferentiation and maintain appropriate levels of
social/cognitive stimulation

Vigorously address obesity and poor dietary practices/
dysbiosis/systemic inflammation [183]

Since both immune activation and suppression impair
plasticity [197], need judicious use of anti-
inflammatory agents, especially in early phases [198]

Offer cognitive and social cognitive training,
psycho-social therapies

Use neuromodulation and/or pharmacotherapy to
enhance cognitive training effects

Encourage regular aerobic exercise

Consider prescribing pro-plasticity agents: e.g.
metformin, valproic acid or other HDAC inhibitors, D-
serine, cholinergic M4 allosteric modulators [198-201]
Early music training may serve as a long-term
protective intervention [186]

Judicious use of GABA-ergic medications that
reduce cortical excitability and reverse
dysregulated plasticity responses (e.g.,
benzodiazepines, possibly gabapentin)

Prescribe antioxidants to mitigate dysplasticity effects
of oxidative stress [202]

Develop an in-depth understanding of psychosocial
and biological protective factors in clinical high-risk
individuals who manifest brain changes but do not
transition into psychosis

Italics indicate plausible approaches that have an emerging evidence-base but require additional research. The optimal timing and personalization of these
approaches will require a deeper knowlege of the abnormalities in plasticity mechanisms that occur within and across subgroups of individuals and also as

someone moves from the clinical high risk phase into a defined episode of psychosis.

to light on the associations among the traditional Western diet,
dysbiosis, inflammation, and reduced neuroplasticity [183].

In people with more persistent illness showing features of
ongoing hypoplasticity, a wide range of pro-plasticity interven-
tions will be important—to include not just cognitive and social-
cognitive training and psychosocial therapies, but also physical
exercise, which has a strong evidence-base but is not yet a
primary focus of most treatment programs [184]. Additional
research will determine how to optimally apply these interven-
tions in conjunction with pro-plasticity medications and neuro-
modulation. The anti-glycemic anti-senescence medication
metformin induces expression of BDNF and reduces stress-
induced behavior in mice, suggesting its potential usefulness as
an adaptive pro-plasticity agent [185]. Valproic acid and other
HDAC-inhibitors, D-serine, and M4 allosteric modulators all have
pro-plasticity effects as well, as does early-life music training [186].

There appears to be a subgroup of individuals with a more acute
onset and evidence of abruptly dysregulated plasticity, possibly
including significant inflammatory signaling, oxidative stress, and
consequent dysfunction in PV cells, devolving PNN integrity, and
increased synaptic pruning that leads to progressively worse
downstream cognitive effects [187]. For these individuals, modulat-
ing those processes as soon as possible will be important [136]. This
will include the vigorous early use of antioxidants and molecular
brakes that can close runaway or dysregulated critical period
plasticity [188], such as the judicious use of medications that
enhance inhibitory GABA-ergic tone. Specific intensive cognitive
training and social skills-focused psychosocial treatment are also
known to protect against the progressive gray matter loss seen in
early illness, as unequivocally shown in the work of [72, 109, 189],
and can be enhanced by pro-cognitive medications as well as
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neuromodulation. The search for other protective factors—endo-
genous and exogenous—should be a major focus of investigation.

FUTURE RESEARCH DIRECTIONS

A number of near-term and long-term research questions and
treatment implications emerge from the neuroplasticity lens we
have used in this review. They range from actions which clinicians
can implement immediately, such as reducing the use of
anticholinergic medications as much as possible [173] and
thoughtfully considering the off-label use of anti-inflammatory
and anti-oxidant agents in early illness [190], to long-term gene-
expression modification therapies.

High-yield insights will come from basic science experiments
that delineate: (1) How both exogenous and endogenous factors
contribute to the dysregulation of prefrontal plasticity during
adolescence; and, (2) How this process drives micro-circuit and
macro-circuit changes related to hyperexcitability, impaired
interneuron inhibition and PNN maturation, microglial activity,
and subsequent hyperplastic/dysplastic changes in brain structure
and connectivity. Computational models will need to account for
the reverberating nature of aberrant plasticity processes that
occur at all levels of the brain’s information processing hierarchy.
Experimental work will need to probe the unique nature of
plasticity changes that may occur in functionally distinct prefrontal
circuits and the compensatory mechanisms that arise as a
consequence. Well-designed basic science experiments that study
perturbations in plasticity mechanisms at various levels of scale,
supported by algorithmic and neurophysiological computational
modeling that are applied to longitudinal human data, will help to
shed light on these complex interacting processes.
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