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As psychedelic compounds gain traction in psychiatry, there is a need to consider
the active mechanism to explain the effect observed in randomized clinical trials.
Traditionally, biological psychiatry has asked how compounds affect the causal
pathways of illness to reduce symptoms and therefore focus on analysis of the
pharmacologic properties. In psychedelic-assisted psychotherapy (PAP), there is debate
about whether ingestion of the psychedelic alone is thought to be responsible for
the clinical outcome. A question arises how the medication and psychotherapeutic
intervention together might lead to neurobiological changes that underlie recovery from
illness such as post-traumatic stress disorder (PTSD). This paper offers a framework
for investigating the neurobiological basis of PAP by extrapolating from models used
to explain how a pharmacologic intervention might create an optimal brain state during
which environmental input has enduring effects. Specifically, there are developmental
“critical” periods (CP) with exquisite sensitivity to environmental input; the biological
characteristics are largely unknown. We discuss a hypothesis that psychedelics
may remove the brakes on adult neuroplasticity, inducing a state similar to that of
neurodevelopment. In the visual system, progress has been made both in identifying
the biological conditions which distinguishes the CP and in manipulating the active
ingredients with the idea that we might pharmacologically reopen a critical period in
adulthood. We highlight ocular dominance plasticity (ODP) in the visual system as a
model for characterizing CP in limbic systems relevant to psychiatry. A CP framework
may help to integrate the neuroscientific inquiry with the influence of the environment
both in development and in PAP.

Keywords: critical period plasticity, neuroplasticity, visual system, psychedelics, biological psychiatry,
psychotherapy

INTRODUCTION

The psychedelic treatment paradigm is one in which, following a comprehensive preparation
process, a psychedelic medicine is administered for one or up to several sessions. The psychedelic
produces an altered state of consciousness which is thought to facilitate self-exploration
and insight. These insights are then examined in integration sessions in the absence of the
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medicine (Doblin et al., 2019). This treatment approach is
different from the prevailing model of psychopharmacology
in which a medication is used to bring about symptom
reduction by providing corrective neurochemical effects on
faulty pathways implicated in psychiatric disorders (DePierro
et al., 2019). There remains debate about the centrality of
the psychotherapy and the acute subjective experience in the
psychedelic treatment (Heifets and Malenka, 2019; Olson, 2021;
Yaden and Griffiths, 2021). Moreover, it has been suggested
that the therapeutic properties of the psychedelic may not
require the altered state of consciousness, but is rather based
on the pharmacologic profile of the compound (Olson, 2021).
Consideration of the extra-pharmacologic factors challenges the
classic translational approach of biological psychiatry based in
psychopharmacology that targets and reverses causal pathways of
disease (DePierro et al., 2019).

Indeed, a prevailing model born from translational research is
that chronic stress causes pathological atrophy of cortical neurons
in the prefrontal cortex which can be reversed by rapid-acting
antidepressant compounds such as ketamine, thus abolishing the
patient’s psychiatric symptoms (Duman et al., 2016; Moda-Sava
et al., 2019). Some argue that psychedelics can be fit into this
model since they are thought to engage familiar neuroplasticity
targets such as the serotonin 5-hydroxytryptamine-2A receptor
(5-HT2AR), the glutamatergic α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) pathway, and brain-derived
neurotrophic factor (BDNF)/tropomyosin receptor kinase B
(TrkB) signaling in cortical regions (Kadriu et al., 2021).
The neuroplastic effect is seen by induced structural changes:
dendrites in cell culture (Ly et al., 2018); functional changes:
increased mean firing rate of layer 5 pyramidal neurons in the
prefrontal cortex (Vollenweider and Preller, 2020); and epigenetic
changes: neuroplasticity-related genes (Martin and Nichols,
2018). Novel therapeutics that target these known pathways
with increasing specificity and potency yet lack accompanying
psychoactive/experiential effects are in the drug development
pipeline (Cameron et al., 2021).

However, a different perspective from clinical researchers
working with psychedelics has emphasized the centrality of a
deep psychological or spiritual exploration that is induced by the
compound when given in the appropriate context (Greer and
Tolbert, 1986; Belser et al., 2017; Bogenschutz and Forcehimes,
2017; Sessa, 2017; Wagner et al., 2017; Feduccia and Mithoefer,
2018; Garcia-Romeu and Richards, 2018; Nielson and Guss, 2018;
Breeksema et al., 2020; Reiff et al., 2020; Sloshower et al., 2020;
Mithoefer, n.d.). The common recreational use of psychedelics,
yet lack of spontaneous psychiatric illness remission, and even
potential psychological harm, in users calls attention to the
importance of extra-pharmacologic factors. Yet because of what
data is currently available and currently possible to obtain, the
two sides remain valid opposing theoretical viewpoints.

To integrate these seemingly disparate mechanisms of
action—biological and psychological—one does not have to look
far to find a wealth of literature that purports that neuroplasticity
can provide a biological model of how the response to the
environment manifests in neurobiological change. Highly cited
articles such as Castrén (2005); Branchi (2011), and Karpova et al.

(2011) have proposed variations of the “undirected susceptibility
to change model” (Branchi, 2011) that the mechanism of
antidepressants may be to enhance the malleability of relevant
brain circuits to environmental influence. Therefore, the range of
clinical outcomes that results from manipulating neural plasticity
may greatly depend on the environmental context in which they
are taken. Nonetheless, a decade later, induction of synaptic
neuroplasticity is still viewed as a proxy or biomarker for positive
clinical effect (Moda-Sava et al., 2019; Cameron et al., 2021). To
make progress in understanding the neurobiology of psychedelic
assisted psychotherapy (PAP), we suggest investigating the
interaction of the psychopharmacology and its context. This
requires adopting a new theoretical approach to design studies
to help explain mechanism.

Now we turn to consider a developmental framework that
advancement in psychiatric treatment may result from the
discovery of interventions that “release the brakes that retard”
adult neuroplasticity (McEwen, 2012) to induce the heightened
sensitivity to the environment observed during specific periods of
development. “Neuroplasticity” is a heterogeneous phenomenon
that has become an imprecise term. This review addresses a
specific type of in vivo neuroplasticity in living animals: critical
period plasticity (CPP), as seen in ocular dominance plasticity
(ODP) in the visual system.

A critical period is a window in which environmental input
is necessary for the appropriate development of the relevant
brain circuit. During a critical period, the brain has a heightened
plasticity in which experiences have robust effects on establishing
stable neurocircuitry. During this developmental period, the
brain’s malleability creates both a vulnerability to environmental
insults or deprivations as well as a remarkable ability to quickly
and robustly acquire skills. After the closure of critical periods,
neuronal changes are still possible, but more restricted. Recent
studies using the ODP model indicate that the nature and
the underlying mechanisms of this juvenile form of robust
plasticity –CPP– are distinct from adult types of neuroplasticity
(Hensch, 2005; Morishita and Hensch, 2008). While various
studies have correlated critical periods to synaptic plasticity
mechanisms (Feldman, 2000), other cellular processes have been
increasingly implicated in causally regulating CPP (Nabel and
Morishita, 2013). The set of mechanisms involved in the opening,
maintenance, and closing of CPP in primary sensory modalities—
and in ODP specifically—have been elucidated, thus its candidacy
to serve as a model system.

This paper highlights advancements in visual science as a
model system for elucidating the molecular and circuit machinery
responsible for the opening and closing these sensitive periods
of development. The previous literature on CPP and other
psychotropic medications is briefly reviewed. Finally, a case is
made for investigating PAP through the lens of CPP. Perhaps
these biological underpinnings of CPP can help understand how
encounters with salient environmental stimuli during a sensitive
period of development or a psychedelic experience durably alter
functional neurocircuitry.

Of note, the definition of a psychedelic in clinical psychiatry,
in the community, and in neuroscience remains imprecise.
For example, while ketamine shares pharmacologic properties
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with psychedelics, it also has distinctions (Kadriu et al., 2021).
While the psychedelic-like nature of ketamine continues to
be explored (Mathai et al., 2020), it has not been packaged
together with psychotherapy for FDA approval as have 3,4-
Methylenedioxymethamphetamine (MDMA) and psilocybin and
therefore was not included here as a psychedelic.

SENSITIVE PERIODS OF
PSYCHOLOGICAL DEVELOPMENT

During development, sensitive periods occur in which the
brain is particularly sensitive to environmental input (Knudsen,
2004). If an adverse experience or deprivation occurs during a
psychological stage of development, it has the power to affect
lifelong psychological functioning whereas experiencing the same
events as an adult may not have as robust an impact (Lupien et al.,
2009; Pratchett and Yehuda, 2011). In developmental psychology,
critical (or “sensitive”) periods have been characterized by
rodent studies (Curley and Champagne, 2016), and naturalistic
human deprivation studies such as institutional rearing (Bick and
Nelson, 2016; Nelson et al., 2019). Such research informs the basis
of early-intervention programs such as for Autism (Landa and
Kalb, 2012).

Development of the emotional brain likely consists of
many different overlapping sensitive periods of higher-order
functioning such as attachment, emotion regulation, and social
cognition (Piekarski et al., 2017). Adversity differentially affects
the developing brain during critical periods (Nelson and Gabard-
Durnam, 2020). Targeted enrichment in developmental domains
are most effective during well-characterized temporal windows of
opportunity (Marín, 2016). Yet the neurobiological mechanisms
surrounding the opening and closing of these critical periods have
not been well elucidated. Accordingly, there is a need for a model
system in which the brain is disproportionately affected by the
environment during discrete developmental periods.

CRITICAL PERIOD PLASTICITY IN THE
VISUAL SYSTEM

CPP has been well formulated in the visual system across species
(Wiesel, 1982; Hensch and Quinlan, 2018). ODP in the primary
visual cortex (V1)—necessary for the development of binocular
vision—is the most extensively studied form of CPP. Ocular
dominance is reflected in the representation of the left versus
right eye inputs into striate ocular dominance columns in V1.
Similar to social and emotional development, a lack of expected
environmental input to the relevant system during childhood
either by insult or deprivation results in lasting deficits (Wiesel,
1982; Hensch and Quinlan, 2018). If one eye is deprived of
normal input (e.g., from cataracts, or experimental monocular
deprivation) during the well-defined critical period, the deprived
eye will have poor visual acuity due to a shift of neuronal spiking
response in V1 in favor of the open eye; amblyopia (“lazy eye”)
will result (Wiesel, 1982; Hensch and Quinlan, 2018). If the strong
eye is patched, amblyopia can be reversed and vision restored,

but only if during the critical period in late childhood. Similarly,
deprivation outside the critical period does not cause amblyopia
(Wiesel, 1982; Hensch and Quinlan, 2018). The temporal window
of CPP corresponds with a period of rapid physical growth when
the distance between the two eyes increases and thus the visual
receptive fields are constantly changing. The mechanism of both
the opening and closing of the visual critical period has largely
been elucidated, thus its utility as a model system.

By identifying the molecular brakes that typically halt
visual CPP, pharmacologic intervention has made it possible to
remove the brakes, thus re-opening visual CPP (Morishita and
Hensch, 2008; Bavelier et al., 2010). Under these conditions, if
the proper environmental stimulus is provided, near-blindness
from amblyopia can be reversed in rodent models. But this
intervention was not found by the traditional translational
approach whereby solely modulating druggable targets in
amblyopia’s pathophysiology reverses the illness without being
in concert with proper experience. Instead, a pharmacologic
intervention creates the molecular conditions in V1 whereby the
brakes of CPP are released, and a specific environmental input
(that was lacking or polluted during a time when it was necessary)
can exert abiding effects (Vetencourt et al., 2008; Sale et al., 2014).

The translatability of molecular targets involved in visual CPP
to psychological conditions has already begun to be explored.
For example, the excitatory/inhibitory balance of interneurons
that shifts during critical periods may also be relevant in
limbic circuits (Kuhlman et al., 2013; Murthy et al., 2019).
Key features of ODP including perineuronal nets, myelin-
related nogo receptor signaling, and Lynx family proteins– key
features in ocular dominance CPP– have signs of translatability
including their involvement in fear-memory in the hippocampus,
amygdala, and prefrontal cortex (Nabel and Morishita, 2013).

CRITICAL PERIODS AND
PSYCHOTROPIC MEDICATIONS

The relevance of visual CPP to psychiatry has been a topic
revisited by many (Bavelier et al., 2010; Hensch and Bilimoria,
2012; McEwen, 2012; Castreń, 2013; Nabel and Morishita, 2013).
Certain psychotropic medications, before the recent interest
in psychedelics, have been highlighted for their unexpected
induction of juvenile-like neuroplasticity in the visual system.
The growing body of literature is briefly reviewed in this section.

Chronic fluoxetine treatment was shown to reinstate ODP
in the adult amblyopic rat (Vetencourt et al., 2008). While
a functional intervention for amblyopia is typically only
corrective in childhood but not in adulthood, in this experiment,
reinstatement of juvenile-like plasticity allowed for complete
recovery of vision when paired with the functional intervention
(Vetencourt et al., 2008). The induction of plasticity was a
result of serotonin-induced reduction in intracortical GABAergic
inhibition and increased BDNF expression leading to a shift
the intracortical inhibitory-excitatory balance (Vetencourt et al.,
2008). Furthermore, the study of ketamine, which similarly
reopens a critical period for ODP, has cast light on the
reopening process as an neuregulin-1-dependent restoration
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of excitatory input onto parvalbumin cells, thus enhancing
cortical inhibition (Grieco et al., 2020). Ketamine’s rapid
effect on ODP has also been shown to be mediated through
TrkB signaling (Casarotto et al., 2021). Using ketamine
as a tool has helped to better characterize the molecular
components involved in the opening and closing of ODP
critical periods.

The generalizability of critical periods in the visual system
to that of affective circuits is of great relevance should this
framework hold promise for the development and adoption
of neuropsychiatric therapeutics (Spolidoro et al., 2008; Nabel
and Morishita, 2013; Sale et al., 2014). The fear extinction
paradigm has been targeted for investigation because of its
quantifiable outcome and translatability from animal models.
Typically, an enduring loss of a conditioned fear memory
is only possible during a juvenile critical period, but not
in adult mice. Indeed, selective serotonin reuptake inhibitors
(SSRIs) (Karpova et al., 2011) and ketamine (Ju et al., 2017)
both lead to enduring loss of a conditioned fear memory
when paired with a fear extinction paradigm. Furthermore,
fluoxetine’s structural and functional effect on the basolateral
amygdala was evidence that the reopening of a CP in the
fear circuit mirrors that of ODP (Karpova et al., 2011). These
are early signs that certain psychotropics may reopen select
affective critical periods such as fear, and that the mechanism
of reopening in these circuits may be similar to that of
reopening critical periods of ODP. At the same time, evidence
calls into questions that ketamine’s antidepressant effects are
plasticity-dependent (Moda-Sava et al., 2019; Abdallah et al.,
2020).

As introduced above, SSRIs and ketamine have both
been evaluated in the framework of ODP whereby the
medication makes a circuit malleable for experiential input, both
necessary for an enduring change. However, novel treatments
in psychopharmacology have not been conceived, designed,
or implemented as an aid to environmental input until the
recent development of PAP. The concept of ODP is missing
from the psychedelic literature and discourse though its
relevance is promising.

PSYCHEDELICS AND CRITICAL PERIOD
PLASTICITY

In a CPP framework, the therapeutic mechanism of psychedelics
would be understood as the pharmacological properties of
psychedelics putting the brain in a CP “open state,” while the
psychotherapeutic aspect might retrieve appropriate engrams,
such as traumatic memories (Inserra, 2018) for modification—
now in a context of safety. Furthermore, the specific type
and intensity of psychological support framing the experience
has been correlated with clinical and efficacy outcomes
(Griffiths et al., 2018).

As discussed above, the developmental influence on fear
extinction shares features with ODP (Nabel and Morishita,
2013) and fear-extinction has been discussed as a potential
component of the psychotherapeutic process in MDMA-assisted

psychotherapy (Feduccia and Mithoefer, 2018). That psychedelics
may reopen a psychosocial CPP has been corroborated in
a rodent study of MDMA (Nardou et al., 2019). A social
critical period was defined in mice behaviorally as an age-
dependent peak in social reward learning. Biologically, this
period of development was characterized by a change in the
magnitude of oxytocin-dependent long-term depression (LTD)
of glutamatergic inputs to medium spiny neurons in the
nucleus accumbens. Intraperitoneal administration of MDMA
reopened the behavioral critical period by binding to the
serotonin transporter (SERT) and triggering a cascade leading
to a metaplastic upregulation of oxytocin receptors (OXTR)
and reopening of the social CPP and LTD at excitatory
synapses (Nardou et al., 2019). So far, there is no known
connection between the visual system CPP and this social
learning CPP, so further investigation is required to know
how molecular machinery of CPP may vary in different neural
circuits.

Notably, MDMA’s reinstating CPP only occurred in a social
context and not in isolated animals (Nardou et al., 2019),
providing more data to suggest that biological intervention can be
context-dependent (Hartogsohn, 2016, 2017; Haijen et al., 2018).

The 5-HT2AR often defines psychedelics as a class of
medications and may also provide a nascent avenue for linking
psychedelics and CPP. The synaptic plasticity associated with
both the “serotonergic” psychedelics such as psilocybin as well
as with MDMA has been found to be dependent on 5-HT2AR
signaling (Ly et al., 2018; Olson, 2018; Vollenweider and Preller,
2020) and recently 5-HT2AR been thought to be involved in
key developmental periods (Carhart-Harris and Nutt, 2017).
Although, there is now competing evidence that psychedelic-
induced plasticity may have a mechanism independent of 5-
HT2AR (Hesselgrave et al., 2021).

More studies are required to fully assess the contribution
of CPP re-opening to the mechanism of PAP, particularly in
humans. An empirical question remains regarding whether
MDMA and other psychedelics reopen ocular dominance CPP
as ketamine does (Grieco et al., 2020) and what the implications
would be for both visual science and psychiatry. An avenue
for future research might be translatable assays that can detect
re-opening of CP in humans.

DISCUSSION

The definition of CPP should be reiterated as a state in which
neural networks are exquisitely sensitive to environmental
inputs. Ocular dominance CPP may provide a theoretical
framework (see Figure 1) for biological investigation of
the synergistic effects of the psychopharmacologic and
psychological properties of psychedelic-assisted-psychotherapy
on clinical outcomes.

Many types and components of neuroplasticity
(e.g., properties of a synapse, morphological plasticity,
electrophysiological and biochemical changes, meta-plastic
changes) are likely involved in psychedelics, but carefully
characterizing and distinguishing the processes may have
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FIGURE 1 | A known paradigm in visual CPP is applied to a hypothetical model of PAP. In both top and bottom leftmost panels, an adverse environmental input
such as trauma, stress, or deprivation enduringly alters functioning, resulting in amblyopia (top) or psychiatric illness (bottom). Because of brakes on plasticity, there
is a valley that restricts or prevents major recovery. In the third panel, the brakes are removed by critical period plasticity openers such as SSRIs and valproic acid in
the case of vision or possibly psychedelics in the case of psychiatric illness. Removing the brakes alone does not restore functioning but rather makes the system
sensitive to environmental input. A therapeutic intervention—patch therapy for vision and psychotherapy for mental health—during the period of induced plasticity is
what returns the system to baseline.

clinical implications. Not all neuroplasticity is therapeutic–
for example, the morphological plasticity of cocaine is
thought to be implicated in its abuse potential (Li et al.,
2004; Ferrario et al., 2005; Russo et al., 2010; Marie et al.,
2012), however (unlike MDMA), cocaine does not reopen
a critical period for social reward learning (Nardou et al.,
2019) in mice, illustrating just one instance where the
distinctions between these “neuroplastic” processes may be
therapeutically significant.

Building on a body of literature that calls attention to
ocular dominance CPP as a potentially helpful framework for
psychiatry, we posit its relevance to fine-tuning investigation
of plasticity in psychedelic research. Moreover, ODP reflects
physiological plasticity characterized in living organisms in
contrast to other types of plasticity characterized in vitro
or ex vivo. Therefore, CPP may orient future work to a
different level of observation missing from psychedelic research.
For example, the excitatory/inhibitory balance of interneurons,
perineuronal nets, myelin-related nogo receptor signaling, and

Lynx family proteins might be informative upstream biomarkers
(Morishita and Hensch, 2008).

It is also possible that the mechanisms of ODP are
not the most applicable to psychedelics. While the ODP
critical period has been the most well-characterized, other
critical periods—such as imprinting behavior in chicks
(Jaynes, 1957), birdsong learning (Woolley and Rubel,
2002), rodent barrel cortex (Erzurumlu and Gaspar, 2012),
post-stroke motor learning (Zeiler et al., 2013), cognitive
flexibility (Gopnik et al., 2017), social/cognitive/affective
domains in adolescence (Piekarski et al., 2017; Dahl et al.,
2018), etc.—have been studied and likely do not share a
single universal set of mechanisms. It seems unlikely that
psychedelics might be a sort of master-key to reopen all
types of critical periods even beyond the limbic system,
but perhaps they might be a tool for better characterizing
neuropsychiatric critical periods, as was begun with the critical
period for social learning (Nardou et al., 2019). Furthermore,
biomarkers associated with psychedelic-induced plasticity may
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shed light on the developmental biology of critical periods
in limbic circuits (Castreń, 2013). However, a current lack
of translational assays to measure changes in CPP-specific
biomarkers limits the discussion to speculation. While some
translational biomarkers of neuroplasticity have been developed
(e.g., visually evoked potentials), they capture downstream
observed changes in plasticity not specific to CPP (Normann
et al., 2007).

If induction of CPP is a hypothesized mechanism for
psychedelics, translational research studies will need to be
re-evaluated to consider that what’s observed in vitro is
only a part of the biological mechanism that explains the
clinical effect. Equating neuroplastic-induction with clinical
outcome misses an opportunity to rigorously investigate the
many extra-pharmacologic factors that influence a patient’s
clinical and biological outcome. Rather than stopping at
trying to explain how a drug works, considering context
may help our field with trying to explain what halts and
what enables the brain to adapt to its environment. With
psychedelics as a probe and the translational research
paradigms of visual science to draw upon, perhaps biological
psychiatry is better poised to understand and manipulate
critical periods of plasticity in psychological development.
Just as McEwen called himself a “molecular sociologist,”

psychedelics may provide an opportunity to integrate
neuroscientific inquiry with the psychosocial context in
which a person heals.
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