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Psychedelic therapy has seen a resurgence of interest in the last decade, with promising clinical outcomes for the treatment of a variety
of psychopathologies. In response to this success, several theoretical models have been proposed to account for the positive therapeutic
effects of psychedelics. One of the more prominent models is “RElaxed Beliefs Under pSychedelics,” which proposes that psychedelics
act therapeutically by relaxing the strength of maladaptive high-level beliefs encoded in the brain. The more recent “CANAL” model
of psychopathology builds on the explanatory framework of RElaxed Beliefs Under pSychedelics by proposing that canalization (the
development of overly rigid belief landscapes) may be a primary factor in psychopathology. Here, we make use of learning theory in deep
neural networks to develop a series of refinements to the original CANAL model. Our primary theoretical contribution is to disambiguate
two separate optimization landscapes underlying belief representation in the brain and describe the unique pathologies which can arise
from the canalization of each. Along each dimension, we identify pathologies of either too much or too little canalization, implying
that the construct of canalization does not have a simple linear correlation with the presentation of psychopathology. In this expanded
paradigm, we demonstrate the ability to make novel predictions regarding what aspects of psychopathology may be amenable to
psychedelic therapy, as well as what forms of psychedelic therapy may ultimately be most beneficial for a given individual.
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a hierarchical predictive processing (HPP) framework (Keller and
Mrsic-Flogel, 2018). These overlying precise beliefs act as sticky
attractors in a dynamical system sense, becoming engaged under
a variety of different contexts, regardless of their appropriateness
to the situation. They are also difficult to unlearn due to the high
precision assigned to them by the underlying generative models
which support them.

The CANAL model draws on evidence from psychedelic
research, combined with various broader clinical observations
to support the proposition that most psychopathologies can be
understood from the perspective of canalization. The most clear
examples of pathologies that fit the canalization paradigm are
depression, anxiety, obsessive-compulsive disorder, and addiction.

Psychedelic therapy is seen as an increasingly promising avenue
for the treatment of a variety of psychopathologies (Sessa, 2018).
Given the clinical success of drugs such as psilocybin in the treat-
ment of disorders ranging from depression and anxiety to addic-
tion (Bogenschutz et al., 2015; Griffiths et al., 2016; Johnson and
Griffiths, 2017; Goldberg et al., 2020), it is natural to consider that
there may be an underlying common cause behind these patholo-
gles that psychedelic therapy is helping to address. Building on the
RElaxed Beliefs Under pSychedelics (REBUS) model of psychedelic
action, Carhart-Harris and Friston (2019) have proposed that what
they refer to as “excessive canalization” may constitute the pri-
mary factor underlying all psychopathology (Carhart-Harris et al., ’ : ) ) -
2022). Within this “CANAL” model of psychopathology, canaliza- In each instance, there is a specific behavioral, cognitive, or emo-
tion is the development of overly precise or rigid beliefs about the tional “mental circuit” which has been reinforced such that it is
state of the world, with beliefs being defined within the context of ~ triggered in a variety of contexts for which it is not appropriate.
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These circuits are equivalent to trajectories through the belief
landscape, which have a high likelihood of being taken and indeed
often have been taken at many points in the past. Triggering of the
circuit then results in maladaptive cognition, affect, or behavior
and likewise typically also leads to experienced suffering on the
part of the individual. This maladaptivity comes from a mismatch
between the high-level goals and intentions of the individual and
the result of deploying these mental circuits. Importantly, the
individual may even have metacognitive awareness of the mal-
adaptive nature of their behavior, but still be unable to modify the
underlying mental circuits that support it.

The phenomenon of canalization can be seen to involve the
reuse of mental circuits, which may have once been adaptive, but
no longer are in the current context, individuals find themselves
in. Early experiences leading to the development of canalized
mental circuits may be related to trauma, stress, or other forms
of hardship (Kessler et al., 2010). Mental circuits may also sim-
ply be no longer adaptive due to a significantly large shift in
the context an individual inhabits. This may include moving to
another city or ending a long-term romantic relationship. Given
that our living contexts change over time, often dramatically, it
is clear that circuits once adaptive might later become maladap-
tive. The development of maladaptive circuits may also be due
to overwhelming environmental factors that act more directly
on physiological mechanisms. Yet even then, an account of mal-
adaptive learning through attempted coping may be powerfully
explanatory and also beneficial in both reducing stigmatization
and foregrounding our common humanity (Neff, 2023).

The canalization model of psychopathology clearly has signif-
icant explanatory power, but is it sufficiently elaborated to cover
the broad spectrum of possible mental disorders? In particular,
can it make sense of potential pathologies of too little canalization
or provide recommendations for when psychedelic therapy should
be avoided as a treatment option? HPP and complex systems the-
ory provide a useful set of tools to understand psychopathology
and mental health (Hipélito et al., 2023; Girn et al., 2023). At the
same time, there exists a parallel research direction taking advan-
tage of advances in machine learning, and deep learning in par-
ticular (LeCun et al., 2015), which has seen significant success in
contributing to neuroscientific progress (Marblestone et al., 2016;
Richards etal., 2019) and progress in psychiatry in particular (Huys
et al., 2016), in recent years. In this article, we take initial steps
toward a reconciliation of these two approaches by proposing a
set of refinements to the CANAL model, which take insights from
deep learning theory. We believe that these refinements allow
for a more nuanced understanding of the ways in which canal-
ization manifests within learning systems and its relationship to
psychopathology. The field of deep learning is particularly fruitful
because it has been a domain within which adaptive behavior has
been studied for many decades in the context of continuous or life-
long learning (Parisi et al., 2019) and involves the study of complex
non-linear optimization dynamics, which also underpins learning
in living organisms (Rabinovich et al., 2006).

Concretely, using a simple recurrent neural network (RNN)
model (Barak, 2017), we demonstrate that the construct of canal-
ization can describe two independent phenomena in any complex
learning system, including the human brain. These are overfit-
ting and plasticity loss (Ying, 2019; Lyle et al., 2023). We then
connect this distinction to other relevant constructs in the larger
psychological literature and discuss the implications for the clin-
ical efficacy of psychedelic therapy and our understanding of
psychopathology more broadly. We demonstrate that within our
expanded framework, there are pathologies of either too much

or too little canalization along each of two independent axes. By
elucidating this refined perspective, which we refer to as “Deep
CANALs,” we hope that a clearer understanding of the contexts
in which psychedelic therapy may or may not be effective for a
given individual can be made possible. We believe that the addi-
tional conceptual complexity introduced into the CANAL model
in this work serves an important purpose toward the goal of ulti-
mately leading to better treatment outcomes in the futureand
likewise avoiding the rare but distressing potential negative effects
of psychedelic use (Johnson et al., 2008; Bremler et al., 2023).

Among the various computational models of the brain, HPP has
had significant success explaining and predicting a diverse array
of empirical phenomena (Walsh et al., 2020; Draganov et al., 2023),
both atlow and high levels of abstraction (Friston and Kiebel, 2009;
Kanai et al., 2015) (although for a critique of the framework, see
Bowers and Davis (2012)). According to HPP, the brain (and the
cortex in particular) can be understood as a collection of hierarchi-
cally organized generative models. Each of these models has the
objective of predicting the activity of hierarchically lower models
(i.e. closer to primary modalities) that serve as their input. To the
extent that the predictions do not account for the incoming infor-
mation from the lower levels, an error signal is produced. These
errors in prediction are then passed to hierarchically higher lev-
els (e.g. deep association, transmodal, and/or frontal cortices) as
inputs.

The learning objective that guides this process is the mini-
mization of variational free energy (Friston, 2010; Kirchhoff et al,,
2018), which corresponds to the prediction errors generated by
the system at each level of representation. The ultimate source
of entropy comes from outside the central nervous system, either
from external sensory information in the world or from interocep-
tive information gathered from the body of the organism (Seth,
2013). This simple objective of predicting the activity of other
generative models within the brain is said to make possible the
complex representational capacities that humans are endowed
with, as each functionally distinct generative model must develop
sophisticated representations to use as the basis of prediction. The
hierarchical nature of the system results in models at the lower
levels of the hierarchy developing representations that are more
concrete and at smaller spatio-temporal scales than those further
up the hierarchy. HPP, building on Bayesian theory, refers to these
representations as beliefs and to the strength with which they are
encoded as precision.

Within the context of the HPP framework, it is possible to con-
sider what happens to the finely tuned set of beliefs under the
effect of psychedelics. Psychedelics are believed to exert their sub-
jective (and therapeutic) effects primary through 5-HT,, agonism
(Vollenweider et al., 1998). This agonism results in postsynaptic
excitation, which is understood at the level of neuronal popula-
tions to lead to desynchronization and thus impaired function.
We can start by considering regions of the brain that have densely
expressed 5-HT,, receptors in their neuronal populations (Beliv-
eau et al., 2017). The regions of particular clinical interest are the
thalamus, the prefrontal cortex, and the claustrum.

The thalamus is responsible for the gating of sensory infor-
mation to the cortex. It has been hypothesized that psychedelics
disrupt the normal gating function of the thalamus, resulting
in additional sensory information entering the cortex during the
acute phase of drug effects (Vollenweider and Geyer, 2001). In an



HPP account, thalamic gating normally serves to reduce the pre-
cision of incoming information as a means of focusing limited
attentional resources on the most behaviorally relevant informa-
tion. When this function is disrupted, higher-precision sensory
evidence enters deeper/higher portions of the system, producing
larger prediction errors (relative to unaltered conditions) at vari-
ous generative models within the hierarchy. While this is generally
discussed in terms of allowing in more information from the world
(cf. cleansing the doors of perception), thalamic gating could also
be understood in terms of informational routing, where disrupt-
ing these functions could also result in unusual combinations of
beliefs, so producing novel states of mind.

The effect of increased prediction errors within the represen-
tational hierarchy is further catalyzed by the effect of 5-HT,, ago-
nism on the prefrontal cortex, which is thought to represent high-
level beliefs about the world, including various self-referential
beliefs (Miller and Cohen, 2001). By dramatically exciting neurons
in the prefrontal cortex (PFC), psychedelics can desynchronize
their collective activity. This desynchronization effectively dis-
rupts the neuron’s ability to contribute to the representation of
coherent beliefs about the self or other high-level abstract beliefs
that the PFC participates in supporting (Milliere et al., 2018).
According to the REBUS model, this disruption is understood to
prevent high-level generative models from making coherent pre-
dictions over beliefs at other representational levels, while simul-
taneously reducing the precision of those higher-level beliefs,
potentially resulting in complex cascades of belief alterations.

The inability of the brain’s high-level generative models to pre-
dict beliefs at lower levels corresponds to an inability to suppress
those lower-level beliefs. The result is that the incoming evi-
dence from lower-level beliefs has a stronger influence in updating
beliefs at higher levels. This lack of coherence of high-level repre-
sentations of beliefs may be further exacerbated by a disruption
of the normal activity of the claustrum, leading to typically func-
tionally unconnected regions of the predictive hierarchy entering
into communication with one another. Although the REBUS model
does not specifically address the role of the claustrum in these
effects, other recent models have given this region of the brain a
more central consideration (Doss et al., 2022). The effects of this
process are measurable through an increase in the complexity and
entropy of neural activity, as well as changes in functional connec-
tivity that have been observed in functional magnetic resonance
imaging (fMRI) studies of individuals under the effect of LSD, psilo-
cybin, and N,N-Dimethyltryptamine (DMT) (Tagliazucchi et al.,
2016). These acute changes have been referred to as “Temperature
of Entropy-Mediated Plasticity” in the original CANAL formulation.

According to the REBUS model, the effect of this change in cor-
tical dynamics is to relax the set of belief landscapes that the
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high-level areas of the cortex normally instantiate. This relax-
ation is hypothesized to be most clinically relevant at the high-
est levels of the representational hierarchy in the regions of the
brain responsible for self-referential beliefs (Letheby and Gerrans,
2017). Within the HPP framework, this relaxation corresponds to a
reduction in the precision of high-level beliefs encoded by gen-
erative models of the brain. Lower precision in a belief means
that the generative model is less confident in it, making it more
amenable to updating by conflicting beliefs at other levels of the
hierarchy. In this way, psychedelics can open a window of time
within which high-level beliefs can be more easily updated by evi-
dence from the brain-external world, from both the exteroceptive
senses and the interoceptive world of the body. As the effects of
the drug wear off, high-level neuronal populations are able to
effectively synchronize their activity once again, and the belief
landscape they instantiate gradually returns to a state of encoding
higher-precision beliefs once again. Although acute relaxation of
beliefs during psychedelic use (and the mechanisms by which this
occurs) remains largely hypothetical, there is increasing empiri-
cal evidence for some relaxation in the strength of beliefs after
psychedelic therapy (Zeifman et al., 2022).

Despite the hypothetical nature of these mechanisms, con-
siderable attention has been paid to developing them for use in
clinical and nonacademic contexts. Using an analogy from metal-
lurgy, this entire process has been popularly described as “neural
annealing” (Johnson, 2019; Gémez-Emilsson, 2021; Carhart-Harris
etal., 2022). This perspective implies that “heating up” the brain by
increasing the entropy of the neural activity is in some way com-
parable to increasing the temperature of a metal in order to have it
worked on and subsequently recooled. The “working of the metal”
that is performed while the individual is in the acute or posta-
cute psychedelic state is psychotherapy (of one form or another).
As the drug wears off, the system is then “recooled” and returns
to a less pliable state. Robust positive outcomes from psychedelic
use often depend on their use in a clinical, or at the very least,
therapeutically conducive setting (Yaden et al., 2022). As such, the
nature of the “work” done to malleable beliefs during psychedelic
therapy is of significant importance. See Figure 1 for a simple
schematic representation of the purported effects of psychedelics
on an idealized abstract belief landscape according to the REBUS
model.

Two canalizations for two optimization
landscapes

Expanding the conceptual framework used to understand psy-
chopathology and psychedelic action from HPP and complexity
theory to the additional explanatory framework provided by deep
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Figure 1. A diagram of the REBUS model of psychedelic action. The depth of the surface corresponds to precision of the set of beliefs. The acute effect
of psychedelics is to relax the belief landscape by reducing the precision of the beliefs. This relaxation is hypothesized to persist to some degree during
the postacute phase of the drug’s effect as well, leading to lasting therapeutic benefit.
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learning has the potential to provide a more nuanced under-
standing of both phenomena. A key example can be found in the
recently introduced concept of “plasticity loss” in the literature
on deep neural networks (Dohare et al., 2022; Lyle et al., 2023;
Abbas et al., 2023). Plasticity loss is an empirical measure of the
reduced ability of a neural network model to adapt to changes in
the task distribution over time. Although often co-current, plas-
ticity loss is distinct from overfitting (Ying, 2019), which refers to
the extent to which a given model is incapable of generalization
or of adequately responding in unfamiliar contexts. In empirical
studies, plasticity loss has been shown to sometimes develop rela-
tively early in the neural network learning process, leading to the
characterization of “critical periods” or “primacy biases” in deep
neural networks, both terms aptly borrowed from the literature
on learning during early childhood development (Achille et al.,
2019; Nikishin et al., 2022). Plasticity loss can also be understood
as an inverse pathology to catastrophic forgetting (French, 1999;
McCloskey and Cohen, 1989), which is the inability to retain crit-
ical information that was previously learned when learning new
information.

In the original CANAL model, canalization is treated as a
unified construct and is characterized as the primary causal
mechanism that drives the presentation of a host of differ-
ent psychopathologies (Carhart-Harris et al, 2022). We use a
deep learning perspective to disambiguate between two different
types of canalization. On the one hand, it is possible to inter-
pret canalization as described in the original CANAL model as
analogous to “overfitting” in machine learning. From this per-
spective, canalization is a measure of the rigidity of the belief
landscape during inference, which may contain sticky attrac-
tors that are maladaptive, resulting in stereotyped pathological
mental circuits. However, it is also possible to interpret canaliza-
tion as described in the original CANAL model as analogous to
“plasticity loss”, in that it describes an inability of the underly-
ing generative model to adapt or learn from new evidence over
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time. This would be characterized by the presence of difficult-to-
escape local minima in the underlying optimization landscape of
the model.

These two types of canalization are distinct because they
describe properties of the topology of two related but unique opti-
mization landscapes within a single dynamical system. We can
illustrate this using a RNN as a simple model of the brain (or
a network within the brain), as is often done in computational
neuroscience (Mante et al., 2013; Barak, 2017).

In this simple model, the first type of canalization is a property
of the optimization landscape induced by the activation pattern
(h;) in the hidden state of the RNN. This activation pattern is
computed using both incoming sensory information (x;) and the
previous hidden state of the network (h,_,). The process of com-
puting this pattern within the predictive coding framework is
equivalent to performing an inference procedure to minimize free
energy, with h,_;, corresponding to the prior, x, corresponding to
the evidence, and h, corresponding to the posterior in a given time
step (t). Through this process, operative (and potentially subjec-
tively experienced) beliefs are represented by the neural activity
pattern at a given moment. The optimization landscape at this
levelisinduced by the free energy minimization objective, with the
depth of the landscape corresponding to the level of free energy for
a given pattern of neural activation. We refer to this optimization
landscape as Type A (Inference).

The second type of canalization is a property of the optimiza-
tion landscape of the underlying synaptic weights (¢,) that define
the recurrence function of the RNN itself. Because these weights
are being updated intermittently on the basis of the results of the
inference process, we refer to this landscape as Type B (Learn-
ing). The depth of this landscape is determined on the basis of
the free energy minimization objective, but at a longer timescale
than the Type A landscape. This optimization landscape is also
the one most familiar to machine learning practitioners, as it is
the landscape within which traditional gradient descent through
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Figure 2. (2) In an RNN that performs free energy minimization, there are two different underlying optimization landscapes: one corresponding to the
hidden activation pattern at a given time point (h) and another corresponding to the synaptic weight values which change with learning (6). (b)
Different points in an optimization landscape induced by a set of neural activity patterns will correspond to representing unique sets of beliefs, for
example, a positive, neutral, or negative personal body image evaluation. (c) Actualizing these beliefs takes place through neural activity patterns (h),
which are supported by the inference optimization landscape. The depth of the landscape corresponds to the free energy minimized by the set of
instantiated beliefs. (d) The topology of the inference landscape is a function of the synaptic weight values (f) defined by a learning optimization
landscape. The depth of this landscape corresponds to the expected free energy minimized by the induced belief landscape.



backpropogation takes place. Although backpropogation is con-
sidered biologically implausible, there are other learning rules
by which neurons can still instantiate a gradient-like learning
process (Lillicrap et al., 2020).

In the context of an RNN, the nature of the induced landscape
at the level of neural activity (Type A) is a function of both the cur-
rent environmental context (made partially available to the model
through a sequence of sensory observations x,) and the state of the
system within the synaptic weight landscape (6;). The inferred set
of beliefs in a given instance are a function of the location of the
system within the neural activity landscape (h;). See Figure 2 for a
diagram of these two optimization landscapes, a belief landscape,
and their interaction.

The implications of this dissociation can be understood with
a simple example. Consider an individual forming an evaluative
belief about their body image over time. The position of neural
activity in the Type A landscape at a given moment (h,) cor-
responds to the immediate, currently instantiated belief about
self-image. In a given Type A landscape, certain locations may cor-
respond to beliefs that are more or less “canalized” in that they
are represented by basins of steeper gradients. If neural activity
enters one of these basins of “canalized belief,” it is less likely
to escape in the absence of a change in environmental context.
This would correspond to the individual “getting stuck” in a par-
ticular self-evaluation, which is often consistent with ruminative
thinking (Nolen-Hoeksema et al., 2008). This phenomena may also
present itself in the cycling between a small subset of attractor
basins, each of which represents a related canalized belief.

The topography of the Type A landscape is a function of both
the environmental context and the location of synaptic weights
(6, in the Type B landscape. Because of this, the Type B land-
scape corresponds to the individuals’ more general tendency to
get stuck or not in specific kinds of self-evaluation. Canalization
of this landscape then describes the longer-term tendency of the
individual to make certain kinds of self-image evaluations. The
implications of canalization in Type A and Type B landscapes can
be broadly understood as a state-trait distinction (Fridhandler,
1986), with h determining the immediate-timescale state (instan-
tiated belief) and 6 determining the longer-timescale trait (set of
possible beliefs).

The two types of canalization have different pathological pro-
files. Given an agent (artificial or natural) that continuously learns
over time, being overfit to a previous context (Type A canalization)
thatis nolonger realized will likely lead to both suboptimal behav-
ior and some level of associated stress (Bennett et al., 2022). If the
agentis able to adapt to the new context quickly enough to resolve
the stress, then we would not consider it pathological. If, however,
the agent both is overfit and suffers from plasticity loss (Type B
canalization), this would present a greater difficulty because the
former is simply the state of not being adapted to a new con-
text, which may be addressed with learning, whereas the latter
is the state of no longer being capable of adapting to new con-
texts. In cases in which both forms of canalization are present, we
would describe the agent as being in a pathological situation. Such
situations may be difficult to escape from without the aid of an
external intervention of some sort, such as psychedelic-assisted
psychotherapy.

The two types of canalization interact with one another in
complex ways. For example, a learning system suffering from
pathological Type A canalization would find it more difficult to
obtain the experiences necessary to adapt to a new environmen-
tal context, even if there is no significant loss of plasticity. This is
due to a reduction in the diversity of realizable mental circuits.

An individual suffering from Type B canalization may be unable
to learn more adaptive mental circuits even if their current reper-
toire is significantly flexible to enable acquisition of experiences
that would allow an otherwise less canalized individual to learn
the necessary information. More often, as happens in many cases
of severe psychopathology, there is canalization of both Type A
and Type B. This results in stereotypical and maladaptive mental
circuits that cannot be corrected despite interventions that serve
to provide the necessary evidence to update them, such as tradi-
tional psychotherapy. Within the context of deep learning theory,
there is some evidence to suggest that, while dissociable, the two
constructs are often correlated in practice, with smoother Type
B optimization landscapes often producing models that are also
better able to generalize (Li et al., 2018).

It is also worth noting that given the hierarchical nature of pre-
diction within the brain, it is possible that different generative
models (represented by distinct functional networks) at differ-
ent levels of abstraction are more or less canalized to different
extents. Because of this, it is inappropriate to describe the whole
brain as canalized or notin the Type A or Type B sense. Additionally,
canalization can have different clinical implications at different
levels of the predictive hierarchy. For example, the low-level visual
system is canalized in both the Type A and Type B senses in adults,
and given the fact that the statistics of the visual world do not
meaningfully change over the course of a lifetime, this is consid-
ered a desirable rather than pathological property. Indeed, when
this canalization is disrupted, it can cause undesirable changes in
visual perception such as hallucinogen-persistent perception dis-
order (Martinotti et al., 2018). In contrast, canalization of either
type at higher levels of the predictive hierarchy is proposed by the
CANAL model to be related to pathologies of self-referential pro-
cessing and therefore a key target for psychedelic therapy (Letheby
and Gerrans, 2017).

Delineating the two independent optimization landscapes that
support belief representation in the brain allows us to make addi-
tional connections between the construct of canalization and
other well-studied constructs in psychology and the cognitive sci-
ences. There is a rich literature studying the relationship between
psychopathology and personality theory (e.g. Clark (2005); Tack-
ett (2006)). Although the original CANALs model does not draw
explicit connections between personality constructs and canaliza-
tion, it is possible to do so in our expanded framework.

We have reason to believe that there is not a simple linear
relationship between decreases in canalization and positive men-
tal health outcomes. To understand why, we examine the two
types of optimization landscape through the lens of cybernetic
personality theory (DeYoung, 2015; Safron and DeYoung, 2021), a
popular model of personality factors, and their relationship to psy-
chopathology that uses principles from cybernetic control theory.
In this theoretical framework, the Big Five personality traits are
grouped into two higher-level meta-traits: “stability” and “plastic-
ity”. Stability represents the shared variance of the three traits of
neuroticism, agreeability, and conscientiousness, while plasticity
represents the shared variance of extraversion and openness.

The stability factor is correlated with the topology of the Type
A belief landscape. In our model, both overfitting and under-
fitting in this landscape type correspond to a decrease in trait
stability. This results in a u-shaped relationship between canal-
ization and stability. This may at first seem unintuitive, since a
highly canalized belief landscape could be thought to produce
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Figure 3. In the context of optimizing a deep neural network to perform optimally under a sequence of tasks, canalization exists along two
independent dimensions. (a) Along the Type A (Inference) dimension, the pathologies of underfitting and overfitting present at either extreme. The
meta-trait of “stability” corresponds to a balance between these two extremes and correlated with cognitive flexibility. (b) Along the Type B (Learning)
dimension, catastrophic forgetting and plasticity loss are the pathologies manifest at either extreme. The meta-trait of “plasticity” is inversely related
to canalization in this landscape type. The construct of psychological flexibility corresponds to a balance between the two extremes.

a “stable” set of encoded beliefs. Stability (the meta-trait), how-
ever, is better understood as the ability of the system to maintain
a meta-stability between these two extremes of overfitting and
underfitting and as a result be capable of responding flexibly to
a variety of potential environmental contexts (Tognoli and Kelso,
2014; Hipdlito et al., 2023). In the context of dynamical systems,
meta-stability refers to a state where the system temporarily
resides within a local energy minimum, showing resistance to
perturbations, but can be transitioned out of this state by suffi-
ciently large disturbances to reach a more globally stable state.
Neural markers of meta-stability have also been inversely corre-
lated with psychopathology (Lee et al., 2018), providing additional
evidence for the central role of trait stability in mental health. Of
the traits that make up stability, neuroticism is negatively cor-
related, while agreeableness and contentiousness are positively
correlated.

The extent of canalization in Type B landscapes corresponds
to the inverse of the plasticity meta-trait. Unlike stability, which
follows a u-shaped curve in describing the balance between over-
fitting and underfitting, plasticity correlates with inverse Type B
canalization in a straightforwardly linear fashion. The more the
canalization thatis presentin a Type B landscape, the less likely an
individual is to display meta-trait plasticity. We derive this linear
relationship between these two factors based on the findings that
psychedelic use is associated with increases in numerous mea-
sures of neural plasticity (Calder and Hasler, 2023) and increases
in both trait openness (Lebedev et al., 2016; Erritzoe et al., 2019)
and trait extraversion (Erritzoe et al., 2018).

Although decreases in Type B canalization (and corresponding
increases in plasticity) may be considered desirable, a fine balance
must be maintained (DeYoung and Krueger, 2018). Too little canal-
ization in Type B landscapes would correspond to catastrophic
forgetting, which may be related to the manifestation of certain
forms of psychosis or depersonalization (for a more extensive dis-
cussion, see Section “Broader clinical implications”). In contrast,
too much canalization in a Type B landscape corresponds to loss
of plasticity, which is characterized most clearly in certain neu-
rodegenerative disorders (Bossy-Wetzel et al., 2004; Vyas et al,,
2016), butis practically associated with various psychopathologies

as well. See Figure 3 for a diagrammatic representation of the rela-
tionship between the two meta-traits and the two optimization
landscape types.

In addition to a connection to the two meta-traits of cyber-
netic personality theory, it is also possible to understand Type A
and Type B canalization in light of another set of related con-
structs: cognitive and psychological flexibility (lonescu, 2012;
Kashdan and Rottenberg, 2010). Both measures have been shown
to improve in people who undergo psychedelic therapy (Davis
et al., 2020; Doss et al., 2021). Cognitive flexibility describes the
ability of an individual to rapidly adapt to the current context by
selecting the appropriate behavioral schema, which may or may
not already have been learned in the past. In contrast, the con-
struct of psychological flexibility describes the ability to adapt to
changes in life circumstances over longer timescales. Cognitive
flexibility can be associated with stability in the Type A optimiza-
tion landscape. There is some preliminary evidence for the link
between the meta-stability of neural dynamics and cognitive flex-
ibility (Hellyer et al., 2015). Psychological flexibility can be linked to
the maintenance of a healthy level of plasticity in the Type B land-
scape. Using the framework presented here, it is possible to begin
to dissociate the potential mechanisms behind which changes to
each measure take place.

Given the different substrates of the two optimization landscapes,
the way in which psychedelics impact them likewise differs. In
agreement with the original CANAL model, we hypothesize that
the impact of psychedelics on the Type A landscape is the result
of the acute effects of 5-HT,, agonists producing excitation of
cortical neurons along with the associated short-term changes
that occur through Hebbian plasticity and follow this excitation.
Rather than strictly relaxing the precision of encoded beliefs, these
changes serve to destabilize belief representation (Hipoélito et al.,
2023). This destabilization can manifest itself acutely as a mix-
ture of strengthened and relaxed beliefs over the course of the
acute drug effect (Safron, 2020). These acute changes in belief
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Figure 4. The impact of psychedelics on both types of optimization landscapes. (a) Acute effects of psychedelics perturb the neural activation (Type A)
landscape, resulting in transiently strengthened and relaxed beliefs represented by the gradient magnitude across the optimization landscape.
Postacute effects result in changes to landscape topology, which may involve an overall flattening of the landscape. (b) Postacute effects of
psychedelics result in a smoothing of the synaptic weight (Type B) optimization landscape. This effect is mediated by changes in metaplasticity and

dendritic growth.

representation are measurable in neural markers of entropy that
have been consistently reported in the literature (Carhart-Harris
et al., 2014). In our framework, these changes correspond to
changes in the topology of Type A landscapes which are mediated
by changes in synaptic weight parameters (6), but not a change in
the topology of the Type B landscape itself.

In agreement with the original CANAL model, we hypothesize
that the effects of psychedelics on Type B optimization land-
scapes occur through postacute changes in metaplasticity caused
by increases in various neurogenerative factors that affect cortical
neurons, including increases in brain-derived neurotrophic factor
(BDNF) and dendritic spine growth (Calder and Hasler, 2023). Meta-
plasticity describes the second-order plasticity in a system or the
extent to which the level of plasticity in a network is itself plastic.
Therefore, long-term changes in neural growth factor concentra-
tions are likely to produce changes in metaplasticity. Due to the
extended timescale at which these effects take place, it is likely
that there is a limited role for potential changes in Type B land-
scapes in the acute phase of the drug effects, but the postacute
effects can last for days to weeks. See Figure 4 for a diagram of
the hypothesized effects on both Type A and Type B optimization
landscapes that occur as a result of the use of psychedelics.

Due to the different mechanisms of action at different
timescales, we can expect different impacts on the associ-
ated canalization of the two different types of landscape. For
Type A landscapes, psychedelics serve to destabilize attractors,
resulting in both a transient relaxation of previously canalized
beliefs and the potential for transiently introduced novel beliefs.
In our terminology, this implies that psychedelics are capable
of reducing both overfitting and underfitting in Type A belief
landscapes.

The evolution of the dynamics in this high-entropy state is sig-
nificantly more context sensitive than the system would be when
in a normal state, hence the need for an appropriate “set and set-
ting,” which influences the extent to which relaxation or strength-
ening of beliefs may take place and the nature of the strengthened
beliefs when they do occur (Hartogsohn, 2016). It is this context
sensitivity that may explain the tendency for more relaxation-like
(and thus canalization-reducing) effects to be reported in the clin-
ical literature relative to the recreational use literature (Ballentine
etal,, 2022).

The loss of plasticity in deep neural networks has been asso-
ciated with the emergence of so-called “dead units,” synaptic
weights that no longer receive any useful gradient signal (Lyle
et al., 2023). Given the connection between gradient-based learn-
ing and neural plasticity (Richards and Kording, 2023), we can
interpret loss of dendritic volume in individuals with various
psychopathologies as analogous to this development of “dead
units” in artificial neural networks (Qiao et al., 2016). Similarly,
we can understand the growth of dendritic volume after expo-
sure to a psychedelic as enabling the flow of a learning gradient
between synapses again. Interestingly, two of the most common
approaches to addressing plasticity loss in deep neural networks
are to reset the weights of the final layer or to shrink and perturb
the weights of the network (Ash and Adams, 2020; Nikishin et al.,
2022; Lyle et al., 2023). Both these can be understood to be induc-
ing an analogous flattening of the optimization landscape, as may
be taking place in humans under the effects of psychedelics.

In Type B landscapes, we hypothesize that psychedelics act
directly to increase plasticity and thus reduce canalization. Given
the second-order changes in plasticity that take place in the posta-
cute phase of psychedelic use, there is also a potential role for



Table 1. A summary of the unique properties which characterize
the Type A (Inference) and Type B (Learning) optimization land-
scapes along with the effects that psychedelics are hypothesized
to have on each.

Property Type A (Inference) Type B (Learning)
Optimization Neural activity Synaptic weights
landscape patterns

RNN equivalent term
Over-canalization

Hidden state (h)
Stereotyped mental

Network parameters (6)
Inability to learn or

expressed as circuits adapt mental circuits
to context changes

Under-canalization Inconsistently Inability to retain pre-

expressed as deployed mental viously adaptive
circuits mental circuits

Over-canalization Overfitting Plasticity loss
described by

Under-canalization Underfitting Catastrophic forgetting
described by

Associated meta-trait ~ Stability Plasticity

Associated flexibility ~ Cognitive Psychological

Psychedelic impact Acute effects Postacute effects
via

Neural mecha-
nism underlying
psychedelic action

Primary result of

psychedelic action

Direct excitation;
Hebbian plasticity

Metaplasticity

Mixed relaxation and  Relaxation of canaliza-
strengthening of tion
canalization

the consideration of “set and setting” here as well, though one
which takes place on a longer timescale. Increases in plasticity
correspond to greater environmental sensitivity, and there is evi-
dence for the reopening of critical learning periods in the weeks
after psychedelic use (Nardou et al., 2023). This points to the
importance of cultivating learning experiences in this period of
time that are conducive to longer-term adaptedness and adaptiv-
ity for the individual even after plasticity levels have returned to
baseline. The reopening of critical periods also brings with it the
possibility of maladaptive learning as well, which likewise has the
potential to be recanalized when the window closes. Because of
this increased sensitivity, it may be valuable to explore the role
of postacute experience in the outcomes of psychedelic-assisted
therapy.

According to the original CANAL model, the degree to which
metaplasticity was present in the system was associated with an
increase in the learning rate (Carhart-Harris et al., 2022). From
a deep learning perspective, the learning rate is independent of
catastrophic forgetting or loss of plasticity. This is because both
are related to the topology of the underlying optimization land-
scape, not to the speed at which the landscape is traversed dur-
ing learning. We can understand increases in prediction errors,
which are an acute effect of psychedelics, to produce increases
in the magnitude of the gradient during learning, but this out-
come could arise in the absence of any change in the learning
rate. Indeed, increases or decreases in learning rate are likely to
impact adaptation and may be related to certain psychopatholo-
gies, but they are not necessarily a function of canalization as we
understand it here. More relevant to adaptation and generaliza-
tion is the presence of local minima in Type A or Type B landscapes.
Smoothing the topology of the optimization surface can then pro-
duce more successful learning, even when the learning rate is
kept fixed.

In light of the dramatic plasticity-inducing effects
of psychedelics, even in the absence of any subjective guidance
(Ly et al., 2018), it is possible that structural changes in the brain
(corresponding to changes in the topology of Type B landscapes)
are a significant causal factor behind subsequent improvements
in mental health. This perspective has guided interest in the devel-
opment of non-hallucinatory psychedelic drugs (Cameron et al.,
2021). However, this is complicated by the fact that the specific
mental circuits involved during the acute and postacute effects of
psychedelic therapy appear to be essential for meaningful positive
outcomes (Yaden and Griffiths, 2020). Together, these pieces of evi-
dence point to a critical therapeutic role for changes in both Type
A and Type B optimization landscapes that support the represen-
tation of beliefs in the brain. Table 1 provides a summary of the
two optimization landscapes that we have outlined here, as well
as their relationship to the measures discussed earlier.

Returning to the “neural annealing” analogy, we can attempt to
reinterpret it in light of the distinct optimization landscape types
of our framework. Given the connection between the entropy of
neural activity and the “heating” of the system, it initially seems
the most simple to interpret neural annealing as applying to the
Type A landscape. On the other hand, the aspect of the metaphor
related to a structural crystallization of desirable system dynam-
ics may best apply to changes in synaptic weights brought about
by metaplasticity and downstream changes in neurotrophic fac-
tors. This would suggest an application to Type B landscapes.
The mixed nature of this metaphor is acknowledged in the orig-
inal CANAL model, where it is suggested that acute increases in
entropy lead to postacute increases in metaplasticity (Carhart-
Harris etal., 2022). This complexity points to the fact that although
“neural annealing” has been useful in educating the general pub-
lic, it may lack the sophistication necessary to fully capture the
complexity underlying the therapeutic effects of psychedelics.

According to the REBUS model, psychedelics alter the belief
landscapes of the brain in a very specific way: they flatten
them. Although there is considerable evidence for the relaxation
of beliefs in the context of other psychotherapeutic interven-
tions, such as meditation (Laukkonen and Slagter, 2021), there is
mixed evidence in the case of psychedelics. An alternative frame-
work (Altered Beliefs Under Psychedelics) has been proposed that
hypothesizes that high-dose psychedelics act to destabilize beliefs
through transient perturbation during the acute action of the
drug (Safron, 2020). Altered Beliefs Under Psychedelics predicts
that although destabilization can potentially produce on aver-
age an effect of relaxation, it is not guaranteed that this will be
the outcome, particularly at particularly large doses. Although
empirical evidence is still being accumulated, the framework of
destabilization as a basis for understanding alterations in belief
representation with psychedelics has also recently been proposed
elsewhere (Hipolito et al., 2023).

Understanding psychedelic action through the lens of belief
destabilization in HPP allows for a wider range of possible out-
comes, with respect to both the subjective effects of the drug
and the ultimate clinical outcomes. These include the recog-
nition that, under the influence of psychedelics, people have
the potential to acquire new beliefs that they had not previ-
ously held (Griffiths et al., 2019). Returning for a moment to the
analogy provided by “neural annealing” (Johnson, 2019), rather
than heating a metal to the point of becoming more malleable,



high-dose psychedelic action on the Type A optimization land-
scape may correspond to heating a metal to the point of boiling
and spontaneously taking on novel configurations in the process.
We can utilize the framework of two optimization landscapes to
further develop this account in a more theoretically grounded
manner.

Examples of undesirable subjective effects resulting from
psychedelic use are often more consistent with belief destabi-
lization than idealized therapeutic outcomes of ego dissolution
or mystical experience (Bremler et al., 2023). One subjectively
challenging manifestation of destabilization is so-called cyclic
thinking (Watkins, 2008), in which an individual may repeat a sin-
gle chain of thought multiple times over the course of minutes.
This experience is accompanied by a felt sense of inability to con-
trol one‘s’ thoughts, as well as a negative affect. Cyclic thinking
can be modeled as an instance of strong transient canalization
being induced in the Type A optimization landscape, with a novel
attractor developing which the neural dynamics are unable to
escape from, unless further perturbation of the landscape takes
place.

Another example of psychedelic-induced canalization in the
Type A landscape is the development of strongly felt novel meta-
physical beliefs, such as the belief in supernatural or mystical
phenomena. For example, it is common for individuals to report
the development of beliefs such as “the universe being made of
love,” which are described with a confidence ascribed to them
that is not typical, even of beliefs that are normally strongly felt
during normal conscious experience (Griffiths et al., 2019). It is dif-
ficult to reconcile the felt conviction with which individuals report
the cognitive and affective content of mystical experiences with
a perspective in which the precision of high-level beliefs is simply
relaxed. The development or strengthening of supernatural beliefs
has been of enough potential concern to be a recent topic of seri-
ous philosophical scholarship (Letheby, 2021). Although it may be
the case that, on average orin the aftermath of a psychedelic expe-
rience, the Type A belief landscape has been flattened, it is likely
that a more nuanced account than REBUS is necessary to capture
the full range of reported phenomena.

Differences in defining psychedelic action in terms of relax-
ation, strengthening, altering, or destabilizing have meaningful
clinical implications. Despite this, the possibility that psychedelics
can be understood as perturbing belief landscapes and destabi-
lizing previous attractor dynamics in addition to (or instead of)
flattening landscapes does not diminish the therapeutic potential
of this drug class in any way. Similar to relaxation, the destabiliza-
tion of a belief landscape allows an individual to explore different
possible sets of beliefs and behavioral, cognitive, and emotional
circuits that one may have never been in a position to conceptu-
alize before. Although it may feel jarring for an individual to find
themselves experiencing perceptual, cognitive, or affective beliefs
with high precision that they had not previously experienced as
such, if the belief enables a more adaptive relationship between
the individual and their environment, then the clinical outcome
may be positive.

Even in cases where an individual might represent high-
precision beliefs that can be distressing, the experience of the
transience of these beliefs coupled with sufficient psychother-
apeutic support can also contribute to ultimately positive out-
comes (Letheby, 2021; Yaden and Griffiths, 2020). In fact, recent
evidence suggests that therapeutic outcomes of psychedelic use
are predicted by reductions in experiential avoidance (Zeifman
et al.,, 2023), and confronting difficult experiences directly during

the acute phase of the drug is a likely mechanism behind
this effect.

Destabilization can also allow positively valenced and adaptive
beliefs to be instantiated and ultimately recanalized through the
process of psychological integration. It is this property of belief
perturbation that enables beneficial psychotherapeutic interac-
tions during and after psychedelic use. Engagement with a trained
therapist can allow movement through the belief landscape to be
interpreted and grounded. Postacute integration can allow more
exotic beliefs, which may develop, such as “archetypal” experi-
ences, or encounters (or even identification) with devas or spirits
(Lutkajtis, 2021), to be incorporated into a beneficial and healthy
set of later recanalized mental circuits which serve the individual
in their normal everyday life.

The CANAL model proposes that excessive canalization is poten-
tially the p-factor (Caspi et al., 2014) or primary factor underlying
all psychopathology. If we understand canalization as describing
the stability and predictability in the development and deploy-
ment of mental circuits over time, there is a class of psy-
chopathologies that can be understood not to result from too
much canalization, but rather from too little (DeYoung and
Krueger, 2018). Examples of this include schizophrenia, borderline
personality disorder, and bipolar disorder among these. In each
case, the individual suffers from a lack of coherent, stable, and
adaptive behavioral, cognitive, and emotional circuits (MacKin-
non and Pies, 2006; Winterer et al., 2006; Schmack et al., 2015;
Lozano et al.,, 2016). In the original CANAL model, the stereo-
typed beliefs associated with psychosis were used to suggest that
even these pathologies may be understood to arise from a kind
of canalization. Using the Deep CANALs framework described ear-
lier, we can consider this proposal in light of the unique properties
of both Type A and Type B optimization landscapes. Applying this
lens, we find that a psychopathology such as schizophrenia may
indeed be characterized by some form of canalization in certain
Type A landscapes, corresponding to overfitting (and subsequently
stereotyped deployment of mental circuits). However, it can also
be described from the perspective of the Type B landscape as
indicating insufficient canalization. In individuals experiencing
psychosis, there is a catastrophic forgetting of the repertoire of
previously adaptive mental circuits that an individual is no longer
capable of deploying or in some cases of ever recovering.

This lack of stability results in a maladaptivity to the environ-
ment and corresponding stress for the individual. For such indi-
viduals, psychedelic therapy, if it truly acted to unilaterally reduce
canalization, could potentially exacerbate their symptoms instead
of alleviating them. Indeed, the clinical literature contains a num-
ber of cases of individuals with predispositions to these patholo-
gies of undercanalization developing symptoms of psychosis or
dissociation as a result of a psychedelic experience (Krebs and
Johansen, 2013; Bremler et al., 2023). The careful screening used
in clinical trials of psychedelic therapies can greatly reduce the
likelihood of these negative outcomes. However, as the availabil-
ity of psychedelic drugs increases in the coming years, it is critical
that a theory of the action of these drugs on the brain is able to
explain their effects both within and outside of clinical contexts.
Indeed, one of the criteria by which the robustness of a theory
can be measured is its ability to capture the full spectrum of pos-
sible phenomena it claims to account for (Wimsatt et al., 1981),
and we believe that a theory of psychedelic action should meet



such a bar, even if the phenomena to be explained are relative
outliers.

There are also individuals who are psychologically healthy and
do not have a severe psychopathology that requires clinical inter-
vention. If we examine these individuals, we find that rather than
lacking stable and reliable beliefs, we could instead describe them
as canalized in healthy and adaptive ways to their environmen-
tal context (Olaru et al., 2023). This sculpted set of beliefs is often
the result of a complex series of carefully tuned environmental
factors, including supportive parenting, education, socialization,
and lack of childhood trauma over the course of development.
For these individuals, it may be undesirable to dramatically dis-
rupt their carefully crafted belief landscapes, as any change has
the potential to produce a less adaptive set of mental circuits
than those they currently possess. Although it could be argued
that such highly functioning individuals could enjoy even greater
states of well-being by using psychedelics (cf. “betterment of well
people”), the potential for disrupting existing adaptedness is a
possibility that deserves at least some consideration.

We can understand this potential risk from an optimization
perspective. Within the HPP framework, a psychologically healthy
and adapted individual has arrived at a set of tuned beliefs which
are at near-global minima in the optimization landscape under-
lying those beliefs. As such, movement in any direction from
the minima may result in decreased adaptability. This danger is
especially apparent when there is the real possibility of induc-
ing trauma (and thus significantly pushing the individual away
from the global minima) through a so-called “bad trip.” Although
such highly adverse experiences can sometimes be the seed of
positive change, potentially involving therapeutic experiences of
“surrender” as a kind of deep acceptance, risks should be con-
sidered seriously (including with respect to seemingly positive
stances such as those involving radical acceptance) (Safron and
Johnson, 2022). The likelihood of such an event can be significantly
reduced through a supportive therapeutic context, but even in
these cases, there is little reason to believe that the changed belief
landscape will strictly be more optimal than it was before the
intervention.

If we assume that the environment within which individuals live
is completely fixed, then it is reasonable to conclude that anyone
who is perfectly adapted (near global minima in their belief land-
scape) is in need of no additional psychological support. However,
from the perspective of an environmental context that is suscep-
tible to change or disruption over time, it becomes desirable for
an individual to be not only adapted but also adaptable (Stan-
ley and Lehman, 2015). This means being biased toward slightly
less canalization in order to be receptive to the changes which
one will certainly eventually encounter during a lifetime. In the
postindustrial world, social, professional, and cultural dynamics
are changing at a rapid pace, which is unique in human history.
In this context, some amount of adaptability is almost certainly
necessary in order to ever hope to arrive near the global minima
of the belief landscape in any given future context. Importantly,
the adaptability in which we are interested corresponds as much
to the absence of plasticity loss in the Type B landscape as to a
lack of overfitting in the Type A landscape.

We can see the benefits of a bias toward adaptation in the
deep reinforcement learning literature, where maximum entropy
learning is provably more optimal than simple reward maximiza-
tion (Ziebart et al., 2008; Levine, 2018) and has likewise become a

common component of state-of-the-art systems (Schulman et al.,
2017; Haarnoja et al.,, 2018). In maximum-entropy learning, an
agent optimizes both the objective of accumulating the largest
possible return and the objective of maximizing the entropy in the
distribution over possible actions. Importantly, the agent attempts
to maximize these objectives not only with respect to the imme-
diate future but also over a long time horizon. Balancing these
two objectives during the optimization process ensures thatif and
when the environmental context changes, the agent is less likely
to have overfit to the previous context, resulting in better learning
performance over time.

As discussed previously, the kinds of radical changes in beliefs
that can occur with full-dose psychedelic therapy may not neces-
sarily be helpful for many mentally healthy individuals. In such
cases, it may actually be that only a minimal decrease in the
canalization of the Type B landscape is necessary, one that bal-
ances the local greedy optimization of the belief landscape for
the given context with the reality that the context will likely
shift in the future. If we understand psychedelics to act as relax-
ers of Type B belief landscapes through the downstream effects
of 5-HT,, agonism, this bias of the optimization process toward
entropy could be brought about by microdosing a 5-HT,, agonist
or taking a full dose of a 5-HT,, partial agonist such as Ariadne
(Cunningham et al., 2023) at a regular interval. Such a minor inter-
vention may be sufficient to tip the balance toward a healthy level
of plasticity that allows the preservation of the adaptive circuits
which an individual has developed over time. This kind of inter-
vention has the additional benefit of reducing the risk of intro-
ducing undesirable instability into an individual’s Type A belief
landscapes.

The larger goal of psychotherapy enterprises is not to decrease
canalization per se, but rather to enable the development of
healthy and adaptive behavioral, cognitive, and emotional circuits
that are plastic enough to meaningfully change with an individ-
ual as they grow and move through their life, but stable enough
to provide a meaningful ground on which the individual can rely
(Jedlicka et al., 2022). From this perspective, psychedelic therapy
is just one of many possible tools that a therapist might employ
in order to aid an individual toward the development and nur-
turing of such stable and adaptive circuits. We can imagine that
it is likely desirable to employ psychedelic therapy in cases of
severe depression or addiction, when other gentler methods of
belief sculpting are unable to make enough of an impact, due
to excessive canalization in either the Type A or Type B opti-
mization landscapes. In contrast, it may be undesirable to use
psychedelic therapy in cases of psychopathologies of insufficient
canalization of Type B landscapes or even unnecessary in some
psychologically healthy adults. Contextualizing the usefulness of
psychedelic therapy allows the integration of canalization theory
into a much larger literature on the process of the psychother-
apeutic enterprise that has been accumulating for more than a
century (Kazdin, 2007).

Using our revised conceptual framework, we can reassess the
potential suitability of psychedelic therapy based on the types
of canalization an individual may experience along each of the
two dimensions. It is important to reiterate that these two types
of optimization landscape may be canalized to different extents
within different functional networks of the brain. Given the het-
erogeneity in the presentation of symptoms associated with psy-
chopathologies of various kinds, the classification attempted here
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based on current empirical research and predictions of our model.

is largely provisional and a proof of concept. The examples pre-
sented later are intended to demonstrate the potential applicabil-
ity of deep learning concepts to understanding psychopathology,
not as a proposed tool for diagnoses. With this in mind, we
examine each of the four combinations of over-canalization or
under-canalization in the two optimization landscape types and
their relationship to psychopathology. See Figure 5 for an overview
of representative psychopathologies and the potential efficacy of
psychedelic therapy to treat them.

In cases where there is canalization in both types of optimiza-
tion landscape (upper left quadrant), psychedelic therapy is likely
to produce the most beneficial clinical outcomes. This is because
increasing plasticity in Type B landscapes can help to enable an
increase in stability by making it more possible to reduce over-
fitting. Likewise, in cases where the Type A landscape is already
heavily overfit, destabilization of that landscape will be more likely
to lead away from canalization rather than toward it, especially
in a supportive therapeutic context. We believe that this action
on both types of belief landscape is the mechanism by which
consistently compelling results have been demonstrated for the
treatment of major depressive disorder, substance use disorder,
body image disorders, and others (Johnson and Griffiths, 2017). It
is also for individuals in this context that the REBUS model applies
most directly (Carhart-Harris and Friston, 2019), as the likely
result of psychedelic therapy (provided in a stable and supportive
environment) would be a reduction in both types of canalization
and a corresponding reduction in symptoms.

We can next consider the quadrant in which individuals may
be under-canalized in one or more Type A landscapes but over-
canalized in Type B landscapes (upper right). Psychopathologies
that are potentially consistent with this configuration include
attention deficit hyperactivity disorder (Hauser et al., 2016),
autism spectrum disorder (Pellicano and Burr, 2012; Rogers
et al., 2022) (although see Van de Cruys et al. (2013)), and

depersonalization-derealization disorder (Seth et al.,, 2012; Ciau-
nica and Safron, 2022). All three of these disorders can be charac-
terized by an inconsistent deployment of mental circuits (atten-
tion in the case of Attention deficit hyperactivity disorder, inter-
personal behavioral strategies in the case of autism, and body
schema in the case of depersonalization), as well as an inabil-
ity or difficulty in learning or changing these circuits over time.
In these cases, there is a potential benefit from psychedelic ther-
apy, although it is less straightforward than what is expected
from the first group described earlier. For these disorders, there
have been some preliminary explorations into the efficacy of
psychedelic therapy (Hutten et al., 2019; Markopoulos et al., 2022).
The potential mechanism of this benefit would come from a
reduction in Type B canalization, affording individuals a greater
capacity to learn more adaptive mental circuits over time. The
malleability introduced in Type A landscapes may also contribute
to greater flexibility in rehearsing and enacting more adaptive
mental circuits. Of particular interest may be the micro-dosing
regime, where beliefs represented in the Type A landscape may
be strengthened slightly, thus producing a decrease in underfit-
ting. At the same time, micro-dosing has the potential to have a
nontrivial effect on neurotrophic factors, thus also contributing to
increases in plasticity in Type B landscapes.

The third quadrant (bottom right) corresponds to a patholog-
ical lack of canalization in both Type A and Type B belief land-
scapes. This manifests itself as both underfitting and catastrophic
forgetting. In the clinical literature, we find that Alzheimer’s dis-
ease matches this profile most closely (Parasuraman and Haxby,
1993). Individuals suffering from this disease show a breakdown
in the deployment of adaptive mental circuits, as well as a per-
manent loss of these mental circuits over time as the disease
progresses. Despite our classification of Alzheimer’s in the diago-
nal quadrant as diseases such as major depressive disorder, there
has been significant interest in the use of psychedelics to help



treat the symptoms of this disease (Vann Jones and O'Kelly, 2020;
Garcia-Romeu et al., 2021). In particular, interest has been paid
to the value of micro-dosing as a means of increasing men-
tal acuity in Alzheimer’s patients. In our framework, this would
correspond to using these drugs to transiently strengthen belief
representation in Type A landscapes and thus reduce underfit-
ting. In contrast, the neurotrophic effects of psychedelics on
Type B landscapes may have some positive impact in reduc-
ing symptom severity, but are unlikely to significantly counter
the severe neurodegenerative effects of the disease, especially in
later stages.

The fourth quadrant (bottom left) describes individuals who
may be over-canalized in one or more Type A landscapes but
under-canalized with respect to Type B landscapes. Examples of
this configuration include bipolar disorder, borderline personality
disorder, and schizophrenia. In each case, there is the presence of
highly overfit mental circuits that are deployed in often severely
maladaptive contexts. There is also an inability to retain or reuse
adaptive circuits that had been previously developed. In the case
of bipolar disorder, this manifests itself as a cycling between
two states of significant overfitting (mania and depression). In
borderline personality disorder, this manifests itself as a drift
between multiple different low-entropy maladaptive policies. In
schizophrenia, this presents as the phasic entry into psychosis
between periods of remission. In these cases, there is at best
a mixed benefit from psychedelic therapy. Although psychedelic
use can enable a reduction in overfitting through an increase in
the malleability of Type A landscapes, it has the potential to fur-
ther contribute to the under-canalization of Type B landscapes,
which would fail to address some of the underlying mechanisms
of these psychopathologies. For example, in cases of bipolar dis-
order, there is evidence for the possible exacerbation of mania
and a suggestion to proceed with caution when using psychedelic
therapy to treat this population (Gard et al., 2021). In borderline
personality disorder, there is early work to examine the risks and
benefits of psychedelic therapy (Zeifman and Wagner, 2020) for
this population of individuals.

We can also consider a fifth case: that of individuals who are
neither over- nor under-canalized along either dimension. If an
individual is already high on the meta-trait of stability, then an
increase in plasticity induced by psychedelics may lead to an
undesirable downstream decrease in stability through the intro-
duction of a potentially pathological underfitting or overfitting.
However, given the correct supporting environment and proper
preparation, increasing plasticity may enable greater adaptabil-
ity going forward or the ability for slightly overfit individuals to
arrive at a more optimal set of mental circuits. As noted in the
original CANAL model, this profile fits a large number of relatively
functional adults seeking mental health assistance in industrial-
ized nations (Carhart-Harris et al., 2022). This benefit for healthy
individuals who receive psychedelics in a properly supportive clin-
ical setting has growing empirical validation (Kraehenmann et al,,
2015; Gandy, 2019).

Psychedelic therapy has tremendous potential to improve the lives
of a great number of people who suffer from currently poorly
treatable psychopathologies. To realize its potential, the mecha-
nisms by which psychedelic therapy acts to change the brain must
be well understood at multiple levels of analysis. This requires as
a first step the deployment of useful conceptual frameworks by
which to reason about the class of drugs’ action. Both the REBUS

model of psychedelics and the CANAL model of psychopathology
have been proposed as such frameworks. Using additional theoret-
icalinsights from the field of deep learning, we have demonstrated
a few refinements to these models. We believe that these refine-
ments have the potential to increase the theory’s robustness with
respect to clinical observations in addition to its usefulness in the
generation of experimental hypothesis.

Our primary contribution is a refinement of the CANAL model
which delineates two distinct forms of canalization that a dynam-
ical learning system may develop based on the topology of dis-
tinct optimization landscapes underlying belief representation.
These are Type A (inference) and Type B (learning). Type A belief
landscapes may suffer from pathologies of over- or underfitting.
Type B belief landscapes may suffer from either catastrophic
forgetting or plasticity loss. The distinction between these two
landscapes also maps onto a larger literature on meta-traits
in personality theory, with Type A corresponding to “stability”
and Type B corresponding to “plasticity.” Furthermore, the con-
structs of cognitive and psychological flexibility each describe
the absence of pathology in the Type A and Type B landscapes,
respectively.

This expanded framework enables the identification of a
class of psychopathologies that can be understood to arise from
reduced stability in Type A belief landscapes or too much plastic-
ity in Type B belief landscapes, complicating the mapping between
canalization and the p-factor of psychopathology. In this work,
we examine the therapeutic role that destabilization of beliefs
may play in psychedelic therapy, as well as the potential value
of the micro-dosing regimen for healthy individuals. Importantly,
psychedelics act on these two optimization landscapes in differ-
ent ways, with different clinical implications. We end the work
by laying out a preliminary means of predicting the efficacy of
psychedelic therapy based on the topological features of both Type
A and Type B belief landscapes.

We recognize that many of the ideas presented in this paper
will require further theoretical elaboration and experimental val-
idation. Despite the presence of some speculative hypotheses,
we believe that “Deep CANALs” has the potential to serve as a
foundation for a rigorous theoretical analysis of the pathologies
that arise in learning systems. Methodological maturity in the
fleld of deep learning provides for a wide array of techniques
for empirical investigation of overfitting, plasticity loss, and their
complex non-linear relationship. Likewise, as has been the case
in other subfields of the brain sciences (Saxe et al., 2021), we
have reason to believe that a deep learning perspective can help
inform the development of experiments at both the level of basic
research and the clinical level. Rather than acting as an alternative
to the paradigm of hierarchical predictive coding, this perspec-
tive has the opportunity to enable a broader dialogue between
flelds, ultimately leading to a mutual benefit by which each is
enhanced. Most importantly, such a broadened perspective may
one day lead to the development of more sophisticated clini-
cal protocols or even novel psychedelic drugs developed in a
more patient-centered way. Such an outcome would serve the
goals of a mature precision or computational psychiatry (Mon-
tague et al.,, 2012; Fernandes et al., 2017) and ultimately con-
tribute to more positive mental health outcomes for those most
in need.
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