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Abstract

Psychedelics are a unique class of drug that commonly produce vivid hallucinations as well as profound psychological and mystical
experiences. A grouping of interconnected brain regions characterized by increased temporal coherence at rest have been termed
the Default Mode Network (DMN). The DMN has been the focus of numerous studies assessing its role in self-referencing, mind
wandering, and autobiographical memories. Altered connectivity in the DMN has been associated with a range of neuropsychiatric
conditions such as depression, anxiety, post-traumatic stress disorder, attention deficit hyperactive disorder, schizophrenia, and
obsessive-compulsive disorder. To date, several studies have investigated how psychedelics modulate this network, but no compre-
hensive review, to our knowledge, has critically evaluated how major classical psychedelic agents—lysergic acid diethylamide, psil-
ocybin, and ayahuasca—modulate the DMN. Here we present a systematic review of the knowledge base. Across psychedelics there
is consistent acute disruption in resting state connectivity within the DMN and increased functional connectivity between canonical
resting-state networks. Various models have been proposed to explain the cognitive mechanisms of psychedelics, and in one model
DMN modulation is a central axiom. Although the DMN is consistently implicated in psychedelic studies, it is unclear how central
the DMN is to the therapeutic potential of classical psychedelic agents. This article aims to provide the field with a comprehensive
overview that can propel future research in such a way as to elucidate the neurocognitive mechanisms of psychedelics.
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INTRODUCTION Neuroimaging studies have shown that when an individual is
at rest, multiple interconnected brain regions are activated above
baseline, and, conversely, there is decreased activity in these
regions during task-dependent attention (Raichle, 2015) (Figure
1). These regions amalgamate to create 4 functional hubs: the
medial prefrontal cortex (mPFC), the posterior cingulate cortex
(PCC), precuneus, and the angular gyrus, together referred to as
the Default Mode Network (DMN) (Andrews-Hanna et al., 2014).
The DMN is one of many resting-state networks (RSNs). RSNs
are derived from the cognitive origin hypothesis of resting-state

Psychedelics are a class of hallucinogenic agents that have cultural,
spiritual, and scientific implications (McKenna, 1998; Nichols, 2016).
The etymology of the term psychedelic is from the Greek words yuyn
(psyche, “soul, mind”) and dnhodv (deloun, “to manifest”). Therefore,
psychedelics are “mind/soul manifesting” and are suggested to illu-
minate hidden terrains of the human psyche (Weil and Winifred,
2004). “Classical psychedelics” is a broad term describing a variety
of substances whose primary mechanism of action resides in sero-
tonin (5-HT,,) receptors in the brain and, in turn, produce profound

alterations of consciousness, including modulations in the sense connectivity, where rgstmg—state connecth}ty is defined as the
of self, sensory perception, and emotions (Table 1) (Morris, 2008; synchronous fluctuation of low-frequency signals between func-
Nichols, 2016; Speth et al., 2016) tionally related brain areas (Biswal et al., 1997).
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Figure 1. Reprinted by permission from [Springer Nature]: Nature
[Nature Reviews Neuroscience]. The default mode network in cognition:
a topographical perspective, Smallwood et al. (2021). Brain regions of
the DMN based on the coherence of their temporal activity, measured
at rest. These regions are the posteromedial cortex (PMC), the medial
prefrontal cortex (MPFC), angular gyrus (AG), middle temporal cortex
(MTC), middle frontal gyrus (MFG), and inferior frontal gyrus (IFG).

Functional connectivity (FC) is defined as the temporal coacti-
vation patterns of neural activity between anatomically distinct
brain regions, it is an important and well-established variable of
interest when understanding DMN connectivity (van den Heuvel
and Pol, 2010). RSNs, such as the DMN, are imaged prior to the
experimental stimulus (i.e., engaging in a memory task), and
DMN FC has been found to be anti-correlated and orthogonal
to task-dependent brain networks such as the salience network
(SLN) (Raichle, 2015; Smallwood et al., 2021). Furthermore, altered
FC within the DMN has been correlated with a variety of psy-
chometric components in clinical questionnaires, which may
have downstream therapeutic effects. For instance, reduced FC
with brain regions that comprise the DMN has been associated
with positive states of ego dissolution such as Oceanic Self-
Boundlessness (measured by the 5-Dimensional Altered States of
Consciousness Rating scale; see Table 2), which may facilitate the
cognitive reappraisal that can occur during the psychedelic expe-
rience (Smigielski et al., 2019; Yaden and Griffiths, 2020).

Alterations in the FC signatures of the DMN, consisting of
intra-connectivity changes (FC alterations within the DMN brain
regions) and inter-connectivity changes (changes in FC param-
eters between brain regions within the DMN and brain regions
within other cognitive networks), have been implicated in a
variety of complex cognitive functions such as theory of mind,
self-referencing, memory, and rumination (Andrews-Hanna,
2012; Raichle, 2015). However, the underlying mechanisms are
not fully understood (Smallwood et al., 2021). Additionally, altered
DMN function has been implicated in a range of neuropsychiat-
ric and neurodegenerative conditions such as depression, atten-
tion deficit hyperactivity disorder, schizophrenia, anxiety, and
post-traumatic stress disorder, Alzheimer’s disease, and aging in
general (Mohan et al., 2016; Zhang and Volkow, 2019). As such,
altered DMN connectivity in specific clinical populations or
groups consuming therapies that impact functional brain activity
(e.g., psychedelics) appears to offer a window into the variability
of complex human functioning that can also be modulated by
psychedelic treatment.

The “mind-manifesting” properties of psychedelics illuminated
by figures like Aldous Huxley, Timothy Leary, and Albert Hofmann
created a surge of trials during the 1960s, which highlighted
psychedelics as potential therapeutic agents for a range of men-
tal health and substance use disorders (Carhart-Harris, 2019).
In particular, lysergic acid diethylamide (LSD) was on the mar-
ket as Delysid/Sandoz in the 1950s and 1960s, prescribed for the
treatment of “psychoneuroses, psychoses” as well as other neu-
ropsychiatric disorders, always to be administered in a controlled
setting (psychiatric clinic or hospital) by properly trained health
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professionals. The use of LSD and all other psychedelics in clini-
cal or preclinical research was severely constrained for political
reasons in the 1970s, although LSD continued to be prescribed
by psychiatrists outside the United States well into the 1990s.
Based on the promising yet preliminary findings with LSD and
other drugs such as psilocybin, N,N-dimethyltryptamine (DMT),
ayahuasca, or mescaline, but also 3,4-methylenedioxymetham-
phetamine (MDMA) and ketamine, psychedelics are regaining sci-
entific attention, especially in the field of clinical neuroscience. As
a result, a number of more recent studies have begun to elucidate
how psychedelics modulate the DMN (Carhart-Harris et al., 2012,
2016; Bouso et al., 2015; Palhano-Fontes et al., 2015; Thomas et
al., 2017; Milliere et al., 2018; Muller et al., 2018; Kelly et al., 2019;
Smigielski et al., 2019; Mason et al., 2020; Mertens et al., 2020;
Daws et al., 2022; de Gregorio et al., 2021; Grandjean et al., 2021).

Psychedelics often induce meaningful and mystical experi-
ences that have been associated with increased measures of
brain entropy (Carhart-Harris, 2018). Entropy is a measure of the
uncertainty of the system, and regarding the brain, it is associ-
ated with functional disorder, unpredictability, and flexibility,
which may lead to an enhanced array of dynamic brain states
(Tagliazucchi et al., 2014; Atasoy et al., 2017; Carhart-Harris,
2018). Yaden and Griffiths (2020) argue that a considerable var-
iance in the therapeutic outcome associated with psychedelics
can be explained by the altered state of consciousness that
psychedelics produce. Furthermore, one of the most ubiquitous
and transformative components of the psychedelic experience
is the feeling of ego dissolution, a relaxation of subject-object
distinctions during which the borders and constraints of the self
seem to dissolve (Letheby and Gerrans, 2017; Mason et al., 2020).
Feelings of ego dissolution also appear to be a central compo-
nent of the unitive experience (a sub-component of the mystical
states), which is an experience of perceived union with nature or
a higher power or an all-pervading sense of oneness (Nour et al.,
2016). It has been hypothesized that ego dissolution can be ther-
apeutic because an individual’s cognitive attributions and affect
are viewed with a greater distance and objectivity (Letheby and
Gerrans, 2017; Mason et al., 2020). Psychedelic-induced ego disso-
lution may be precipitated via Bayesian belief updating wherein
reduced precision of previously held beliefs lends to revision of
the self and world, as hypothesized by Stolicker and colleagues
(2022). This has parallels with the practice of meditation, which
is also associated with decreased activity of the DMN and alter-
ations to precision-weighting of beliefs and attention (Brewer et
al.,, 2011; Palhano-Fontes et al., 2015; Letheby and Gerrans, 2017;
Milliere et al., 2018). Functional magnetic resonance imaging
(fMRI) studies involving psychedelics show that the modulation
of the DMN acutely decreases connectivity and blood flow within
nodes of this network (Table 2). These changes are paralleled
by magneto/electroencephalography studies showing neuronal
desynchronization of alpha power (itself previously shown to be
highly correlated with DMN connectivity), at times specifically
located in the PCC (one of the main hubs of the DMN), which
has been tentatively hypothesized to result in a mind that is less
constrained, more flexible, and less self-referential and egoic
(Muthukumaraswamy et al., 2013; Letheby and Gerrans, 2017,
Nour and Carhart-Harris, 2017; Carhart-Harris, 2018; Mason et
al., 2020).

Although the DMN is a RSN that is featured in a vast array
of psychedelic trials, there is still some ambiguity as to what
changes/modulation to this network mean and what motifs
and differences are seen across the literature regarding this
network. Therefore, this systematic review seeks to explore
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Identification of studies via databases and registers
)
Records removed before
c screening:
-% Records identified from: Duplicate records removed (n
£ PUBMED (n =70) ) =42)
= Scopus (n = 89) Records marked as ineligible
7 Google Scholar (n = 4) by automation tools (n = 0)
=2 Records removed for other
reasons (n =0)
a B "
Records screened Records excluded
—>
(n=121) (n=0)
A
Reports sought for retrieval Reports not retrieved
> (n=121) (n =0)
=
[
5
by v
N Reports excluded:
ReEorts assessed for eligibility Not a clinical trial (n = 35)
(n=121) Non-human study (n = 6)
Did not directly measure
DMN modulation via classical
psychedelics (n = 49)
Full article not in English (n =
3)
—
()
Studies included in review:
s (n =28)*
3 Psilocybin (n = 17)
% LSD (n = 8)
= Ayahuasca (n = 4)
DMT (n =0)
Mescaline (n = 0)

Figure 2. PRISMA flow diagram (Page et al., 2021) for study selection. Although 28 papers were included, 1 paper (Varley et al., 2020) included 1

analysis on psilocybin and 1 on LSD.

the following aims: (1) to critically evaluate the impact of
classic psychedelics on the DMN; (2) to evaluate the evidence
regarding DMN modulation and resultant psychotherapeutic
effects; (3) to identify challenges and limitations associated
with the current literature surrounding DMN modulation by
psychedelics; and (4) to provide a discussion surrounding
future research and the potential future utility of DMN mod-
ulation-focused psychedelic therapies. This review focuses
on the classical psychedelics: LSD, psilocybin, DMT, mes-
caline, and ayahuasca (which contains DMT and harmala
alkaloids), complementing previous reviews of these agents

(Carhart-Harris and Friston, 2019; Aday et al., 2020; Inserra
et al., 2021). To this end we conducted a literature review
via Scopus and PubMed databases on August 28, 2021, up to
November 14, 2021.

METHODS

This systematic review followed the PRISMA statement (Moher
et al,, 2015) for transparent and comprehensive reporting.
The review was not registered, and a review protocol was not
prepared.

Gzoz AInr 0g uo 3senb Aq 6£00.229/5S 1/€/9Z/31011He/dull/wod dno-olwspese//:sdiy woly papeojumoq



180 | International Journal of Neuropsychopharmacology, 2023, Vol. 26, No. 3

A)

B)

Figure 3. fMRI activity patterns of the various psychedelics on regions of the DMN. (A) Blue BOLD signals represent significant brain deactivations
after psilocybin compared with placebo (adapted from Carhart-Harris et al., (2016)). (B) Significant BOLD decreases of the DMN after the ingestion of
Ayahuasca (adapted from Palhano-Fontes et al., (2015)). (C) Between-group differences (LSD vs placebo) in the FC between a key DMN node (bilateral
hippocampal seed) and the rest of the brain. Orange represents increases in FC between the seed at the parahippocampus, and cyan/blue signifies
decreases. Pink is a mask of the parahippocampal gyrus [adapted from Carhart-Harris et al., (2016)]. This figure is used to help visually compare and
contrast the heterogeneity of activity patterns between 3 foundational studies, but it should be noted that other neuroimaging studies exist that are
not included. Blood-oxygen-level-dependent (BOLD), Default mode network (DMN), Functional connectivity (FC).

Search Strategy

We conducted an electronic database search of PubMed and
Scopus from inception to April 2022. We structured our search
according to the PICO framework (Schardt et al., 2007) using
search terms related to the DMN, along with the names of the
classical psychedelics, to return all potentially eligible studies.
The search string was: default mode network OR DMN OR neuro
circuitry AND ayahuasca OR DMT OR dimethyltryptamine OR
psilocybin OR psilocin OR LSD OR Lysergic acid diethylamide OR
mescaline OR peyote OR psychedelic. A search of Google Scholar
was conducted to identify any additional relevant articles.
Eligibility Criteria

Articles were screened by 2 reviewers (J.G., S.R.). Disagreements
were resolved through discussion until consensus was reached
(with J.S. arbitrating if required). We included only human clinical
trials (rodent studies were excluded) assessing DMN modulation
by the classical psychedelics. Papers that performed novel anal-
yses on previously published datasets were also included [i.e,,
Carhart-Harris et al., (2013) and Varley et al., (2020)]. Only English
language papers were eligible, and there was no psychedelic dose
requirement and no requirement on the length of treatment or on
the statistical methods used. All clinical diagnoses and healthy
controls were included. The full article screening and selection
process is detailed in Figure 2.

RESULTS

Results Overview
The initial database search was performed on 28th of August
2021 and a second database search was performed on the 20th of

April 2022. The search returned 163 results which were reduced
to 119 after the duplicates were removed. A further 95 articles
were removed due to ineligibility. This left 28 articles that were
included in the study (Figure 2).

A total of 17 psilocybin studies were assessed, twelve using fMRI
(2 of 12 using 7 Tesla fMRI, remaining using 3 Tesla) and two using
Electroencephalogram (EEG) or Magnetoencephalogram (MEG). The
average age of subjects across these studies was 34.6 years with a
standard deviation (SD) of 8.8 years. The average number of partici-
pants across the studies was 26 with a SD of 19. Out of the 17 stud-
les, 13 had a placebo control group. Four Ayahuasca studies were
assessed, with all four using fMRI (two using 1.5 Tesla and two, 3
Tesla). The average age of subjects across these studies was 35 years
with a SD of 17.8 years, and the average number of participants was
28 with a SD of 5.9 years. Only one of these studies had a placebo
control group. Eight LSD studies were assessed, with seven using
(3 Tesla) fMRI, one using EEG and one using MEG. The average age
across these studies was 29.6 years with a SD of 2.8, and the average
number of participants was 20, and the SD was 6.4 participants. All
studies had a placebo control group. No published research papers
assessing how mescaline and DMT modulates the DMN in humans
were found. Table 2 is a summary of the findings and study charac-
teristics for the research articles included in this systematic review.
Figure 3 shows the specific DMN brain regions detected via fMRI that
are modulated by psychedelics.

DISCUSSION
Synthesis of Data

Based on the evidence (see Table 2), there are clear associa-
tions between a psychedelic’s ability to reduce the functional
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connectivity within the DMN (and increase its connectivity to
other networks), altered states of consciousness, and therapeu-
tic outcomes (Letheby and Gerrans, 2017; Miiller et al., 2018;
Smigilelski et al., 2019; dos Santos and Hallak, 2021; Mason et al.,
2021; Daws et al.,, 2022). At this stage, however, it is difficult to
ascertain the direction of causality.

A recent review from Aleksandrova and Phillips (Aleksandrova
and Phillips, 2021) also revealed that the classical psychedelics
can induce marked neuronal structural and functional changes
via neurotrophic signaling and neuroplasticity. These psychop-
lastic changes are most likely mediated by brain-derived neuro-
trophic factor and mammalian target of rapamycin (Inserra et
al., 2021). Furthermore, Martin and Nichols (2017) showed that
psychedelics have the potential to alter gene expression and
immunomodulatory mechanisms. These effects are proposed
to rewire pathological cortical networks (possibly by reducing
neuronal inflammation, a burgeoning hypothesis of addiction,
depression and neurodegeneration), thereby explaining how
psychedelics may neurobiologically induce positive long-term
health outcomes. Thus, it is challenging to delineate how much
of the benefit in psychedelic therapy is derived from neuroplastic
changes on the cellular level or on the network level (DMN mod-
ulation) and the degree to which the two are linked. This is fur-
ther confounded by the fact that studies use varying dosages of
psychedelics are not all placebo controlled and often investigate
participants who are not drug naive.

Depression is often characterized by excessive activity in the
mPFC, and there appears to be an inverse correlation between
depressive symptomatology and the degree of 5-HT,, receptor
stimulation in this region (Morris, 2008; Nichols, 2016; Carhart-
Harris, 2019). Psilocybin can acutely increase anxiety, which may
be mediated by glutamate hyperfrontality; however, long-term
reductions in anxiety could occur due to 5-HT,, receptor down-
regulation in this area (Mason et al., 2020). Another hypothesis
is that psilocybin, and the classical psychedelics more broadly,
have a significant affinity for and agonize the 5-HT,, receptors.
These are the primary inhibitory serotonergic receptors and may
be responsible for the decreased blood oxygen level-dependent
(BOLD) coactivation often seen in the DMN and other brain regions
on the administration of psychedelics. On the macro-scale, con-
nectivity between the parahippocampal cortex and prefrontal
regions was a reliable predictor of depressive symptoms 5 weeks
after psilocybin treatment (Carhart-Harris et al., 2018).

A review by Thomas et al. (2017) concluded that based on the
totality of evidence at that time (7 clinical trials), psilocybin, by
disrupting the hyperconnectivity in the DMN of psychiatric con-
ditions, may be a novel treatment for a range of neuropsychiat-
ric conditions. A recent analysis by Daws et al. (2022) found that
psilocybin therapy reduced depressive symptoms for up to 6
weeks post intervention and that this effect was likely depend-
ent on increased brain network integration. Interestingly, this
group also found that increased within-DMN connectivity and
reduced between-network DMN connectivity (specifically with
the executive and salience network) were correlated with base-
line depressive severity, which aligns with the previous findings of
other researchers (Hamilton et al., 2011; Lydon-Staley et al., 2019;
Feurer et al., 2021).

The literature reviewed clearly indicates that classical psych-
edelics acutely decrease functional connectivity within the
DMN and increase between-network connectivity (see Table 2)
(Roseman et al,, 2014; Lebedev et al.,, 2015; Palhano-Fontes et
al., 2015; Carhart-Harris et al., 2016; Nichols, 2016; Tagliazucchi
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et al., 2016; Atasoy et al.,, 2017; Miller et al., 2018; Mason et al.,
2020; Mertens et al., 2020; de Gregorio et al.,, 2021; Grandjean et
al., 2021; Daws et al., 2022; Madsen et al., 2021). Thus, during the
psychedelic experience, there seems to be a unique shift in neural
connectivity, reflecting a shift from a more modular, segregated
brain to a more interconnected global network (Palhano-Fontes
et al., 2015; Smigielski et al., 2019). This decrease in between-net-
work segregation seems to be somewhat specific to the classical
psychedelics, although this decreased segregation is also seen in
ketamine (Bonhomme et al.,, 2016) and salvinorin A (Doss et al.,
2020). It is not seen with selective serotonin reuptake inhibitor
antidepressants (Klaassens et al., 2015; Daws et al., 2022), stimu-
lants (Konova et al., 2015), sedatives (Stamatakis et al., 2010), or
MDMA (Roseman et al., 2014). This increase in inter-network FC
can be interpreted via a dynamical systems theory approach [see
Roseman et al., (2014) for more details]. For instance, RSNs are
canonical networks of brain activity and when reflected graphi-
cally, the valleys in this 2D plane are indications of the metastable
“sub-states” of these RSNs. Thus, deeper valleys imply a prolonged
sub-state with greater rigidity, whereas shallower valleys indi-
cate less stable and more flexible sub-states. The increase in FC
between the DMN and other RSNs seems to align with the latter
graphical representation (i.e., shallow troughs), which may indi-
cate that the brain/mind can access a greater dynamic repertoire
of metastable sub-states. This more flexible brain state seems to
persist in the recovered state of patients with major depressive
disorder (MDD) treated with psilocybin (Daws et al., 2022).
Psychedelics may in part disrupt the DMN because they pro-
mote a cognitively intensive experience where one is dealing with
the “task” of one’s subconscious and grappling with the deep met-
aphysical and personal questions that generally arise during the
experience (Shanon, 2002). This aligns with the definition of the
DMN, which is anticorrelated with task-based activities. Although
mind-wandering is associated with increased DMN activity,
awareness of mind-wandering—as seen in meditation—decreases
the resting FC of the DMN (Brewer et al., 2011; Palhano-Fontes et
al., 2015). This is a plausible mechanism by which ayahuasca, as
well as psilocybin and LSD, also decrease activity within the DMN
because the experience is characterized by a hyper-awareness of
one’s internal dispositions and attributions (Brewer et al., 2011;
Preller and Vollenweider, 2016; Milliere et al., 2018). Furthermore,
it could be argued that hyper-awareness of one’s mind and inter-
nal cognition is a feature of a brain that has increasing entropy
and is approaching criticality (Carhart-Harris et al., 2012, 2016;
Carhart-Harris, 2018; Milliere et al., 2018), although this needs to
be further examined. It is also clear that various individuals will
respond differently to distinct treatments because their baseline
levels of awareness will differ. Another plausible mechanism of
reduced coactivation within the DMN is that psychedelics pro-
duce less mentation to the past, as seen with LSD, but whether
this effect is unique to psychedelics is unclear (Speth et al., 2016).

Models of Psychedelic Action

It is important to note that the “relaxed beliefs under psyche-
delics” (REBUS) model is 1 of 3 prominent models of the biolog-
ical mechanisms underpinning psychedelics’ mode of action,
and each model exhibits unique strengths and weaknesses. The
REBUS model has been the primary focus of this article (refer to
Table 2, where 24 of the 28 papers were most closely aligned with
the REBUS model) because it included DMN activity and modula-
tion as a central axiom (REBUS is based on the brain’s hierarchi-
cal organization with DMN at the top of this hierarchy). The two
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other models suggest mechanisms that are relatively independ-
ent of DMN modulation (Doss et al., 2022).

Relaxed Beliefs Under Psychedelics and Brain Entropy—It
has been hypothesized that the underlying neurobiology of DMN
perturbation and its downstream effects is caused by entropy
(Carhart-Harris, 2018). Psychedelics exert their hallucinogenic
effects primarily by activating the 5-HT,, receptor, resulting
in increased 5-HT release, enhancing the excitability of layer
V pyramidal cells in the cortex and hence leading to increased
glutamate in the neocortex (Nichols, 2016; Carhart-Harris, 2019;
Mason et al., 2020). In the cortex 5-HT,, receptor activation
can lead to asynchronous glutamate release resulting in
desynchronized ensembles of neurons (Nichols, 2016; Riba et al.,
2002; Tagliazucchi et al., 2014). Subsequently, the brain becomes
more desynchronized resulting in a loss of oscillatory power,
aligning with the brain entropy hypothesis (Aghajanian and
Marek, 1999; Tagliazucchi et al., 2014; Carhart-Harris, 2018).

Brain entropy is characterized by increased randomness,
unpredictability, and disorderliness (with respect to neuronal
firing), which in turn disrupts top-down, goal-oriented cognitive
processing (Carhart-Harris, 2018, 2019; Kelly et al., 2019; Varley
et al., 2020). It is proposed that this disruption in top-down pro-
cessing may facilitate increased neural and cognitive flexibility
(Doss et al., 2021), which is a viable explanation for the mech-
anistic underpinnings of the therapeutic effect of psychedelics
(Gallimore, 2015; Mason et al., 2021; Daws et al., 2022). The REBUS
model postulates that psychedelics serve to relax the preci-
sion-weighting of previous beliefs while freeing up and increas-
ing the information flow from bottom-up information processing
(Carhart-Harris and Friston, 2019). This process can enable the
revision of pathologically overweighted priors, which affects the
functional systems of the brain such as those related to the self
(Ho et al., 2020).

Evidence from Barrett et al. (2020a) and Daws et al. (2022)
may support this model and the notion of a “resetting mecha-
nism” because the acute disruption in top-down cognitive control
showed enduring benefits (up to 1 month) in top-down control
of emotion, leading to less negative affect and increased positive
affect after psilocybin administration. Anatomical connectivity
can be conceived as a Bayesian prior on FC, and under anesthetic,
external information is minimally processed and integrated,
which means that there is a strong association between the FC
and structurally encoded priors. However, under classical psyche-
delics, the brain is less constrained by pre-existing structural pri-
ors and therefore these pre-existing priors have less of an effect
on cognition, aligning with the REBUS model.

Interestingly, the decreased weight of structural priors frees up
the ability for the brain to create a greater array of FC patterns
and networks, supposedly enabling the bizarre and ineffable
experiences associated with psychedelics (Luppi et al., 2021) [see
Table 1 and Preller and Vollenweider, (2016) for the phenomenol-
ogy of psychedelics]. Specifically, a reduction in FC of the mPFC
(a key DMN hub) has been observed following the administra-
tion of LSD, and this area is known to be implicated in reality
monitoring (Taylor et al., 2007; Subramaniam et al., 2020). Thus,
a disruption in this brain region’s function may underpin and
support the attenuated top-down processing, impairing an indi-
vidual to accurately differentiate endogenously or exogenously
generated percepts. Further evidence for the REBUS model is seen
by the findings that entropy and mystical experiences involving
ego dissolution (MacLean et al.,, 2011) have been correlated with

increases in trait openness (Lebedev et al., 2016), which itself is
associated with creativity, intelligence, and even increased grey
matter in the inferior parietal lobule (Schretlen et al., 2010; Taki et
al., 2013). Long-term meditators have decreased DMN FC (Brewer
et al,, 2011; Brewer and Garrison, 2014; Milliére et al., 2018), with
psychedelic and meditative states sharing some key characteris-
tics such as heightened levels of perceptual sensitivity, ego dis-
solution, and decreased negative rumination (Brewer et al., 2011;
Milliere et al., 2018). Increased awareness of thoughts and feelings
also seems to be a key characteristic of the ayahuasca experience
and may explain the long-term thinning of the PCC in experi-
enced users (Bouso et al., 2015). Furthermore, thinning of the PCC
and thickening of the ACC, supporting DMN-TPN orthogonality,
has been associated with greater levels of attention, emotional
regulation, and feelings of self-transcendence, which is positively
correlated with well-being and negatively associated with depres-
sion and end-of-life anxiety (Reed, 2008; Bouso et al., 2015).

Cortico-Striatal-Thalamo-Cortical Model (CSTC)—The CSTC
postulates that 5-HT,, receptor activation leads to alterations

in the CSTC circuitry, resulting in disinhibition of the thalamus
and reduced sensory gating, thereby increasing the amount of
sensory information reaching the cortex (Vollenweider et al.,
1997). Evidence for this model comes from Preller et al. (2019),
who found that LSD increased excitatory connections from the
thalamus to the PCC and reduced effective connectivity from the
ventral striatum to the thalamus. These connectivity patterns
suggest that LSD increases bottom-up informational flow by
reducing thalamic-sensory gating, lending credence to the CSTC
model.

Cortico-Claustro-Cortical (CCC) Model—The third model is
known as the cortico-claustro-cortical model. The claustrum is
situated between the insula and putamen and is a thin, curved
sheet of neurons embedded in white mater. It contains a large
density of 5-HT,, receptors and bidirectional glutamatergic
connections to most of the cortex. The CCC model proposes
psychedelic effects are a function of activating receptors in the
claustrum [the claustrum also contains k-opioid receptors, the
primary target of Salvia A (Stiefel et al., 2014)], which leads to a
disruption in higher cortical networks through CCC circuits that
may underpin the neural and subjective effects that have been
associated with the psychedelic experience. Evidence for this
model is supported by the findings from Barrett et al. (2020b)
(Table 2). Barret and colleagues observed that psilocybin reduced
the BOLD signal of the claustrum, which was also predictive of
the participant’s subjective experience.

Limitations of REBUS, CTSC, and CCC Models

The REBUS model needs to be clearer as to what constitutes
higher and lower brain regions and would benefit from dividing
key brain regions (for example the hippocampus) into its con-
stituent nuclei. Furthermore, functional outcomes of increased
entropy (and region-specific entropy) are not entirely clear. For
example, a recent study showed that individuals with Major
Depressive Disorder (MDD) had increased entropy in bilateral
hippocampi (Xue et al., 2019) and it does not seem that MDD
patients have a ‘richer subjective experience’ and tend to have a
more rigid rather than dynamic cognition (Carhart-Harris et al.,
2017). Finally, the majority of studies supporting the REBUS model
employ a seed-based approach, which assumes dysconnectivity
across homogeneous brain structures, regions and networks.
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Thus, this presupposition has an a priori connectivity bias which
limits the measurement of pharmacologically induced connectiv-
ity alterations in unaccounted brain regions and networks (Preller
et al,, 2018). However, it is promising that Preller et al., (2018) who
used the data-driven Global Brain Connectivity (GBC) approach,
recapitulated connectivity patterns from previous seed-based
analyses.

The CSTC model is also incomplete because it does not
account for the “efference copies” that also interact with sensory
and predictive cortices (Pynn and DeSouza, 2013). Additionally,
like the REBUS model, the CSTC model would be strengthened
by a revision that includes more specificity regarding the mod-
els’ neuroanatomical constituents (e.g., difference in efferent
and afferent output of various thalamic nuclei). Finally, the CCC
model is the most recent and thereby has the least amount of
support, and as newer technologies emerge this will facilitate
research investigation into claustrum connectivity (because the
claustrum is naturally hard to measure) in response to psyche-
delic drugs, which will enable this model’s validity and reliability
to be further evaluated.

Itis important to discuss that these models are not necessarily
distinct from one another and that they are all likely involved in
mediating psychedelic therapeutic effects. For instance, the feed-
forward thalamocortical loop that occurs due to increased sero-
tonergic activity (5-HT,, receptor agonism in the CSTC circuit),
which leads to “sensory overload” and ego-dissolution, is com-
patible with the increased bottom-up information flow, relaxed
priors, and entropy findings that support the REBUS model.
Additionally, it is also possible that 5-HT,, receptor activation
within the claustrum leads to CSTC alteration and DMN modula-
tion, increasing entropy and brain plasticity (Barrett et al., 2020b).
Hence, it may be appropriate for psychedelics researchers to
strive for a unifying psychedelic theory where various theoretical
and empirical models are simultaneously tested and juxtaposed
with one another. This will enable a more integrated mechanistic
understanding of psychedelics’ mode of action; we can poten-
tially understand the similarities and differences of these models
and how they relate to the complex phenomenology and clinical
outcomes associated with psychedelics.

Current Challenges and Limitations of the DMN

This article rests on the fundamental premise that the DMN is
an inherently valuable and meaningful network; however, this
presupposition is not without challenge (Fair et al., 2008). It has
been argued that the DMN is plagued by the methodological
confounder that certain brain regions show intrinsic structural
connectivity through vascular coupling rather than functional
connectivity (Andrews-Hanna, 2012). However, the assessment of
the DMN is not limited to measurements of BOLD fMRI; it has
also been assessed through positron emission tomography, which
measures glucose metabolism via radioactive tracers (Raichle,
2015). In addition, the neuronal activity of the DMN can be esti-
mated by the electrical activity and magnetic fields associated
with this electrophysiological activity via EEG (Foster and Parvizi,
2012) and MEG (Brookes et al., 2011), respectively.

Additionally, Morcom and Fletcher (2007) question the
assumption that the DMN reveals substantial information
about cognition; however, these early criticisms were based on
the simple subtraction design utilized by Raichle et al. (2001)
and the scarcity of literature at the time. Furthermore, Morcom
and Fletcher concede that controlled experimental manipula-
tions are necessary to further explore the DMN, and the unique
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experimental conditions that meditation and psychedelics offer
have addressed exactly this. Over a decade later, there is a surge
in publications suggesting the DMN can offer insight into the
variability of human cognition (Brewer et al., 2011; Palhano-
Fontes et al., 2015; Raichle, 2015; Mohan et al.,, 2016; Speth et al.,
2016; Smigielski et al., 2019; Zhang and Volkow, 2019; Marstrand-
Joergensen et al.,, 2021; Smallwood et al., 2021; Yeshurun et al.,
2021). Furthermore, the DMN has continuously been correlated
with the sense of self, ego dissolution, top-down cognitive pro-
cesses (executive function), cognitive flexibility, awareness, and
a number of neuropsychiatric conditions (Andrews-Hanna et al.,
2014; Lebedev et al., 2015; Palhano-Fontes et al., 2015; Mohan et
al., 2016; Carhart-Harris et al., 2018; Smigielski et al., 2019). For
instance, a review by Barrett and Griffiths (2017) hypothesized
that decreased activity and FC within DMN hubs such as the
PCC and mPFC on administration of classical psychedelics are
key facets that mediate the mystical experience via decreased
self-referencing and disintegration in the feeling of self. These
authors further posit that decreased activity and FC in the infe-
rior parietal lobule (a lateral node of the DMN) is responsible for
the feeling of timelessness and spacelessness that often governs
the psychedelic experience. Therefore, although Morcom and
Fletcher provided valid critiques at the time (2007), current evi-
dence suggests the DMN is a revealing and insightful network
that should remain in the purview of cognitive neuroscience
and psychedelic research.

Psychedelics are not the only class of drug to alter the DMN.
Alcohol also reduces FC within the DMN (Fang et al., 2021).
Indeed, this decrease in resting state FC can explain 33% of the
variance in alcohol craving in individuals with alcohol use disor-
der, thereby showing that DMN connectivity profiles/signatures
may act as a possible biomarker for this condition (Fede et al.,
2019). Fang et al. (2021) found that moderate alcohol consump-
tion acutely and significantly decreased FC within the right hip-
pocampus and right medial temporal gyrus. Unlike psychedelics,
alcohol did not significantly affect the inter-network connectivity
of the DMN with other cortical networks. Therefore, the acute
disruption in intra-network connectivity of the DMN induced by
both alcohol and psychedelics may in part explain the euphoric
experience characteristic of intoxication with both drugs. The
ability of psychedelics to increase global integration and connec-
tivity (via increased internetwork connectivity) juxtaposed with
its neuroplastic properties may explain its unique capacity to pro-
duce positive therapeutic health outcomes. Interestingly, it does
seem that ketamine has the capacity to decrease FC within the
DMN (at doses that alter consciousness) and alter the FC between
the DMN and other networks (Bonhomme et al., 2016), and it has
been argued that neuroplasticity is a convergent mode of action
between psychedelics and ketamine (via mechanisms described
above) (Aleksandrova and Phillips, 2021). Additionally, findings
from Doss et al. (2020) showed that the k-opioid receptor agonist
and atypical dissociative Salvinorin A decreased within network
FC and increased between network FC. Static and entropic func-
tional connectivity were best predicted by the DMN, questioning
the specificity of the entropic brain hypothesis to the classical
psychedelics. It is unclear if Salvinorin A elicits the same neuro-
plastic properties as ketamine and the classical psychedelics and
whether this relates to their intra- and internetwork modulation
capacity.

Table 2 outlines and summarizes the limitations of each study
included in the systematic review, so a brief overview of the
common limitations will be discussed. The majority of included
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studies were, for ethical reasons, conducted on people with prior
psychedelic experience and were of small sample sizes. Therefore,
it is encouraged that future researchers report effect sizes, as
a power analysis by McCulloch et al., (2022) found that sample
sizes greater than 60 are needed for adequately powered studies.
Strikingly, only 2 of 28 papers had 60 or more participants (Mason
etal., 2020, 2021). Furthermore, a number of studies included new
analysis on two previously small sample datasets (Carhart-Harris
et al., 2012, 2016), which is problematic for a number of reasons.
The primary limitation from this sort of analysis is that one would
expect that in the absence of any serious fundamental method-
ological flaw in the dataset that different analytical methods
should support the same hypothesis. Thus, we emphasize that
these findings are not necessarily independent evidence, though
the fact that different analytical methodologies generated similar
conclusions is reassuring. Future research should aim to carry
out similar analysis on novel datasets, which would provide more
robust and reliable evidence for the REBUS and entropic brain
hypothesis.

The problem of inferring psychological processes or cogni-
tion from patterns of activation via neuroimaging technolo-
gles is known as reverse inference. It is not entirely clear as to
whether alterations in DMN activity and connectivity are merely
a by-product or epiphenomenon of psychedelics or if they play
a mediating role in psychedelics’ specific psychological effects
and therapeutic benefit. Thus, researchers should be tentative in
drawing causal conclusions from correlative evidence.

With any field of research there is a risk of publication bias.
In the context of the papers reviewed in this article, when ini-
tial articles linking the DMN to various cognitive outcomes were
established in prestigious journals (refer Figure 3, Carhart-Harris
et al.,, 2012, 2016, and Palhano-Fontes et al., 2015), it directs the
field of psychedelic research and expected findings and hypoth-
eses generated by researchers. Thus, we urge the scientific com-
munity to remain wary of overly enthusiastic claims and consider
theories as parsimonious models rather than established facts.
Pre-print journals such as bioRxiv and PsyArXiv can also be use-
ful in sharing studies that may have difficulty getting published
elsewhere due to negative results but can still contribute to the
corpus of scientific knowledge. However, it is important to con-
sider that due to the renewed interest in psychedelic medicine,
publications with negative findings are still likely to be published
and the currently published data have all been attached to reg-
istered trials.

Potential Future of DMN Modulation-Focused
Psychedelic Therapies

Studies have highlighted the potential application of the intrin-
sic FC of the DMN as a biomarker. The DMN has been utilized
as a biomarker for attention deficit hyperactivity disorder, early
antidepressant response, chemotherapy-related brain injury,
depression, epilepsy, Parkinson’s disease (Yanbing et al., 2020),
bipolar affective disorder, and schizophrenia (Meda et al., 2014).
Using resting and task-influenced DMN activity as a cognitive
biomarker is aligned with the research domain criteria of the
National Institute of Mental Health. Research domain criteria is a
research framework for investigating mental disorders and places
an emphasis on using different biological and cognitive markers
as transdiagnostic tools. Therefore, using the DMN as a biomarker
of neuropsychiatric conditions can help overcome many of the
limitations often associated with diagnosing these pathologies
via symptomatology. These include heterogeneity of symptoms

for the same condition and less reliance on the subjective judg-
ment of a clinician.

The REBUS and predictive-coding models may offer explan-
atory power in terms of psychedelics transdiagnostic potential.
Neuropsychiatric conditions are characterized by distinct DMN
signature abnormalities, which psychedelics may therapeutically
normalize. Little is known regarding how psychedelics influence
top-down and bottom-up information-processing streams and
whether these pathways converge upon the DMN. Future research
might take Bayesian approaches to determine if psychedelics
alter hierarchical sensory processing and if this may contrib-
ute to updating models of the self and world as proposed in the
REBUS model. Moreover, belief system updating may alter top-
down processing, with greater cognitive flexibility modulating
distinctions of exogenous and interoceptive information. These
hypotheses can be directly assessed in future research by exam-
ining how nodes of the DMN may modulate thalamic activity via
effective connectivity analyses, and vice versa, to gain a deeper
understanding about information transfer as demonstrated by
Preller et al. (2019).

Micro-dosing of psychedelics (particularly LSD and psilocybin),
which generally involves taking sub-hallucinogenic doses, has
been reported to lead to decreased mind-wandering (Polito and
Stevenson, 2019), which at the neural level is reflected by reduced
DMN activity. For instance, a double-blinded placebo-controlled
study by Murray et al., (2022) administered low doses of LSD (13
or 26 ug sublingual). Using EEG, scalp electrodes were placed on
the midline of the brain to infer source localization for key DMN
regions and showed a reduction in broadband oscillatory power,
consistent with findings using larger doses. Across all EEG fre-
quencies (delta, theta, alpha, beta, and gamma), the 26-ug dose
saw greater reductions in oscillatory power compared with the
13-pg dose. There is, however, currently no direct evidence or
clinical trials that show how micro-dosing modulates the DMN,
and this should be explored in subsequent research. This can
illuminate how much DMN modulation (and its potential down-
stream benefits) is dependent on the rich subjective experience
associated with larger doses of psychedelics. Furthermore, stud-
ies could aim at determining a “minimum effective dose,” which
would likely cause fewer challenging experiences that may result
from administration of high-dose psychedelics. The same ration-
ale also applies to non-hallucinogenic psychedelic analogues,
which are currently being explored and have shown anti-depres-
sant effects, at least in rodent models (Cao et al., 2022). However,
it is important to note that challenging experiences may also be
conducive of positive therapeutic outcomes (Yaden and Griffiths,
2020).

A worthwhile future direction would be the comparison of
DMN modulation for experienced psychedelic users and psy-
chedelic naive individuals because it would help decipher the
interaction between the acute and enduring effects of these
substances on this network. Alternatively, well-designed lon-
gitudinal research involving several scanning sessions could
clarify how modulations of DMN FC may reflect the dynamics
of lasting effects of psychedelics in brain activity as demon-
strated by McCulloch et al. (2022). Interestingly, in this recent
study within and between DMN FC differences were not signif-
icantly (with low effect size, d = 0.2) modulated at 1-week and
3-months post injection. This study design could be replicated
with a greater sample size and additional acute time points to
further delineate the acute and enduring connectivity patterns
of psychedelic drugs.
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Clinically, psychedelics could be used in conjunction with
psychotherapeutic techniques such as mindfulness meditation.
Mindfulness and psilocybin retreats have shown promising out-
comes for people with depression (Carhart-Harris et al., 2017).
It seems that mindfulness and psilocybin therapy modulate the
DMN in similar ways (a reduction in FC and activity within the
DMN) and may act synergistically. This may be because mindful-
ness, which acts to increase and cultivate non-judgmental aware-
ness of one’s thoughts and feelings, may help facilitate a positive
psychedelic experience and vice versa.

Additionally, a legitimate research question in the context
of depression is whether infrequent psilocybin treatment (i.e.,
quarterly) juxtaposed with standard frontline treatments such
as cognitive behavioral therapy and selective serotonin reuptake
inhibitors such as escitalopram may yield a superior contin-
ued reduction in depressive symptomatology. This type of study
design could be within the purview of future research scientists
and, if effective, could be translated to a variety of other neu-
ropsychiatric conditions. Furthermore, it is important that clin-
ical (and pre-clinical) research promotes a “bench-to-bedside”
approach; with scheduled drugs such as psychedelics, there will
be a need for government lobbying and policy reform [see Marks
and Cohen, (2021) for a roadmap for psychedelic therapy].

CONCLUSIONS

This systematic review provides evidence to support the notion
that classical psychedelics are capable of modulating the DMN,
which is correlated with ego dissolution, increased brain entropy,
and improved mental health and well-being. Our review of the
data shows psychedelics are a valuable tool for investigating this
network and considers the potential therapeutic implications of
this effect. Psychedelics are showing promise as tools to aid our
understanding of the brain and mind in greater detail. Finally, this
understanding can be harnessed to treat a variety of neuropsy-
chiatric conditions and potentially increase healthy individuals’
psychological well-being.

Acknowledgments

No direct funding was provided for the writing of this article.
Susan Rossell is supported by a Senior National Health and
Medical Research Council (NHMRC) Fellowship (GNT1154651).
We acknowledge support from the Victorian State Government
Operational Infrastructure Scheme.

Interest Statement

J.S. and D.P. are directors of a not-for-profit medicinal psych-
edelics research institute, which receives funding from com-
mercial sources to facilitate research in this field. D.C. has
received grant monies for research from Servier, Boehringer
Ingelheim; Travel support and honoraria for talks and consul-
tancy from Servier, Segirus, Lundbeck. He is a founder of the
Optimal Health Program (OHP) and holds 50% of the IP for OHP
and is part owner of Clarity Healthcare. He does not knowingly
have stocks or shares in any pharmaceutical company. D.C. is
an Advisory Board Chair of a not-for-profit institute specializ-
ing in psychedelic medicines research. D.N. is a consultant to
COMPASSPathways, Neural Therapeutics, Beckley PsyTec, and
Awaknlifesciences. S.R. is employed at a not-for-profit medic-
inal psychedelics research institute, which receives funding

Default Mode Network Modulation by Psychedelics | 185

from commercial sources to facilitate research in this field. All
other authors have no conflicts of interest.

References

Aday JS, Mitzkovitz CM, Bloesch EK, Davoli CC, Davis AK (2020) Long-
term effects of psychedelic drugs: a systematic review. Neurosci
Biobehav Rev 113:179-189.

Aghajanian GK, Marek GJ (1999) Serotonin-glutamate interactions:
a new target for antipsychotic drugs. Neuropsychopharmacol.
6:122-133.

Aleksandrova LR, Phillips AG (2021) Neuroplasticity as a conver-
gent mechanism of ketamine and classical psychedelics. TIPS
11:929-942.

Andrews-Hanna JR (2012) The brain’s default network and its adap-
tive role in internal mentation. Neuroscientist 18:251-270.

Andrews-Hanna JR, Smallwood ], Spreng RN (2014) The default
network and self-generated thought: component processes,
dynamic control, and clinical relevance. Ann N Y Acad Sci
1316:29-52.

Atasoy S, Roseman L, Kaelen M, Kringelbach ML, Deco G, Carhart-
Harris RL (2017) Connectome-harmonic decomposition of
human brain activity reveals dynamical repertoire re-organiza-
tion under LSD. Sci Rep 7:17661.

Barbosa PC, Mizumoto S, Bogenschutz MP, Strassman RJ (2012)
Health status of ayahuasca users. Drug Test Anal 4:601-609.
Barrett FS, Doss MK, Sepeda ND, Pekar Jj, Griffiths RR (2020a)
Emotions and brain function are altered up to one month after

a single high dose of psilocybin. Sci Rep 10:1-14.

Barrett FS, Griffiths RR (2017) Classic hallucinogens and mystical
experiences: phenomenology and neural correlates. Curr Top
Behav Neurosci 36:393-430. Berlin, Heidelberg: Springer.

Barrett FS, Krimmel SR, Griffiths RR, Seminowicz DA, Mathur BN
(2020b) Psilocybin acutely alters the functional connectivity
of the claustrum with brain networks that support perception,
memory, and attention. Neuroimage 218:116980.

Biswal BB, Kylen J van, Hyde JS (1997) Simultaneous assessment of
flow and BOLD signals in resting-state functional connectivity
maps. NMR Biomed 10:165-170.

Bonhomme V, Vanhaudenhuyse A, Demertzi A, Bruno M-A, Jaquet
O, Bahri MA, Plenevaux A, Boly M, Boveroux P, Soddu A (2016)
Resting-state network-specific breakdown of functional con-
nectivity during ketamine alteration of consciousness in volun-
teers. Anesthesiology 125:873-888.

Bouso JC, Palhano-Fontes F, Rodriguez-Fornells A, Ribeiro S, Sanches
R, Crippa JA, Hallak JE, de Araujo DB, Riba J (2015) Long-term
use of psychedelic drugs is associated with differences in brain
structure and personality in humans. Eur Neuropsychopharmacol
25:483-492.

Brewer JA, Garrison KA (2014) The posterior cingulate cortex as a
plausible mechanistic target of meditation: findings from neu-
roimaging. Ann NY Acad Sci 1307:19-27.

Brewer JA, Worhunsky PD, Gray JR, Tang Y'Y, Weber J, Kober H (2011)
Meditation experience is associated with differences in default
mode network activity and connectivity. PNAS 108:20254-20259.

Brookes MJ, Woolrich M, Luckhoo H, Price D, Hale JR, Stephenson MC,
Barnes GR, Smith SM, Morris PG (2011) Investigating the electro-
physiological basis of resting state networks using magnetoen-
cephalography. PNAS 108:16783-16788.

Cao D, Yu J, Wang H, Luo Z, Liu X, He L, Qi J, Fan L, Tang L, Chen Z
(2022) Structure-based discovery of nonhallucinogenic psyche-
delic analogs. Science 375:403-411.

G20z AInr 0g uo 1senb Aq 6£00229/55L/€/9Z/51one/dull/wod dno-olwspeoe//:sdiy woly pspeojumoq



186 | International Journal of Neuropsychopharmacology, 2023, Vol. 26, No. 3

Carhart-Harris RL  (2018) The brain-revisited.
Neuropharmacology 142:167-178.

Carhart-Harris RL (2019) How do psychedelics work? Curr Opin
Psychiatry 32:16-21.

Carhart-Harris RL, Bolstridge M, Day CMJ, Rucker J, Watts R, Erritzoe
DE, Kaelen M, Giribaldi B, Bloomfield M, Pilling S (2018) Psilocybin
with psychological support for treatment-resistant depression:
six-month follow-up. Psychopharmacology 235:399-408.

Carhart-Harris RL, Erritzoe D, Williams T, Stone JM, Reed LJ, Colasanti
A, Tyacke RJ, Leech R, Malizia AL, Murphy K (2012) Neural cor-
relates of the psychedelic state as determined by fMRI studies
with psilocybin. Proc Natl Acad Sci U S A 109:2138-2143.

Carhart-Harris RL, Friston KJ (2019) REBUS and the anarchic brain:
toward a unified model of the brain action of psychedelics.
Pharmacol Rev 71:316-344.

Carhart-Harris RL, Leech R, Erritzoe D, Williams TM, Stone JM, Evans
J, Sharp DJ, Feilding A, Wise RG, Nutt DJ (2013) Functional con-
nectivity measures after psilocybin inform a novel hypothesis
of early psychosis. Schizophr Bull 39:1343-1351.

Carhart-Harris RL, Leech R, Hellyer PJ, Shanahan M, Feilding A,
Tagliazucchi E, Chialvo DR, Nutt D (2014) The entropic brain: a
theory of conscious states informed by neuroimaging research
with psychedelic drugs. Front Hum Neurosci 20.

Carhart-Harris RL, Muthukumaraswamy S, Roseman L, Kaelen
M, Droog W, Murphy K, Tagliazucchi E, Schenberg EE, Nest
T, Orban C (2016) Neural correlates of the LSD experience
revealed by multimodal neuroimaging. Proc Natl Acad Sci U S A
113:4853-4858.

Carhart-Harris RL, Roseman L, Bolstridge M, Demetriou L, Pannekoek
JN, Wall MB, Tanner M, Kaelen M, McGonigle ], Murphy K (2017)
Psilocybin for treatment-resistant depression: fMRI-measured
brain mechanisms. Sci Rep 7:1-11.

Daws RE, Timmermann C, Giribaldi B, Sexton JD, Wall MB, Erritzoe
D, Roseman L, Nutt D, Carhart-Harris R (2022) Increased global
integration in the brain after psilocybin therapy for depression.
Nat Med 28:844-851.

de Gregorio D, Aguilar-Valles A, Preller KH, Heifets BD, Hibicke M,
Mitchell J, Gobbi G (2021) Hallucinogens in mental health: pre-
clinical and clinical studies on LSD, psilocybin, MDMA, and ket-
amine. ] Neurosci 41:891-900.

Dos Santos RG, Hallak JEC (2021) Ayahuasca, an ancient substance
with traditional and contemporary use in neuropsychiatry and
neuroscience. Epilepsy Behav 121:106300.

Doss MK, May DG, Johnson MW, Clifton JM, Hedrick SL, Prisinzano
TE, Griffiths RR, Barrett FS (2020) The acute effects of the atyp-
ical dissociative hallucinogen salvinorin A on functional con-
nectivity in the human brain. Sci Rep 10:16392.

Doss MK, Povazan M, Rosenberg MD, Sepeda ND, Davis AK, Finan PH,
Smith GS, Pekar JJ, Barker PB, Griffiths RR (2021) Psilocybin ther-
apy increases cognitive and neural flexibility in patients with
major depressive disorder. Transl Psychiatry 11:1-10.

Doss MK, Madden MB, Gaddis A, Nebel MB, Griffiths RR, Mathur BN,
Barrett FS (2022) Models of psychedelic drug action: modulation
of cortical-subcortical circuits. Brain 145:441-456.

Fair DA, Cohen AL, Dosenbach NUF, Church JA, Miezin FM, Barch
DM, Raichle ME, Petersen SE, Schlaggar BL (2008) The maturing
architecture of the brain’s default network. Proc Natl Acad Sci U
S A 105:4028-4032.

Fang X, Deza-Araujo YI, Petzold J, Spreer M, Riedel P, Marxen M,
O’Connor §J, Zimmermann US, Smolka MN (2021) Effects of
moderate alcohol levels on default mode network connectivity
in heavy drinkers. Alcohol Clin Exp Res 45:1039-1050.

entropic

Fede SJ, Grodin EN, Dean SF, Diazgranados N, Momenan R (2019)
Resting state connectivity best predicts alcohol use severity in
moderate to heavy alcohol users. Neuroimage Clin 22:101782.

Feurer C, Jimmy ], Chang F, Langenecker SA, Phan KL, Ajilore O,
Klumpp H (2021) Resting state functional connectivity corre-
lates of rumination and worry in internalizing psychopatholo-
gies. Depress Anxiety 38:488-497.

Foster BL, Parvizi J (2012) Resting oscillations and cross-frequency
coupling in the human posteromedial cortex. Neuroimage
60:384-391.

Gallimore AR (2015) Restructuring consciousness -the psyche-
delic state in light of integrated information theory. Front Hum
Neurosci 9:346.

Grandjean]J,Buehlmann D, Buerge M, Sigrist H, Seifritz E, Vollenweider
FX, Pryce CR, Rudin M (2021) Psilocybin exerts distinct effects on
resting state networks associated with serotonin and dopamine
in mice. Neuroimage 225:117456.

Hamilton JP, Furman DJ, Chang C, Thomason ME, Dennis E, Gotlib
IH (2011) Default-mode and task-positive network activity in
major depressive disorder: implications for adaptive and mal-
adaptive rumination. Biol Psychiatry 70:327-333.

Ho JT, Preller KH, Lenggenhager B (2020) Neuropharmacological
modulation of the aberrant bodily self through psychedelics.
Neurosci Biobehau Rev 108:526-541.

Hofmann A (1980) LSD: my problem child. Psychedelic reflections. The
Beckley Foundation Press.

Inserra A, De Gregorio D, Gobbi G (2021) Psychedelics in psychiatry:
neuroplastic, immunomodulatory, and neurotransmitter mech-
anisms. Pharmacol Rev 73:202-277.

Jobst BM, Atasoy S, Ponce-Alvarez A, Sanjuan A, Roseman L, Kaelen
M, Carhart-Harris R, Kringelbach ML, Deco G (2021) Increased
sensitivity to strong perturbations in a whole-brain model of
LSD. Neuroimage 230:117809.

Kelly JR, Baker A, Babiker M, Burke L, Brennan C, O'Keane V (2019)
The psychedelic renaissance: the next trip for psychiatry? Ir J
Psychol Med 1-5. doi:10.1017/ipm.2019.39.

Klaassens BL, van Gorsel HC, Khalili-Mahani N, van der Grond J,
Wyman BT, Whitcher B, Rombouts SA, van Gerven JM (2015)
Single-dose serotonergic stimulation shows widespread effects
on functional brain connectivity. Neuroimage 122:440-450.

Kometer M, Pokorny T, Seifritz E, Volleinweider FX (2015)
Psilocybin-induced spiritual experiences and insightfulness
are associated with synchronization of neuronal oscillations.
Psychopharmacology 232:3663-3676.

Konova AB, Moeller SJ, Tomasi D, Goldstein RZ (2015) Effects of
chronic and acute stimulants on brain functional connectivity
hubs. Brain Res 1628:147-156.

Lebedev AV, Lévdén M, Rosenthal G, Feilding A, Nutt DJ, Carhart-
Harris RL (2015) Finding the self by losing the self: neural cor-
relates of ego-dissolution under psilocybin. Hum Brain Mapp
36:3137-3153.

Lebedev AV, Kaelen M, Lovdén M, Nilsson J, Feilding A, Nutt DJ,
Carhart-Harris RL (2016) LSD-induced entropic brain activ-
ity predicts subsequent personality change. Hum Brain Mapp
37:3203-3213.

Letheby C, Gerrans P (2017) Self unbound: ego dissolution in psyche-
delic experience. Neurosci Conscious 2017:1nix016.

Luppi Al, Carhart-Harris RL, Roseman L, Pappas [, Menon DX,
Stamatakis EA (2021) LSD alters dynamic integration and segre-
gation in the human brain. Neuroimage 227:117653.

Lydon-Staley DM, Kuehner C, Zamoscik V, Huffziger S, Kirsch P,
Bassett DS (2019) Repetitive negative thinking in daily life and

G20z AInr 0g uo 1senb Aq 6£00229/55L/€/9Z/51one/dull/wod dno-olwspeoe//:sdiy woly pspeojumoq


https://doi.org/10.1017/ipm.2019.39

functional connectivity among default mode, fronto-parietal,
and salience networks. Transl Psychiatry 9:234.

MacLean KA, Johnson MW, Griffiths RR (2011) Mystical experiences
occasioned by the hallucinogen psilocybin lead to increases
in the personality domain of openness. ] Psychopharmacol
25:1453-1461.

Madsen MK, Stenbzek DS, Arvidsson A, Armand S, Marstrand-
Joergensen MR, Johansen SS, Linnet K, Ozenne B, Knudsen
GM, Fisher PM (2021) Psilocybin-induced changes in brain net-
work integrity and segregation correlate with plasma psilocin
level and psychedelic experience. Eur Neuropsychopharmacol
50:121-132.

Marks M, Cohen IG (2021) Psychedelic therapy: a roadmap for wider
acceptance and utilization. Nat Med 27:1669-1671.

Marstrand-Joergensen MR, Madsen MK, Stenbzek DS, Ozenne B,
Jensen PS, Frokjaer VG, Knudsen GM, Fisher PM (2021) Default
mode network functional connectivity negatively associated
with trait openness to experience. Soc Cogn Affect Neurosci
16:950-961.

Martin DA, Nichols CD (2017) The effects of hallucinogens on gene
expression. In: Halberstadt LA, Volleinweider FX, and Nichols
ED, eds. Behavioral neurobiology of psychedelic drugs, pp 137-158.
Berlin, Heidelberg: Springer.

Mason NL, Kuypers KPC, Miiller F, Reckweg J, Tse DHY, Toennes SW,
Hutten N, Jansen JFA, Stiers P, Feilding A (2020) Me, myself, bye:
regional alterations in glutamate and the experience of ego dis-
solution with psilocybin. Neuropsychopharmacology 45:2003-2011.

Mason NL, Kuypers KPC, Reckweg JT, Miller F, Tse DHY, Da Rios
B, Toennes SW, Stiers P, Feilding A, Ramaekers JG (2021)
Spontaneous and deliberate creative cognition during and after
psilocybin exposure. Transl Psychiatry 11:209.

McCulloch DE-W, Madsen MK, Stenbaek DS, Kristiansen S, Ozenne
B, Jensen PS, Knudsen GM, Fisher PM (2022) Lasting effects of a
single psilocybin dose on resting-state functional connectivity
in healthy individuals. J Psychopharmacol 36:74-84.

McKenna D (1998) Ayahuasca: an ethnopharmacologic history. In:
Sacred vine of spirits: ayahuasca. Rochester, Vermont: Park Street
Press. 1-50.

Meda SA, Ruafio G, Windemuth A, O'Neil K, Berwise C, Dunn SM,
Boccaccio LE, Narayanan B, Kocherla M, Sprooten E (2014)
Multivariate analysis reveals genetic associations of the resting
default mode network in psychotic bipolar disorder and schizo-
phrenia. Proc Natl Acad Sci U S A 111:E2066-E2075.

Mertens LJ, Wall MB, Roseman L, Demetriou L, Nutt DJ, Carhart-
Harris RL (2020) Therapeutic mechanisms of psilocybin:
changes in amygdala and prefrontal functional connectivity
during emotional processing after psilocybin for treatment-re-
sistant depression. ] Psychopharmacol 34:167-180.

Milliere R, Carhart-Harris RL, Roseman L, Trautwein FM, Berkovich-
Ohana A (2018) Psychedelics, meditation, and self-conscious-
ness. Front Psychol 9:1475.

Mohan A, Roberto AJ, Mohan A, Lorenzo A, Jones K, Carney MJ, Liogier-
Weyback L, Hwang S, Lapidus KAB (2016) Focus: the aging brain:
the significance of the default mode network (DMN) in neuro-
logical and neuropsychiatric disorders: a review. Yale J Biol Med
89:49.

Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M,
Shekelle P, Stewart LA (2015) Preferred reporting items for sys-
tematic review and meta-analysis protocols (PRISMA-P) 2015
statement. Syst Rev 4:1-9.

Morcom AM, Fletcher PC (2007) Does the brain have a baseline? Why
we should be resisting a rest. Neuroimage 37:1073-1082.

Default Mode Network Modulation by Psychedelics | 187

Morris K (2008) Research on psychedelics moves into the main-
stream. Lancet 371:1491-1492.

Miller F, Dolder PC, Schmidt A, Liechti ME, Borgwardt S (2018)
Altered network hub connectivity after acute LSD administra-
tion. Neuroimage Clin 18:694-701.

Murphy-Beiner A, Soar K (2020) Ayahuasca’s ‘afterglow’: improved
mindfulness and cognitive flexibility in ayahuasca drinkers.
Psychopharmacology 237:1161-1169.

Murray CH, Tare I, Perry CM, Malina M, Lee R, de Wit H (2022) Low
doses of LSD reduce broadband oscillatory power and modulate
event-related potentials in healthy adults. Psychopharmacology
(Berl) 239:1735-1747.

Muthukumaraswamy SD, Carhart-Harris RL, Moran RJ, Brookes M],
Williams TM, Errtizoe D, Sessa B, Papadopoulos A, Bolstridge M,
Singh KD (2013) Broadband cortical desynchronization under-
lies the human psychedelic state. ] Neurosci 33:15171-15183.

Nichols DE (2016) Psychedelics. Pharmacol Rev 68:264-355.

Nour MM, Carhart-Harris RL (2017) Psychedelics and the science of
self-experience. BJPsych 210:177-179.

Nour MM, Evans L, Nutt D, Carhart-Harris RL (2016) Ego-dissolution
and psychedelics: validation of the ego-dissolution inventory
(EDI). Front Hum Neurosci 10:269.

Nutt D, Carhart-Harris R (2021) The current status of psychedelics in
psychiatry. Jama Psychiatry 78:121-122.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow
CD, Shamseer L, Tetzlaff M, Akl EA, Brennan SE (2021) The
PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. IJS 88:105906.

Palhano-Fontes F, Andrade KC, Tofoli LF, Santos AC, Crippa JA, Hallak
JE, Ribeiro S, de Araujo DB (2015) The psychedelic state induced
by ayahuasca modulates the activity and connectivity of the
default mode network. Plos One 10:e0118143.

Pasquini L, Palhano-Fontes F, Araujo DB (2020) Subacute effects of
the psychedelic ayahuasca on the salience and default mode
networks. ] Psychopharmacol 34:623-635.

Polito V, Stevenson RJ (2019) A systematic study of microdosing
psychedelics. PLoS One 14:e0211023.

Preller KH, Burt JB, Ji JL, Schleifer CH, Adkinson BD, Stampfli P,
Seifritz E, Repovs G, Krystal JH, Murray JD (2018) Changes
in global and thalamic brain connectivity in LSD-induced
altered states of consciousness are attributable to the
S-HT2A receptor. Elife 7.

Preller KH, Razi A, Zeidman P, Stampfli P, Friston KJ, Vollenweider
FX (2019) Effective connectivity changes in LSD-induced altered
states of consciousness in humans. Proceedings of the National
Academy of Sciences 116:2743-2748.

Preller KH, Vollenweider FX (2016) Phenomenology, structure, and
dynamic of psychedelic states. In: Halberstadt LA, Volleinweider
FX and Nichols ED, eds. Behavioral neurobiology of psychedelic
drugs, 36:221-256. Berlin, Heidelberg: Springer.

Pynn LK, DeSouza JF (2013) The function of efference copy sig-
nals: implications for symptoms of schizophrenia. Vision Res
76:124-133.

Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA,
Shulman GL (2001) A Default Mode of Brain Function. Proceedings
of the National Academy of Sciences 98:676-682.

Raichle ME (2015) The brain’s default mode network. Annu Rev
Neurosci 38:433-447.

Reed PG (2008) Theory of self-transcendence. Middle Range Theory
Nurs 3:105-129.

Riba J, Anderer P, Morte A, Urbano G, Jané F, Saletu B, Barbanoj MJ
(2002) Topographic pharmaco-EEG mapping of the effects of the

G20z AInr 0g uo 1senb Aq 6£00229/55L/€/9Z/51one/dull/wod dno-olwspeoe//:sdiy woly pspeojumoq



188 | International Journal of Neuropsychopharmacology, 2023, Vol. 26, No. 3

South American psychoactive beverage ayahuasca in healthy
volunteers. Br J Clin Pharmacol 53:613-628.

Roseman L, Leech R, Feilding A, Nutt DJ, Carhart-Harris RL (2014)
The effects of psilocybin and MDMA on between-network rest-
ing state functional connectivity in healthy volunteers. Front
Hum Neurosci 8:204.

Sampedro F, de la Fuente Revenga M, Valle M, Roberto N, Dominguez-
Clavé E, Elices M, Luna LE, Crippa JAS, Hallak JEC, de Araujo
DB (2017) Assessing the psychedelic “after-glow” in ayahuasca
users: post-acute neurometabolic and functional connectivity
changes are associated with enhanced mindfulness capacities.
Int J Neuropsychopharmacol 20:698-711.

Schardt C, Adams MB, Owens T, Keitz S, Fontelo P (2007) Utilization of
the PICO framework to improve searching PubMed for clinical
questions. Bmc Med Inform Decis Mak 7:16.

Schretlen DJ, van der Hulst EJ, Pearlson GD, Gordon B (2010) A neu-
ropsychological study of personality: trait openness in relation
to intelligence, fluency, and executive functioning. J Clin Exp
Neuropsychol 32:1068-1073.

Sewell RA, Halpern JH, Pope HG Jr (2006) Response of cluster head-
ache to psilocybin and LSD. Neurology 66:1920-1922.

Shanon B (2002) The antipodes of the mind: charting the phenome-
nology of the ayahuasca experience. United States: Oxford
University Press.

Smallwood J, Bernhardt BC, Leech R, Bzdok D, Jefferies E, Margulies
DS (2021) The default mode network in cognition: a topograph-
ical perspective. Nat Rev Neurosci 22:503-513.

Smigielski L, Scheidegger M, Kometer M, Vollenweider FX (2019)
Psilocybin-assisted mindfulness training modulates self-con-
sciousness and brain default mode network connectivity with
lasting effects. Neuroimage 196:207-215.

Speth J, Speth C, Kaelen M, Schloerscheidt AM, Feilding A, Nutt DJ,
Carhart-Harris RL (2016) Decreased mental time travel to the
past correlates with default-mode network disintegration
under lysergic acid diethylamide. J Psychopharmacol 30:344-353.

Stamatakis EA, Adapa RM, Absalom AR, Menon DK (2010) Changes
in resting neural connectivity during propofol sedation. PLoS
One 5:14224.

Stiefel KM, Merrifield A, Holcombe AO (2014) The claustrum’s pro-
posed role in consciousness is supported by the effect and tar-
get localization of Salvia divinorum. Front Integr Neurosci 8:20.

Stoliker D, Egan GF, Friston KJ, Razi A (2022) Neural mechanisms
and psychology of psychedelic ego dissolution. Pharmacol Rev
74:876-917.

Subramaniam K, Kothare H, Hinkley LB, Tarapore P, Nagarajan SS
(2020) Establishing a causal role for medial prefrontal cortex in
reality monitoring. Front Hum Neurosci 14:106.

Tagliazucchi E, Carhart-Harris R, Leech R, Nutt D, Chialvo DR (2014)
Enhanced repertoire of brain dynamical states during the psy-
chedelic experience. Hum Brain Mapp 35:5442-5456.

Tagliazucchi E, Roseman L, Kaelen M, Orban C, Muthukumaraswamy
SD, Murphy K, Laufs H, Leech R, McGonigle J, Crossley N (2016)
Increased global functional connectivity correlates with LSD-
induced ego dissolution. Curr Biol. 26:1043-1050.

Taki Y, Thyreau B, Kinomura S, Sato K, Goto R, Wu K, Kawashima
R, Fukuda H (2013) A longitudinal study of the relationship
between personality traits and the annual rate of volume

changes in regional gray matter in healthy adults. Hum Brain
Mapp 34:3347-3353.

Taylor SF, Welsh RC, Chen AC, Velander AJ, Liberzon I (2007) Medial
frontal hyperactivity in reality distortion. Biol Psychiatry
61:1171-1178.

Thomas K, Malcolm B, Lastra D (2017) Psilocybin-assisted therapy: a
review of a novel treatment for psychiatric disorders. J Psychoact
Drugs 49:446-455.

Uthaug MV, van Oorsouw K, Kuypers KPC, van Boxtel M, Broers
NJ, Mason NL, Toennes SW, Riba J, Ramaekers JG (2018) Sub-
acute and long-term effects of ayahuasca on affect and cogni-
tive thinking style and their association with ego dissolution.
Psychopharmacology 235:2979-2989.

van den Heuvel MP, Pol HEH (2010) Exploring the brain network: a
review on resting-state fMRI functional connectivity. European
neuropsychopharmacology 20:519-534.

Varley TF, Carhart-Harris R, Roseman L, Menon DK, Stamatakis EA
(2020) Serotonergic psychedelics LSD and psilocybin increase
the fractal dimension of cortical brain activity in spatial and
temporal domains. Neuroimage 220:117049.

Viol A, Palhano-Fontes F, Onias H, de Araujo DB, Viswanathan GM
(2017) Shannon entropy of brain functional complex networks
under the influence of the psychedelic ayahuasca. Sci Rep
7:7388.

Vollenweider FX, Leenders KL, Scharfetter C, Maguire P, Stadelmann
O, Angst J (1997) Positron emission tomography and fluo-
rodeoxyglucose studies of metabolic hyperfrontality and
psychopathology in the psilocybin model of psychosis.
Neuropsychopharmacology 16:357-372.

Weil A, Winifred R (2004) From chocolate to morphine: everything you
need to know about mind-altering drugs. Boston, MA: Houghton
Mifflin Harcourt.

Wittmann M, Carter O, Hasler F, Cahn BR, Grimberg U, Spring P, Hell
D, Flohr H, Vollenweider FX (2007) Effects of psilocybin on time
perception and temporal control of behaviour in humans. J
Psychopharmacol 21:50-64.

Xue SW, Wang D, Tan Z, Wang Y, Lian Z, Sun Y, Hu X, Wang X, Zhou
X (2019) Disrupted brain entropy and functional connectivity
patterns of thalamic subregions in major depressive disorder.
Neuropsychiatr Dis Treat 15:2629-2638.

Yaden DB, Griffiths RR (2020) The subjective effects of psyche-
delics are necessary for their enduring therapeutic effects. ACS
Pharmacol Transl Sci 4:568-572.

Yanbing H, Xiaoqin Y, Qiangian W, Ruwei O, Yang J, Qiyong G, Huifang
S (2020) Primary disruption of the default mode network sub-
systems in drug-naive Parkinson’s disease with mild cognitive
impairments. Neuroradiology 62:685-692.

Yeshurun'Y, Nguyen M, Hasson U (2021) The default mode network:
where the idiosyncratic self meets the shared social world. Nat
Rev Neurosci 22:181-192.

Zeifman RJ, Singhal N, Dos Santos RG, Sanches RF, de Lima Osério F,
Hallak JEC, Weissman CR (2021) Rapid and sustained decreases
in suicidality following a single dose of ayahuasca among indi-
viduals with recurrent major depressive disorder: results from
an open-label trial. Psychopharmacology 238:453-459.

Zhang R, Volkow ND (2019) Brain default-mode network dysfunction
in addiction. Neuroimage 200:313-331.

G20z AInr 0g uo 1senb Aq 6£00229/55L/€/9Z/51one/dull/wod dno-olwspeoe//:sdiy woly pspeojumoq



