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Scientific interest in serotonergic psychedelics (e.g., psilocybin and LSD; 5-HT2A receptor agonists) has dramatically
increased within the last decade. Clinical studies administering psychedelics with psychotherapy have shown preliminary
evidence of robust efficacy in treating anxiety and depression, as well as addiction to tobacco and alcohol. Moreover, recent
research has suggested that these compounds have potential efficacy against inflammatory diseases through novel
mechanisms, with potential advantages over existing antiinflammatory agents. We propose that psychedelics exert
therapeutic effects for psychiatric disorders by acutely destabilizing local brain network hubs and global network
connectivity via amplification of neuronal avalanches, providing the occasion for brain network “resetting” after the acute
effects have resolved. Antiinflammatory effects may hold promise for efficacy in treatment of inflammation-related nonpsy-
chiatric as well as potentially for psychiatric disorders. Serotonergic psychedelics operate through unique mechanisms that
show promising effects for a variety of intractable, debilitating, and lethal disorders, and should be rigorously researched.

Following the passage of the controlled substances act of 1970, clin-
ical research with psychedelic agents essentially ended. Now, after a
hiatus of more than two decades, a number of recent clinical studies
have employed psychedelics in conjunction with psychotherapy,
leading to surprising but apparent robust therapeutic efficacy in
treating anxiety and depression, as well as addiction to nicotine and
alcohol. This article will review recent developments, and propose
that psychiatry and the treatment of other somatic disorders may
be approaching a paradigm shift, given persisting efficacy resulting
from only one or a few administrations. Earlier anecdotal reports
and uncontrolled studies will not be discussed here, but we refer the
reader to a recent comprehensive review.1

ANXIETY AND DEPRESSION
One indication under early investigation was treatment with
LSD of psychosocial distress in dying cancer patients.2–4 About
two-thirds of cancer patients given LSD had improved mood and
reduced anxiety and fear of death. More recently, Grob et al.5

administered 0.2 mg/kg oral psilocybin vs. niacin placebo to 12
patients with advanced-stage cancer having a diagnosis of anxiety
related to their cancer. Psilocybin is a small molecular weight
compound that occurs in nature. A variety of mushrooms from
multiple genera, including the genus Psilocybe, produce

psilocybin. Figure 1 shows an example of Psilocybe cubensis. The
study observed no clinically significant adverse events, consistent
with earlier trials. With the small sample size, they reported non-
significant trends for benefits of psilocybin compared with niacin
placebo on measures of depression and anxiety. Compared with
pretreatment baseline, however, the patients’ Spielberger State-
Trait Anxiety Inventory (STAI) trait anxiety subscale scores
revealed a significant reduction in anxiety at 1 and 3 months after
treatment. Similarly, the patients’ Beck Depression Inventory
(BDI) scores showed an improvement of mood that reached sig-
nificance at 6 months compared with baseline.
More recently, Carhart-Harris et al.6 published the results of an

open-label feasibility trial of 12 patients with moderate-to-severe,
unipolar, treatment-resistant major depression. Subjects received
two oral doses of psilocybin (10 mg and 25 mg, 7 days apart) in a
supportive setting. The study assessed depressive symptoms from 1
week to 3 months after treatment, with the 16-item Quick Invento-
ry of Depressive Symptoms (QIDS) serving as the primary efficacy
outcome. Because of the lack of a control group in this study, read-
ers should use caution in the interpretation of the results.
QIDS depression scores significantly decreased from baseline at 1

week and 3 months posttreatment, with the maximum effect at 2
weeks. BDI and clinician-administered ratings confirmed these
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results. All patients showed some reduction in depression severity at
1 week that was sustained in the majority for 3 months. According
to standard criteria for determining remission (i.e., a BDI score
�9), 8 (67%) of the 12 patients achieved complete remission at 1
week, and seven patients (58%) continued to meet criteria for
response (50% reduction in BDI score relative to baseline) at 3
months, with five of them (42%) still in complete remission. STAI-
T anxiety and SHAPS anhedonia scores also significantly decreased
at 1 week and 3 months posttreatment from baseline.
We are aware of two larger randomized placebo-controlled

studies recently completed by groups at Johns Hopkins Universi-
ty (JHU), directed by Roland Griffiths and one of the present
authors (M.W.J.),7 and at New York University (NYU), directed
by Stephen Ross.8 The results of these two studies are in press.
Unlike the Carhart-Harris et al. and Grob et al. studies, they are
reasonably large, well-powered phase II trials of psilocybin-
assisted psychotherapy in patients suffering from cancer-related
psychosocial distress (CRPD). These two studies represent the
first sufficiently powered, formal double-blind, placebo-controlled
assessment of a psychedelic agent for therapeutic effect using
modern clinical approaches and assessment instruments. Neither
study observed significant adverse events. Both of these studies
found remarkable efficacy that is unprecedented for CRPD with
any currently available conventional therapies.
The JHU study7 employed a two-session, double-blind, cross-

over design to investigate the effects of a high oral psilocybin dose
(22 or 30 mg/70 kg; equivalent to �0.31 and �0.43 mg/kg,
respectively) with a low dose (1 or 3 mg/70 kg; equivalent to
�0.014 and �0.043 mg/kg, respectively), on outcome measures
relevant to anxiety or depressive disorders caused or exacerbated by
the cancer diagnosis. Therapeutically relevant outcome measures
showing sustained effects at 6 months included the Hamilton Anx-
iety Rating Scale (HAM-A), the STAI, the Hamilton Depression
Rating Scale (HAM-D), and the BDI. Consistent with persisting
positive effects previously observed in healthy volunteers,9 the
immediate postsession mystical experience score showed a signifi-
cant correlation with therapeutic efficacy. The definition of mysti-
cal experience is a subjective experience involving substantial
participant endorsement of the following categories: internal unity,

external unity, noetic quality, sacredness, positive mood, transcen-
dence of time and space, and ineffability.10 The study showed that
a single psilocybin dose, given under supportive conditions to
screened and prepared participants, produced substantial and
enduring decreases in anxiety and depression in patients with a
life-threatening cancer diagnosis.
The NYU study8 used a therapeutic approach and clinical set-

ting that were similar to the one employed in the JHU study, the
chief difference being the use of niacin as the active placebo con-
trol instead of low-dose psilocybin. Again, the study documented
dramatic symptom reductions, with large effect sizes comparable
to the JHU study, and efficacy sustained for 6 months after treat-
ment. As with the JHU study, the authors safely administered a
single moderate psilocybin dose (21 mg/70 kg) in conjunction
with psychotherapy to a cohort of patients with life-threatening
cancer, and observed acute and sustained anxiolytic and antide-
pressant effects. Here too, the intensity of the subjective mystical
experience correlated with clinical benefit, including improved
attitudes toward disease progression and death, improved quality
of life, and increased spiritual well-being.
Similarly, Gasser et al.11 employed LSD-assisted therapy in 12

patients with anxiety related to a diagnosis of life-threatening dis-
eases. Patients received either 200 lg LSD (free base) or a 20 lg
active placebo dose of LSD with an open-label crossover to
200 lg LSD after unblinding. There were no serious adverse
effects associated with the treatment. Positive trends found using
the STAI persisted for 12 months after treatment. Subsequently,
Gasser et al.12 followed up the same participants 12 months later
to examine long-term effects on anxiety and explore subjective
experiences and lasting psychologic effects. Nine of the original
subjects participated. Gasser et al.12 found that the STAI state
and trait scores did not increase after the end of the study. In
semistructured interviews, seven of nine participants reported a
sustained reduction in anxiety. None of the participants reported
lasting negative effects. The authors concluded that LSD-assisted
psychotherapy in patients with a life-threatening illness demon-
strated safety and positive stable treatment outcomes at long-
term follow-up.
Recently, in an open-label clinical trial in patients suffering from

depression, ayahuasca, a South American plant decoction that con-
tains the hallucinogenic compound N,N-dimethyltryptamine
(DMT), produced marked improvement in depressive symptoms
with no mania or hypomania for up to 21 days after a single dose.13

OBSESSIVE-COMPULSIVE DISORDER
Anecdotal reports led Moreno et al.14 to study the effect of oral
psilocybin (25, 100, 200, and 300 lg/kg at 1-week intervals) in
obsessive compulsive disorder (OCD) patients in a proof-of-
concept pilot study. All nine participants experienced marked
symptom reduction during one or more sessions (23–100% reduc-
tion in the Yale-Brown Obsessive Compulsive Scale score), and
most experienced relief beyond the expected psilocybin pharmaco-
logical life, and beyond the 24-hour assessment. One participant
showed long-term remission at 6-month follow-up. However, read-
ers should interpret these results cautiously; the fact that the study
showed a similar magnitude of symptom reduction at all dose

Figure 1 Psilocybe cubensis, one of the species of mushrooms that natu-
rally produce psilocybin, the psychedelic medicine used for most of the
recent clinical trials. (Image from the Mushroom Observer; http://mush-
roomobserver.org/observer/intro.)
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conditions, including the trivial dose intended to serve as an active
placebo, suggests that the placebo effect might have accounted for
results. Alternatively, psilocybin might have been remarkably effec-
tive even at the trivial dose. Results should be followed up with a
study that includes a true placebo or a non-psilocybin active
comparator.

ADDICTION
An early focus of psychedelic research from the 1950s to early
1970s was addiction. In the 1950s researchers in Saskatchewan,
Canada, led by Humphry Osmond and Abram Hoffer were the
first to study addiction treatment with psychedelics, specifically
using LSD and mescaline to treat alcoholism.15 Guided by the
observation that alcoholics tended to achieve sobriety after expe-
riencing delirium tremens (a toxic and sometimes fatal syndrome
prompted by alcohol withdrawal), these researchers initially
hypothesized that psychedelics, which were physiologically safe
but considered to model psychosis, might prompt a safer delirium
that would occasion sobriety without the fatal risks of delirium
tremens. Rather than delirium, however, the researchers observed
insightful “mind manifesting” effects (prompting advent of the
term “psychedelic,” and describing effects that are related to the
“mystical” effects mentioned earlier) that prompted sobriety.16

Although this initial research and some subsequent studies did
not involve randomized comparison to a control condition, the
research reported promising success. Researchers conducted sub-
sequent randomized trials, with several studies showing nonsig-
nificant trends favoring improved outcomes for LSD. However, a
meta-analysis of six studies involving 325 total participants ran-
domized to LSD (dose ranging from �210 to 800 lg) or a con-
trol condition showed significant decreases in alcohol misuse in
the LSD groups compared to control groups, e.g., odds ratio �2
at the initial follow-up at least 1 month posttreatment.17 In addi-
tion to these early alcoholism studies, one study examined wheth-
er LSD reduced drug use in the context of opioid addiction. This
residential study of heroin-addicted individuals found significant-
ly lower biologically confirmed heroin use in the LSD group
(receiving 300–450 lg) compared to the control group at all
time frames examined up to 12 months posttreatment.18 Twelve-
month continuous abstinence rates were 25% vs. 5% in the LSD
and control groups, respectively. The promising results from both
the opioid and alcoholic populations suggest the exciting possibil-
ity that psychedelic treatment might be broadly applicable to psy-
chological and/or biological processes in common across
addictions, in contrast to typical addiction medications that tar-
get specific drug classes by acting at the primary receptor mediat-
ing drug effects (e.g., methadone for opioid addiction; nicotine
replacement for tobacco addiction).
More recent studies have followed up on these early promising

results. The first modern laboratory study examining a serotoner-
gic psychedelic for addiction was an open-label pilot study that
employed psilocybin with manualized cognitive behavioral thera-
py in 15 treatment-resistant tobacco/nicotine-dependent smok-
ers, conducted by one of the present authors and colleagues.19

After four preparatory meetings involving cognitive behavioral
therapy for smoking cessation and specific preparation for

psilocybin, participants took 20 mg/70 kg psilocybin on the par-
ticipant’s target quit date. Participants received a second and
third psilocybin session at 2 and (optionally) 8 weeks posttarget
quit date. The default dose increased to 30 mg/70 kg in these
subsequent sessions, although the dose could be maintained at
20 mg/70 kg based on initial session response. Researchers con-
ducted weekly cognitive behavior therapy sessions until 10 weeks
posttarget quit date. Breath carbon monoxide and urine cotinine
results showed abstinence in 12 of 15 participants (80%) at 6
months posttarget quit date. Those who were smoke-free at 6
months scored significantly higher on a measure of psilocybin-
occasioned mystical experience compared to those who had
relapsed.20

A recent follow-up report of that pilot study showed biologi-
cally confirmed smoking abstinence in 10 of 15 participants
(67%) at 12 months posttarget quit date.21 The longest-term
follow-up, which occurred at a mean of 2.5 years posttarget quit
date, showed biologically confirmed abstinence in nine partici-
pants (60%). Although the causal role of psilocybin is not conclu-
sive, these results were promising because of the typical low
success rate for smoking cessation, which is �35% at 6 months
for the most effective US Food and Drug Administration
(FDA)-approved medication, varenicline. These initial results are
currently being followed up by a randomized comparative efficacy
study in which participants are assigned to either a psilocybin or
nicotine patch group, both with the same cognitive behavioral
therapy. The study is also examining functional magnetic reso-
nance imaging (fMRI) (including resting state functional connec-
tivity (RSFC), cue reactivity, and executive function tasks) both
before and after psilocybin treatment to identify mechanistic cor-
relates of success.
Following up on early promising alcoholism studies with LSD,

as reviewed in the aforementioned meta-analysis of LSD in the
treatment of alcoholism,17 a recent open-label pilot study has
examined psilocybin in the treatment of 10 participants with a
diagnosis of alcohol dependence.22 Like the tobacco pilot study,
treatment involved manualized psychosocial therapy; in this case,
a 12-week program of motivational enhancement therapy. After
four preparatory sessions participants received 0.3 mg/kg oral psi-
locybin. Four weeks later they received 0.4 mg/kg by default,
with the option to remain at 0.3 mg/kg, depending on earlier
response. The study required participants to be abstinent from
alcohol for 24 hours before both sessions. Four additional non-
drug sessions occurred between the two psilocybin sessions, and
an additional four occurred after the last psilocybin session.
Compared to pre-psilocybin baseline, self-reported alcohol use
decreased significantly following the first psilocybin administra-
tion. Mean self-reported alcohol use at 36-week follow-up
remained lower than at baseline (>40% of days involving drink-
ing at baseline to <20% of days involving drinking at follow-up).
Self-reported drug intensity and a measure of mystical experience
in regard to the first psilocybin session were positively and signifi-
cantly correlated with alcohol reductions. The researchers are
conducting a larger double-blind study comparing psilocybin to
an active placebo, both with motivational enhancement therapy.
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Like the tobacco trial, fMRI is being conducted before and after
treatment to examine correlates of efficacy.
In addition to the carefully controlled laboratory studies

described above, recent observational or survey studies have docu-
mented purported reductions in the use of alcohol and other
drugs, or reductions in addiction severity, resulting from the
administration of ayahuasca in sacramental nonlaboratory
contexts.23

LIMITATION
A limitation of psychedelic-assisted therapy for central nervous
system (CNS) disorders is the fact that because these substances
produce such a profound state of altered consciousness, they
should not be prescribed for self-monitored use at home; therapy
sessions require supervision. Patients must be carefully screened
for a history of mental illness, and receive a number of hours of
psychotherapy prior to drug administration. The therapy room is
comfortably furnished, and two specially trained therapists are
present during the sessions. Specific guidelines for the safe use of
psychedelics in therapy have been published.24

INFLAMMATION
Although researchers have recognized the unique CNS effects of
psychedelics for a long time, only recently have they discovered
that serotonergic psychedelics also have potential efficacy against
inflammatory diseases. Diseases related to inflammatory mecha-
nisms or having inflammation as a major component are leading
causes of death, disability, and reduced quality of life around the
world and include coronary artery disease, diabetes, asthma,
inflammatory bowel disease, and rheumatoid arthritis. Inflamma-
tion in the brain has been linked to several psychiatric disorders
including depression, addiction, and neurodegenerative disorders
such as Parkinson’s and Alzheimer’s disease.25,26 A complex
immune system that has evolved to protect the host organism
from infection mediates inflammation. Scientists generally recog-
nize pathological inflammation resulting in disease states as a dys-
function in the immune system, where it has become overactive
to the point of damaging the host.
The main participants in the immune response include innate

immune cells such as macrophages that are the scavengers of
debris and invading microorganisms, and adaptive immune cells
derived from bone marrow, including T-helper cells and other
lymphocytes, which recognize foreign invaders and can secrete
antibodies. Current therapies fall into three distinct categories.
The first comprises nonsteroidal antiinflammatory drugs
(NSAIDs) that act by blocking the activity of cyclooxygenase, an
enzyme that produces intracellular molecules that help to signal a
cell to mount an inflammatory response. The second is repre-
sented by steroid drugs like prednisone, which are immunosup-
pressant. They primarily act to prevent cells from synthesizing
proinflammatory molecules called cytokines by inhibiting their
gene expression. The third class is biologics, which are antibodies
or antibody-like molecules that act as sponges to “soak up” proin-
flammatory cytokines and prevent them from propagating
immune signals from one cell to another.

One of us (C.D.N.) recently discovered that psychedelics com-
prise a fourth class of antiinflammatory drug that acts through
activation of the serotonin 5-HT2A receptor. Although not yet in
human trials for inflammation, research has shown profound
effects in animal models of human inflammatory-related diseases.
Scientists have long recognized serotonin as a molecule associated
with inflammation, with elevated serotonin levels and an
increased number of serotonin receptors in inflamed tissues. In
the brain, researchers have linked serotonin to neuroinflamma-
tion, and have shown treatment with selective serotonin reuptake
inhibitor (SSRI) antidepressants to be antiinflammatory.27

Whether or not increased levels of serotonin and its receptors are
causative or reactive has not been established. Depending on the
tissue and site of inflammation, studies have found serotonin to
have both pro- and antiinflammatory effects.28

Interestingly, the primary protein target for psychedelics, the 5-
HT2A receptor, is the most widely expressed serotonin receptor
in the mammalian body. Its presence has been detected in nearly
every tissue and cell type examined, including all the major types
of immune-related cells. It also is found in epithelial and endo-
thelial cells, which serve as the barriers between the environment
and our body and are integral for normal immune responses.
Despite the 5-HT2A receptor being the most widely expressed
serotonin receptor in the body, nearly all focus on its functions
has been its role in the CNS. Only relatively recently have non-
CNS and peripheral roles been identified that include cell differ-
entiation and proliferation, vasoconstriction, and immune regula-
tion. Whereas research has associated serotonin itself with
proinflammatory mechanisms through the 5-HT2A receptor,29

research has also demonstrated psychedelics to have profound
antiinflammatory properties mediated by 5-HT2A receptor
activation.
The initial study reported that psychedelics, including LSD,

potently and selectively prevented inflammation elicited by the
master inflammatory cytokine tumor necrosis factor alpha (TNF-
a) in smooth muscle cells isolated from rat aorta.30 Whereas all
psychedelics tested from several different structural classes dem-
onstrate antiinflammatory activity about as potent as steroidal
drugs (IC50 values between 1–35 nM), the research found one
drug, (R)-DOI, to be extraordinarily potent; it had an EC50 of
15 pmol in preventing TNF-a-mediated inflammation in aortic
smooth muscle cells. Interestingly, (R)-DOI has little effect on
inflammation stimulated by lipopolysaccharide (LPS), indicating
that the antiinflammatory action of 5-HT2A receptor activation
is selective for TNF-a-mediated inflammation.
Next, systemically administered (R)-DOI was examined for its

ability to block the effects of systemic TNF-a in mice. Once
again, (R)-DOI had potent antiinflammatory effects mediated
through activation of 5-HT2A receptors.31 These effects were
particularly potent in vascular and intestinal tissues, with thera-
peutic levels much lower than those necessary to produce any
behavioral effects. We hypothesize that, unlike biologics such as
etanercept, which simply act as a sponge to soak up circulating
TNF-a, psychedelics initiate antiinflammatory signaling cascades
from the 5-HT2A receptor that directly interfere with communi-
cation between activated TNF-a receptors and their downstream
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effectors like nuclear factor kappa B (NFjB). As such, psyche-
delics, and (R)-DOI in particular, represent the first small mole-
cule inhibitors of TNF-a-mediated inflammation. Further, these
antiinflammatory effector pathways are different from those that
are recruited to the receptor by serotonin activation through
functionally selective mechanisms.
Following up on these results, studies examined efficacy in a

mouse model of a human inflammatory disease, allergic asthma.
Asthma is a significant health issue, with about 10% of the popu-
lation affected. On average, children and minorities have higher
rates of asthma, as well as more attacks per year. The main symp-
toms of asthma are airways hyperresponsiveness, pulmonary
inflammation, and mucus hyperproduction. The pathogenesis of
asthma involves activation of several immune related cells in the
lung, including lymphocytes, macrophages, and eosinophils.32,33

Current therapies include b2-adrenergic receptor agonists, which
are not disease-modifying but simply produce bronchodilation,
and glucocorticoids, which are immunosuppressants that present
with their own health risks. Several biologics directed against
cytokines involved in the pathology of asthma have been in clini-
cal trials but with mixed success, at best.34 Currently, there are
only two FDA-approved biologics to treat asthma, but they are
approved only for a small subset of asthma sufferers, those with
more severe symptoms who also are resistant to steroid
treatment.
In the aforementioned mouse model of allergic asthma, which

shares several pathological similarities to human allergic asthma,
psychedelics showed the ability to potently prevent the develop-
ment of pulmonary inflammation and other asthma-related
symptoms at doses far below those minimally required to produce
behavioral effects.35 The lowest dose tested, 0.01 mg/kg, was able
to completely prevent airways hyperresponsiveness, eosinophilia,
and pulmonary inflammation. Because drug was administered
nose-only by nebulization, the actual amount of drug reaching
the lung surface is only a fraction of the dose that was delivered,
underscoring its potency. Although (R)-DOI was the compound
most characterized by Nau et al.,35 other related psychedelics test-
ed were also able to block the development of allergic asthma
(unpublished data).
Cellular analysis indicates that (R)-DOI blocks the recruitment

of Th2 cells and eosinophils to the lung, and suppresses the pro-
duction of proinflammatory cytokines from Th2 cells and innate
immune cells like macrophages.35 Interestingly, (R)-DOI blocks
the production of only some (e.g., interleukin (IL)5, IL13, granu-
locyte macrophage colony-stimulating factor (GMCSF)), but
not all (e.g., IL4), proinflammatory cytokines and chemokines
(Figure 2). This finding indicates that, unlike general immuno-
suppressants, (R)-DOI leaves critical aspects of immune function
intact, and that 5-HT2A receptor agonist therapy will likely be
less associated with opportunistic infections than are steroids and
biologics. Research is continuing to define further the molecular
basis of the antiinflammatory effects of 5-HT2A receptor activa-
tion, and it is likely that it extends beyond simple blockade of
TNF-a. Research is also pursuing the efficacy of (R)-DOI in
additional inflammatory disease models such as atherosclerosis.

In summary, animal models of human diseases indicate that
psychedelics in general, and (R)-DOI in particular, may be an
effective therapy for asthma, atherosclerosis, coronary artery dis-
ease, and inflammatory bowel disease. There are several other
inflammatory conditions that we believe also may benefit from
(R)-DOI therapy, including rheumatoid arthritis and diabetes.
The highest density of 5-HT2A receptor expression is in the

brain, and it is reasonable to expect that psychedelics also may
have antiinflammatory activity at multiple sites in the brain,
including neuronal and nonneuronal cells. Within the context of
the therapeutic mechanisms proposed for psychiatric disorders
described later in this review, whereby psychedelics “reset” RSFC,
it seems possible that antiinflammatory mechanisms may play an
important role in the long-lasting therapeutic actions of psyche-
delics. In the short term, a therapeutic effect may be achieved
through resetting of RSFC, but preexisting and persisting neuro-
inflammation may drive the brain back into a pathological state
after weeks to months. By blocking neuroinflammation comorbid
with certain psychiatric disorders, the brain may be able to main-
tain its healthy state once networks reset, to produce long-lasting
beneficial effects. Supporting this hypothesis, several studies
(reviewed by Mayfield et al.36) indicate blockade of inflammatory
mechanisms reduces addiction and drug self-administration in
animal models.

MECHANISM OF ACTION IN THE BRAIN
If continuing clinical studies further validate the use of
psychedelic-assisted therapy for all of the above-discussed CNS
indications, it begs the question, “How can the same single treat-
ment approach lead to improvement in such a diverse range of
dysfunctions?” This question deserves serious consideration,
which we shall now attempt to address, and is at the core of what
is suggested in the title as “a new paradigm.” We emphasize that
the ideas to be discussed here represent untested hypotheses, but
are consistent with presently known results.
Neuroscientists and clinicians often tend to think of the brain

from a reductionist perspective, being constructed of anatomical
modules that are regulated by discrete neurotransmitter pathways.
These modules are somehow “wired” together and interact with
other anatomical sites through neuronal projections. Prior to
recent advances in neuroimaging, it has been virtually impossible
to envision how all of these “modules” might interact and influ-
ence each other.
For example, SSRI-type antidepressants enhance synaptic levels

of serotonin, norepinephrine, or both (e.g., SNRIs). Physicians
often treat anxiety disorders with benzodiazepines, which target
the GABA/chloride channel. In these cases, and all other CNS
disorders, a specific chronic receptor/transmitter-based pharma-
cotherapy is indicated for a particular psychiatric condition.
Empirical research has largely derived these therapies, and no one
has been able to explain satisfactorily how such pharmacothera-
pies actually lead to therapeutic improvement. For psychedelics,
the brain serotonin 5-HT2A receptor is the presumed target; yet
classical notions of a correlation between various psychiatric dis-
orders and specific 5-HT2A receptor/neurotransmitter systems
generally fail as an explanation for their therapeutic effects.
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Within the past 10–15 years, however, advances in brain imaging
technologies have revealed that resting-state brain activities are orga-
nized into multiple large-scale functional networks, called resting-
state networks (RSNs). The statistical association/dependency
among two or more anatomically distinct time-series is known as
functional connectivity (FC); RSFC analyses can discover which
regions are coupled, and compare patterns, especially between
patient or subject groups. They can reveal brain network dynamics
that can account for emergent psychological phenomena that could
not be revealed by studying underlying receptor and neuronal
activity.
Analysis of human brain connectivity has identified sets of

regions that are essential for enabling efficient neuronal signaling
and communication. These “brain hubs” are centrally embedded
within anatomical networks, and participate in functional roles
across a range of cognitive and affective tasks with widespread

dynamic coupling within and across functional networks. As cen-
tral hubs, however, they are susceptible to disconnection and dys-
function in various brain disorders. Data from numerous
empirical and computational studies supports the idea that brain
hubs are crucial for integrating information that serves as the
basis for various aspects of complex cognitive function.
Importantly, studies in patient populations have shown that

blood oxygen level-dependent (BOLD) fMRI can be used to
detect altered FC in individuals suffering from a variety of CNS
diseases. Further, patients can often be distinguished from healthy
controls with high sensitivity and high specificity. In addition,
research has shown connectivity strength to be correlated with
severity of disease symptoms, with recovery of connectivity
observed following pharmacological treatment.37 These connectiv-
ity networks can be disturbed in various psychiatric conditions
such as anorexia nervosa,38 obsessive-compulsive disorder,39

Figure 2 A proposed mechanism for the antiinflammatory effects of psychedelics. Under normal conditions, TNF-a (green) binding to its receptor (blue)
initiates signaling cascades that lead to the dissociation of the inhibitor of NFjB (IjBa) (purple) from the NFjB/IjBa complex and its degradation (small
purple). The active NFjB complex (p651p50) (pink) translocates to the nucleus and initiates the transcription of proinflammatory genes that together
lead to inflammation. Activation of 5-HT2A receptors (red) with psychedelics initiates signal transduction pathways that include recruitment of protein-
kinase C (PKC). The primary hypothesis is that the specific isoforms of PKC recruited by psychedelics interfere with activation of the TNFR or the ability of
the TNFR to signal downstream to NFjB, preventing TNFR-mediated inflammation.
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depression,40–42 anxiety,43,44 bipolar disorder and hypomania,45

trauma,46 and addiction,47,48 among others. These citations are by
no means exhaustive, but demonstrate that a large number of psy-
chiatric disorders are associated with disturbances in RSFC.
If we think of neurotransmitters/neuromodulators and their

receptors more as components of neuronal circuits, in the same
way that resistors, capacitors, inductors, etc., are functional ele-
ments in electrical circuits, then we can view receptor-based phar-
macotherapy more as tinkering with the components of a circuit
that is malfunctioning and empirically replacing various compo-
nents in attempts to find a drug that will restore proper (healthy)
function to the neuronal circuit.
From a global perspective, research has shown that healthy

brain networks have a characteristic organization that enables
optimal cognitive function at a low wiring cost, characterized by
a combination of high clustering (a measure of local connected-
ness) and short pathlength (indicative of global integration).
Recent studies have found that network organization in neuro-
logical disease nearly always deviates from this optimal pattern.
Local rerouting of networks can therefore be viewed as a local
outgrowth of new connections and has been referred to as “hub
failure.” Importantly, Stam49 proposed that connectivity hub
overload and failure, resulting in a disruption of the normal hier-
archical architecture of brain networks, is a potential final com-
mon pathway of several neurological diseases.
Returning to the mechanisms of psychedelic therapeutics, it

has been observed that the most favorable outcomes in treating
anxiety and depression resulting from a life-threatening diagno-
sis,50,51 as well as nicotine addiction,20 are associated with sub-
jects undergoing a powerful transcendent experience, sometimes
referred to as a mystical, or peak experience. In fact, investigators
have known for about half a century that psychedelic-induced
mystical/religious experiences can be profoundly transforma-
tive.52,53 That has spawned debate among researchers studying
psychedelic-assisted therapy as to whether the therapeutic
improvements seen are due to some receptor-based change in
neurochemistry, or whether the transcendent/mystical/religious
experience is itself the change agent. Both of these points of view
may miss the mark, however, as we will argue here that the mysti-
cal or transcendent experience may actually be a behavioral mark-
er for the underlying therapeutic mechanism of psychedelics.
In a series of studies with psilocybin, Carhart-Harris et al.54,55

have reported that psilocybin led to decreased connectivity (i.e.,
disintegration) within a key brain network known as the default
mode network (DMN). Using BOLD fMRI they observed
decreased activity in the posterior cingulate cortex (PCC), one of
the key hubs of the DMN, which normally has high resting state
metabolic activity. Psilocybin also caused decreased activity in the
medial prefrontal cortex (mPFC), which is intriguing in relation
to the psilocybin treatment of depression, mentioned earlier,
because increased activity and connectivity within this region of
the DMN has been shown in individuals with depression,56,57 a
pattern that is attenuated following depression treatment.58

In their recent neuroimaging study of subjects given LSD,
Carhart-Harris et al.59 also observed drug-induced disintegration
of the DMN. They observed decreased RSFC between the

parahippocampus, retrosplenial cortex, and PCC.59 They also cal-
culated within-RSN or “integrity,” and between-RSN or
“segregation” for 12 functionally familiar RSNs. The investigators
observed that decreased integrity within the DMN correlated
with ratings of ego dissolution, and observed decreased segrega-
tion (increased connectivity) between eight pairs of the RSNs.
Using magnetoencephalography (MEG), they also observed a sig-
nificant decrease in delta and alpha power, which were correlated
with ego dissolution. They conclude that psychedelics reduce the
stability and integrity of well-established brain networks,55 and
simultaneously reduce the degree of segregation between them.60

These effects are consistent with a more general principle they
have formulated that cortical brain activity becomes more
“entropic” under psychedelics.61 That is, psychedelics lead to a
brain state where there is a greater repertoire of connectivity
motifs that form and fragment over time. It should be pointed
out that psychedelics do not simply make the brain more ran-
dom, but rather after the normal organization is disrupted,
strong, topologically long-range functional connections emerge
that are not present in the normal state.62 This effect is illustrat-
ed in Figure 3, a circular connectogram showing how connectivi-
ty is primarily between local regions in the placebo condition,
but has expanded outward after psilocybin to include more global
connectivity with many other brain areas.59

If we follow Stam’s hypothesis,49 discussed earlier, disintegra-
tion of RSN organization, i.e., local connection outgrowth, or
“hub failure” in neurological diseases, reflects a deviation from an
optimal connectivity pattern. Based on the brain imaging done to
date on how psychedelics act in the brain, we speculate that, fol-
lowing psychedelic-induced disintegration within local networks,
as well as increased global interconnectivity, connections respon-
sible for psychiatric-disorder-associated hub failures are disrupted
and broken by the emergence of strong, topologically long-range
functional connections. Then, as the effect of the drug wears off,
networks can reconnect in “healthy” ways, in the absence of the
pathological driving force(s) that originally led to hub failure and
disease. We propose that this beneficial “rewiring” of brain net-
works is more likely to occur in environments such as those used
in therapeutic psychedelic sessions, in which the patient is
encouraged to focus on her/his inner experience and discuss/
reflect on the experience in the days following the psychedelic ses-
sion. In essence, the brain is able to restore its network connectiv-
ity to a predisease state, in much the same way that a computer
can be rebooted when its operation becomes sluggish.
This discussion has not been comprehensive, but we believe

these ideas cannot be far from the mark in discerning how psy-
chedelics exert therapeutic improvement in such a wide variety of
psychiatric disorders. The authors are aware of four human trials
now underway with psilocybin where investigators are using
fMRI to map RSFC both before and after psilocybin treatment.
The results of these trials will constitute important tests of the
foregoing hypotheses.

WHAT DRIVES CHANGES IN FUNCTIONAL CONNECTIVITY?
The final mechanistic question is how psychedelics are able to
produce profound and widespread disruptions in functional
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connectivity. Here is the place where one can appropriately focus
on a receptor-based mechanism. Psychedelics are agonists or par-
tial agonists at the brain serotonin 5-HT2A receptor subtype (see
recent review by Nichols1). This receptor is a member of the
Family A type G-protein-coupled receptors (GPCRs), and is
widely expressed throughout the brain, being particularly dense
on apical dendrites of Layer 5 cortical pyramidal cells. Its canoni-
cal signaling occurs through coupling to Gaq, activating phospho-
lipase C, resulting in phosphoinositide hydrolysis, formation of
diacylglycerol, and leading to mobilization of intracellular
calcium.
Activation of 5-HT2A receptors on glutamatergic neurons

within the brain generally does not lead to depolarization and
the generation of action potentials; the cells simply become more
excitable. The claustrum has the highest expression of 5-HT2A

receptors in the brain, but there is also significant expression in
Layer 5 in the medial prefrontal cortex, the reticular nucleus of
the thalamus, ventral tegmental area, the locus coeruleus, amygda-
la, and a few other key regions. In addition, psychedelics suppress
raphe cell firing in the brain stem either directly (LSD and simi-
lar compounds) or indirectly (by phenethylamines), an effect that
also leads generally to cortical cell excitation.63 Widespread
changes in neuronal excitability resulting from activation of 5-
HT2A receptors in these key brain regions would be expected to
have marked effects on cognition.
Beique et al.64 reported on a subpopulation of large neurons in

deep layers of the cortex that was highly sensitive to 5-HT and
that responded with strong membrane depolarizations that were

capable of initiating spiking activity. The nature of this cell popu-
lation remained unknown until 2016, when Martin and Nich-
ols65 purified psychedelic-activated neurons from rat brain for
the first time and demonstrated that psychedelics directly activat-
ed a small subset of 5-HT2A-expressing excitatory neurons (<5%
of the total brain neuronal population) in key brain regions,
including the prefrontal cortex and the claustrum. Interestingly,
the neurons activated by psychedelics expressed significantly
higher levels of the gene for the 5-HT2A receptor and are there-
fore more sensitive to psychedelics than other neurons. They also
found that the nature of how psychedelics activated these neu-
rons differed, depending on the specific brain region where they
resided. Martin and Nichols hypothesize that this small popula-
tion of directly responding neurons represents a “trigger pop-
ulation,” and that activation of these neurons initiates the
cellular events leading to recurrent activity, cortical network
destabilization, and the host of perceptual and cognitive behav-
iors associated with psychedelics. For example, these activated
neurons subsequently recruit other select cell types including
small subpopulations (<10%) of somatostatin and parvalbumin
inhibitory GABAergic interneurons. The differential activation
of subsets of both excitatory and inhibitory neurons to disparate
extents than would normally occur in a normal conscious brain is
predicted to alter the basic function of a given brain area and its
ability to communicate with other regions. Because distinct
regional cellular populations respond differently to psychedelics,
different brain regions will be more or less sensitive to their
effects. These cellular effects of psychedelics, therefore, likely

Figure 3 A circular connectogram showing that communication is normally confined to particular communities or hubs in the brain (on placebo) but that
there is markedly increased intercommunity crosstalk after psilocybin. Each node is one region in the brain parcellation used in ref. 62, and the colors
refer to the communities found on the placebo scaffold. The same colors are used on the psilocybin scaffold to show how the normal modular structure
changed dramatically between the two conditions. The plots represent aggregated information from 15 subjects. The width of the links is proportional to
their weight and the size of the nodes is proportional to their strength. Note that the proportion of heavy links between communities is both much higher
and very different in the psilocybin group, suggesting greater global integration. (Image courtesy of Dr. Robin Carhart-Harris, from data in ref. 62.)
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underlie the alterations in brain network communication
observed by imaging studies.
Another interesting finding by Martin and Nichols65 is that

psychedelics also activate astrocytes and glia. Astrocytes function
as an interface between synaptic activity and the vasculature,
helping to serve the metabolic needs of the neurons. We specu-
late that the effects of psychedelics on astrocytes could be con-
tributing to alterations in cortical blood-flow and metabolism
detected by BOLD-fMRI and positron emission tomography
(PET) imaging, and that blood-flow and metabolism may be
decoupled through astrocyte activation.
With the highest density of 5-HT2A receptor expression in the

entire brain, the claustrum is a particularly intriguing brain struc-
ture. As noted above, its exact functions remain unclear, but
recent studies have begun to examine its role. For example, based
on patterns of retrograde tracing in nonhuman primates, Reser
et al.66 suggested that the claustrum is ideally positioned as a
modulator that could desynchronize or terminate correlated
activation of DMN-related areas. Seeley et al.67 also propose that
the connectivity and anatomy of the claustrum place it ideally to
control temporal structure of network activity over component
cortical areas of the salience network.
Using in vivo diffusion tensor imaging tractography and graph

theoretical analytics, Torgerson et al.68 quantitatively examined
the structural connectivity of the claustrum. They found it to be
widely connected, with the highest density of fiber connections
per unit volume of all brain regions examined. Their network
theoretical analyses revealed that 1) the claustrum is a primary
contributor to global brain network architecture, and that 2) sig-
nificant connectivity dependencies exist between the claustrum,
frontal lobe, and cingulate regions. They conclude that the claus-
trum occupies a unique, and presumably critical, location in the
overall architecture of network connectivity in the brain and is
ideally located within the human CNS connectome to serve as
the putative “gate keeper” of neural information for conscious
awareness.
Spontaneous activity in the brain alternates between periods of

relative quiescence interspersed with short bursts of activity that
recruit a spatially delimited population of neurons. In one mode
of activity, these bursts, called neuronal avalanches, follow a
power-law distribution, in which bursts recruiting a small num-
ber of neurons occur much more frequently than larger ones.69

The branching ratio (r) characterizes a branching process for
neuronal avalanches, which is defined as the average ratio of cur-
rent to past activity.70 If the branching ratio is smaller than one
(r < 1), activity dies out before it has propagated far, whereas a
ratio larger than one (r > 1) leads to an explosion of activity,
called an amplifying avalanche. These networks are termed sub-
and supercritical, respectively.
The empirical demonstration of brain resting-state activity

simultaneously exhibiting functional segregation and integration
has led to the suggestion that the cortex normally resides at a crit-
ical state, manifested by spontaneous, scale-invariant, cascades of
activity known as neuronal avalanches, and that the human brain
as a whole behaves as a system at criticality.71,72 Indeed, investi-
gators have thought that the brain spends most time at an activity

level that corresponds to the critical point, that is, fluctuating
around a phase transition.73 This conjecture has, however, been
challenged by Priesemann et al.,74 who analyzed in vivo spiking
activity from three mammalian species and local field potential
recordings from human brain. Their results provide evidence that
mammalian nervous systems operate in a driven, subcritical
regime, but which nevertheless actually deviates only little from a
self-organized critical (SOC) state, and whose computational
capabilities may still be close to optimal.
Theoretical models have replicated power-law avalanches by

assuming the presence of functionally feedforward connections
(FFCs) in the underlying dynamics of the system. Thus, a feed-
forward chain of activation that persists despite being embedded
in a larger, massively recurrent circuit generates avalanches.75 Vin-
cent et al.75 studied functional connectivity of cultured cortical
neurons plated onto multielectrode arrays (MEAs) and investi-
gated whether pharmacologically induced alterations in avalanche
dynamics were accompanied by changes in FFCs. Bath applica-
tion of glutamate receptor antagonists abolished synchronized
activity, whereas the GABAA receptor antagonist picrotoxin
increased its occurrence. The strength of FFCs for control
recordings was significantly higher than for recordings after gluta-
mate receptor antagonists, and significantly lower than for
recordings after picrotoxin, demonstrating that the strength of
FFCs can be modulated by pharmacological agents. Their results
indicate that removal of inhibitory GABA tone in networks leads
to amplifying avalanches, accompanied by an increase in the
strength of FFCs compared to controls. Hence, both the distribu-
tion of avalanches and the strength of FFCs are concomitantly
modulated by drug treatments. Given that psychedelics increase
extracellular cortical glutamate, and have an excitatory effect on
cortical cells through activation of 5-HT2A receptors, one could
predict that psychedelics also would lead to amplifying neuronal
avalanches. This prediction is confounded by the fact that psy-
chedelics also activate inhibitory GABA interneurons, but it
seems likely that unopposed activation of neuronal 5-HT2A

receptors might result in seizure activity.
The depolarization of cortical trigger subpopulations of cells

by 5-HT2A receptor activation in the claustrum, as well as in
numerous key brain areas noted earlier, would seem to be consis-
tent with the notion that claustral cell firing would be, at the
least, catalytic in initiating profound alterations in global network
connectivity, potentially producing a supercritical brain state and
amplifying neuronal avalanches.75

With all that in mind, one now has a basis for understanding
how psychedelics might exert their therapeutic effects. Activation
of the 5-HT2A receptor occurs in various important brain hubs,
including cortical regions, leading primarily to a reduction in the
threshold for cortical cell depolarization (i.e., the cells become
more sensitive). The small subset of excitatory trigger neurons
depolarizes and initiates recurrent activity that spreads through-
out specific regions, which then recruit subpopulations of inhibi-
tory and nonneuronal cells to a supercritical state. That leads to
generation of amplifying neuronal avalanches and destabilization
of local network hubs, with subsequent changes in global connec-
tivity. Further, it seems possible that one key region, the
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claustrum, with its extensive connectivity throughout the brain,
acts as a central hub in maintaining balance of the resting-state
network, akin to the conductor of an orchestra. The effects of
psychedelics on this structure may disrupt the ability to maintain
the balance between excessive cortical integration and complete
segregation in the brain, and brain connectivity falls from critical-
ity to a new, more chaotic (or entropic) state, which reverses only
after the drug has cleared the system. As proposed earlier, net-
works can then reconnect in “healthy” ways, without the patho-
logical force(s) that originally led to hub failure and disease.
Potential antiinflammatory effects of psychedelics could then
facilitate stabilization of the brain in its renewed healthy state.

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

VC 2016 American Society for Clinical Pharmacology and Therapeutics

1. Nichols, D.E. Psychedelics. Pharmacol. Rev. 68, 264–355 (2016).
2. Kast, E. LSD and the dying patient. Chic. Med. Sch Q. 26, 80–87

(1966).
3. Pahnke, W.N., Kurland, A.A., Goodman, L.E. & Richards, W.A. LSD-

assisted psychotherapy with terminal cancer patients. Curr. Psychiatr.
Ther. 9, 144–152 (1969).

4. Pahnke, W.N., Kurland, A.A., Unger, S., Savage, C., Wolff, M.C. &
Goodman, L.E. Psychedelic therapy (utilizing LSD) with cancer
patients. J. Psychedelic Drugs 3, 63–75 (1970).

5. Grob, C.S. et al. Pilot study of psilocybin treatment for anxiety in
patients with advanced-stage cancer. Arch. Gen. Psychiatry 68, 71–
78 (2011).

6. Carhart-Harris, R.L. et al. Psilocybin with psychological support for
treatment-resistant depression: an open-label feasibility study.
Lancet Psychiatry 3, 619–627 (2016).

7. Griffiths, R.R. et al. Psilocybin produces substantial and sustained
decreases in depression and anxiety in patients with life-threatening
cancer: a randomized double-blind trial. J. Psychopharmacol. (In
press).

8. Ross, S. et al. Rapid and sustained symptom reduction following
psilocybin treatment for anxiety and depression in patients with life-
threatening cancer: a randomized controlled trial. J.
Psychopharmacol. (in press).

9. Griffiths, R., Richards, W., Johnson, M., McCann, U. & Jesse, R.
Mystical-type experiences occasioned by psilocybin mediate the
attribution of personal meaning and spiritual significance 14 months
later. J. Psychopharmacol. 22, 621–632 (2008).

10. Barrett, F.S., Johnson, M.W. & Griffiths, R.R. Validation of the revised
Mystical Experience Questionnaire in experimental sessions with
psilocybin. J. Psychopharmacol. 29, 1182–1190 (2015).

11. Gasser, P. et al. Safety and efficacy of lysergic acid diethylamide-
assisted psychotherapy for anxiety associated with life-threatening
diseases. J. Nerv. Ment. Dis. 202, 513–520 (2014).

12. Gasser, P., Kirchner, K. & Passie, T. LSD-assisted psychotherapy for
anxiety associated with a life-threatening disease: a qualitative study
of acute and sustained subjective effects. J. Psychopharmacol. 29,
57–68 (2015).

13. Osorio, F.L. et al. Antidepressant effects of a single dose of
ayahuasca in patients with recurrent depression: a preliminary report.
Rev. Bras. Psiquiatr. 37, 13–20 (2015).

14. Moreno, F.A., Wiegand, C.B., Taitano, E.K. & Delgado, P.L. Safety,
tolerability, and efficacy of psilocybin in 9 patients with obsessive-
compulsive disorder. J. Clin. Psychiatry 67, 1735–1740 (2006).

15. Chwelos, N., Blewett, D.B., Smith, C.M. & Hoffer, A. Use of d-lysergic
acid diethylamide in the treatment of alcoholism. Q. J. Stud. Alcohol.
20, 577–590 (1959).

16. Dyck, E. ‘Hitting highs at rock bottom’: LSD treatment for alcoholism
1950-1970. Soc. Hist. Med. 19, 313–329 (2006).

17. Krebs, T.S. & Johansen, P.O. Lysergic acid diethylamide (LSD) for
alcoholism: meta-analysis of randomized controlled trials. J.
Psychopharmacol. 26, 994–1002 (2012).

18. Savage, C. & McCabe, O.L. Residential psychedelic (LSD) therapy for
the narcotic addict. A controlled study. Arch. Gen. Psychiatry 28,
808–814 (1973).

19. Johnson, M.W., Garcia-Romeu, A., Cosimano, M.P. & Griffiths, R.R.
Pilot study of the 5-HT2AR agonist psilocybin in the treatment of
tobacco addiction. J. Psychopharmacol. 28, 983–992 (2014).

20. Garcia-Romeu, A., Griffiths, R.R. & Johnson, M.W. Psilocybin-
occasioned mystical experiences in the treatment of tobacco
addiction. Curr. Drug Abuse Rev. 7, 157–164 (2014).

21. Johnson, M.W., Garcia-Romeu, A. & Griffiths, R.R. Long-term follow-up
of psilocybin-facilitated smoking cessation. Am. J. Drug Alcohol Abuse
(in press).

22. Bogenschutz, M.P., Forcehimes, A.A., Pommy, J.A., Wilcox, C.E.,
Barbosa, P.C. & Strassman, R.J. Psilocybin-assisted treatment for
alcohol dependence: a proof-of-concept study. J. Psychopharmacol.
29, 289–299 (2015).

23. Fabregas, J.M. et al. Assessment of addiction severity among ritual
users of ayahuasca. Drug Alcohol Depend. 111, 257–261 (2010).

24. Johnson, M., Richards, W. & Griffiths, R. Human hallucinogen research:
guidelines for safety. J. Psychopharmacol. 22, 603–620 (2008).

25. Furtado, M. & Katzman, M.A. Examining the role of
neuroinflammation in major depression. Psychiatry Res. 229, 27–36
(2015).

26. Hong, H., Kim, B.S. & Im, H.I. Pathophysiological role of
neuroinflammation in neurodegenerative diseases and psychiatric
disorders. Int. Neurourol. J. 20(suppl. 1), S2–7 (2016).

27. Baganz, N.L. & Blakely, R.D. A dialogue between the immune system
and brain, spoken in the language of serotonin. ACS Chem. Neurosci.
4, 48–63 (2013).

28. Arreola, R. et al. Immunomodulatory effects mediated by serotonin.
J Immunol Res. 2015, 354957 (2015).

29. Nishiyama, T. Acute effects of sarpogrelate, a 5-HT2A receptor
antagonist on cytokine production in endotoxin shock model of rats.
Eur. J. Pharmacol. 614, 122–127 (2009).

30. Yu, B., Becnel, J., Zerfaoui, M., Rohatgi, R., Boulares, A.H. & Nichols,
C.D. Serotonin 5-hydroxytryptamine(2A) receptor activation
suppresses tumor necrosis factor-alpha-induced inflammation with
extraordinary potency. J. Pharmacol. Exp. Ther. 327, 316–323
(2008).

31. Nau, F., Jr., Yu, B., Martin, D. & Nichols, C.D. Serotonin 5-HT2A
receptor activation blocks TNF-alpha mediated inflammation in vivo.
PLoS One 8, e75426 (2013).

32. Rothenberg, M.E. Eosinophilia. N. Engl. J. Med. 338, 1592–1600
(1998).

33. Hamid, Q.A. & Minshall, E.M. Molecular pathology of allergic disease:
I: lower airway disease. J. Allergy Clin. Immunol. 105(1 Pt 1), 20–36
(2000).

34. O’Byrne, P.M. Role of monoclonal antibodies in the treatment of
asthma. Can. Respir. J. 20, 23–25 (2013).

35. Nau, F., Jr. et al. Serotonin 5-HT(2) receptor activation prevents
allergic asthma in a mouse model. Am. J. Physiol. Lung Cell. Mol.
Physiol. 308, L191–198 (2015).

36. Mayfield, J., Ferguson, L. & Harris, R.A. Neuroimmune signaling: a
key component of alcohol abuse. Curr. Opin. Neurobiol. 23, 513–520
(2013).

37. Yuan, H., Ding, L., Zhu, M., Zotev, V., Phillips, R. & Bodurka, J.
Reconstructing large-scale brain resting-state networks from high-
resolution EEG: spatial and temporal comparisons with fMRI. Brain
Connect. 6, 122–135 (2016).

38. Geisler, D. et al. Abnormal functional global and local brain
connectivity in female patients with anorexia nervosa. J. Psychiatry
Neurosci. 41, 6–15 (2016).

39. Coutinho, J., Goncalves, O.F., Soares, J.M., Marques, P. & Sampaio,
A. Alterations of the default mode network connectivity in obsessive-
compulsive personality disorder: a pilot study. Psychiatry Res. 256,
1–7 (2016).

40. Li, C.T. et al. Impaired prefronto-thalamic functional connectivity as a
key feature of treatment-resistant depression: a combined MEG, PET
and rTMS study. PLoS One 8, e70089 (2013).

41. Philippi, C.L., Motzkin, J.C., Pujara, M.S. & Koenigs, M. Subclinical
depression severity is associated with distinct patterns of functional

          

218 VOLUME 101 NUMBER 2 | FEBRUARY 2017 | www.wileyonlinelibrary/cpt



connectivity for subregions of anterior cingulate cortex. J. Psychiatr.
Res. 71, 103–111 (2015).

42. Kaiser, R.H. et al. Dynamic resting-state functional connectivity in
major depression. Neuropsychopharmacology 41, 1822–1830
(2016).

43. Cui, H. et al. Differential alterations of resting-state functional
connectivity in generalized anxiety disorder and panic disorder. Hum.
Brain Mapp. 37, 1459–1473 (2016).

44. Doruyter, A., Lochner, C., Jordaan, G.P., Stein, D.J., Dupont, P. &
Warwick, J.M. Resting functional connectivity in social anxiety
disorder and the effect of pharmacotherapy. Psychiatry Res. 251, 34–
44 (2016).

45. Altinay, M.I., Hulvershorn, L.A., Karne, H., Beall, E.B. & Anand, A.
Differential resting-state functional connectivity of striatal subregions
in bipolar depression and hypomania. Brain Connect. 6, 255–265
(2016).

46. Du, M.Y. et al. Altered functional connectivity in the brain default-
mode network of earthquake survivors persists after 2 years despite
recovery from anxiety symptoms. Soc. Cogn. Affect. Neurosci. 10,
1497–1505 (2015).

47. Fedota, J.R. & Stein, E.A. Resting-state functional connectivity and
nicotine addiction: prospects for biomarker development. Ann. N. Y.
Acad. Sci. 1349, 64–82 (2015).

48. Hu, Y., Salmeron, B.J., Gu, H., Stein, E.A. & Yang, Y. Impaired
functional connectivity within and between frontostriatal circuits and
its association with compulsive drug use and trait impulsivity in
cocaine addiction. JAMA Psychiatry 72, 584–592 (2015).

49. Stam, C.J. Modern network science of neurological disorders. Nat.
Rev. Neurosci. 15, 683–695 (2014).

50. Griffiths, R.R., Richards, W.A., McCann, U. & Jesse, R. Psilocybin can
occasion mystical-type experiences having substantial and sustained
personal meaning and spiritual significance. Psychopharmacology
(Berl). 187, 268–283 (2006).

51. Maclean, K.A., Johnson, M.W. & Griffiths, R.R. Mystical experiences
occasioned by the hallucinogen psilocybin lead to increases in the
personality domain of openness. J. Psychopharmacol. 25, 1453–
1461 (2011).

52. Masters, R.E.L. & Houston, J. The Varieties of Psychedelic Experience
(Dell, New York, 1966).

53. Richards, W.A., Rhead, J.C., DiLeo, F.B., Yensen, R. & Kurland, A.
The peak experience variable in DPT-assisted psychotherapy with
cancer patients. J. Psychedelic Drugs 9, 1–10 (1977).

54. Carhart-Harris, R.L. et al. Implications for psychedelic-assisted
psychotherapy: functional magnetic resonance imaging study with
psilocybin. Br. J. Psychiatry 200, 238–244 (2012).

55. Carhart-Harris, R.L. et al. Neural correlates of the psychedelic state
as determined by fMRI studies with psilocybin. Proc. Natl. Acad. Sci.
U. S. A. 109, 2138–2143 (2012).

56. Drevets, W.C., Price, J.L. & Furey, M.L. Brain structural and functional
abnormalities in mood disorders: implications for neurocircuitry
models of depression. Brain Struct. Funct. 213, 93–118 (2008).

57. Sheline, Y.I., Price, J.L., Yan, Z. & Mintun, M.A. Resting-state
functional MRI in depression unmasks increased connectivity
between networks via the dorsal nexus. Proc. Natl. Acad. Sci. U. S. A.
107, 11020–11025 (2010).

58. Holtzheimer, P.E. & Mayberg, H.S. Stuck in a rut: rethinking
depression and its treatment. Trends Neurosci. 34, 1–9 (2011).

59. Carhart-Harris, R.L. et al. Neural correlates of the LSD experience
revealed by multimodal neuroimaging. Proc. Natl. Acad. Sci. U. S. A.
113, 4853–4858 (2016).

60. Roseman, L., Leech, R., Feilding, A., Nutt, D.J. & Carhart-Harris, R.L.
The effects of psilocybin and MDMA on between-network resting
state functional connectivity in healthy volunteers. Front. Hum.
Neurosci. 8, 204 (2014).

61. Carhart-Harris, R.L. et al. The entropic brain: a theory of conscious
states informed by neuroimaging research with psychedelic drugs.
Front. Hum. Neurosci. 8, 20 (2014).

62. Petri, G., Expert, P., Turkheimer, F., Carhart-Harris, R., Nutt, D.,
Hellyer, P.J. & Vaccarino, F. Homological scaffolds of brain functional
networks. J. R. Soc. Interface 11, 20140873 (2014).

63. Puig, M.V., Artigas, F. & Celada, P. Modulation of the activity of
pyramidal neurons in rat prefrontal cortex by raphe stimulation in
vivo: involvement of serotonin and GABA. Cereb. Cortex. 15, 1–14
(2005).

64. Beique, J.C., Imad, M., Mladenovic, L., Gingrich, J.A. & Andrade, R.
Mechanism of the 5-hydroxytryptamine 2A receptor-mediated
facilitation of synaptic activity in prefrontal cortex. Proc. Natl. Acad.
Sci. U. S. A. 104, 9870–9875 (2007).

65. Martin, D.A. & Nichols, C.D. Psychedelics recruit multiple cellular
types and produce complex transcriptional responses within the
brain. EBioMedicine 11, 262–277 (2016).

66. Reser, D.H. et al. Claustrum projections to prefrontal cortex in the
capuchin monkey, Cebus apella. Front. Syst. Neurosci. 8 (2014).

67. Seeley, W.W. et al. Dissociable intrinsic connectivity networks for
salience processing and executive control. J. Neurosci. 27, 2349–
2356 (2007).

68. Torgerson, C.M., Irimia, A., Goh, S.Y. & Van Horn, J.D. The DTI
connectivity of the human claustrum. Hum. Brain Mapp. 36, 827–
838 (2015).

69. Beggs, J.M. & Plenz, D. Neuronal avalanches in neocortical circuits.
J. Neurosci. 23, 11167–11177 (2003).

70. Poil, S.S., van Ooyen, A. & Linkenkaer-Hansen, K. Avalanche
dynamics of human brain oscillations: relation to critical branching
processes and temporal correlations. Hum. Brain Mapp. 29, 770–
777 (2008).

71. Expert, P. et al. Self-similar correlation function in brain resting-state
functional magnetic resonance imaging. J. R. Soc. Interface 8, 472–
479 (2011).

72. Stepp, N., Plenz, D. & Srinivasa, N. Synaptic plasticity enables
adaptive self-tuning critical networks. PLoS Comput. Biol. 11,
e1004043 (2015).

73. Tagliazucchi, E., Balenzuela, P., Fraiman, D. & Chialvo, D.R. Criticality
in large-scale brain fMRI dynamics unveiled by a novel point process
analysis. Front. Physiol. 3 (2012).

74. Priesemann, V. et al. Spike avalanches in vivo suggest a driven,
slightly subcritical brain state. Front. Syst. Neurosci. 8, 108 (2014).

75. Vincent, K., Tauskela, J.S. & Thivierge, J.P. Extracting functionally
feedforward networks from a population of spiking neurons. Front.
Comput. Neurosci. 6, 86 (2012).

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 101 NUMBER 2 | FEBRUARY 2017 219


