














cells, and deep pyramidal cells. Their model showed a
psilocybin-dependent increase in excitability of deep-
layer pyramidal cells. Excitation of deep-layer pyrami-
dal cells is consistent with decreased brain activity and
oscillatory power because the net effect of feedback
connections is thought to be inhibitory. Participants
performed the visuomotor task reasonably well but
were marginally slower after psilocybin than placebo.
The authors conducted exploratory correlations be-
tween resting postpsilocybin infusion decreases in a
power extracted from a PCC mask, because PCC a
power decreases were especially marked. Two items
from their subjective state questionnaire showed posi-
tive significant correlations with a power decreases in
the PCC (“I experienced a disintegration of my ‘self’ or
‘ego’” and “the experience had a supernatural quality”).
Positive correlations also were found between deep-
layer pyramidal cell excitation and themagnitude of the
decreases in PCC a power. Muthukumaraswamy et al.
(2013) observed a broadband desynchronization of
cortical oscillatory rhythms after psilocybin infusions
and decreased brain network integrity. The fact that the
decreases occurred in all of the frequency bands sug-
gested a general collapse of the normal rhythmic
structure of cortical activity, consistent with the sug-
gestion by Carhart-Harris et al. (2012) that psyche-
delics disorganize spontaneous brain activity.
The MEG source localizations they found were con-

sistent with previous fMRI results (Carhart-Harris
et al., 2012) including the PCC, precuneus, superior
and middle frontal gyri, ACC, and supramarginal and
precentral gyri, which represent hub areas of the
association cortex rather than primary sensory cortex.
The PCC showed especially marked effects, which
correlated with the drug’s subjective effects. The
pharmacologically driven suppression of all observed
networks suggested a general disorganization of
network-level activity during resting conditions consis-
tent with EEG studies that found decreased cortical
synchrony after ingestion of the psychedelic plant brew
ayahuasca (Riba et al., 2004). They propose that the
marked a power decreases observed with psilocybin
were likely due to interference with the intrinsic a
oscillations of deep-layer pyramidal neurons via stimu-
lation of the 5-HT2A receptor.
Riga et al. (2014) examined the effect of systemic 5-

MeO-DMT on cortical function in rats using single-unit
and LFP recordings and also assessed regional brain
activity by BOLD fMRI. Their studies were carried out
in chloral hydrate–anesthetized rats pretreated with
the selective MAO-A inhibitor clorgyline to prevent the
metabolism of 5-MeO-DMT and to mimic the effects of
ayahuasca. They found that 5-MeO-DMT disrupted
mPFC activity, increasing and decreasing the discharge
of 51% and 35% of the recorded pyramidal neurons,
respectively, and reducing (231%) the power of low
frequency cortical oscillations (LFCOs); overall, 5-MeO-

DMT increased pyramidal cell firing rate to 215% of
baseline. The latter effect depended on both 5-HT1A and
5-HT2A receptor activation because when WAY-100635
andM100907 were administered together, the decrease
in LFCOs induced by 5-MeO-DMT in the mPFC was
reversed. However, if WAY-100635 and M100907 were
administered separately, neither antagonist blocked
the effect of 5-MeO-DMT on LFCOs. This finding is
consistent with behavioral studies showing that indole-
amines can have a significant behavioral component
mediated by activation of 5-HT1A receptors (Winter
et al., 2000b; Krebs-Thomson et al., 2006; Halberstadt
and Geyer, 2011). The mGlu2/3 agonist LY379268 also
fully reversed the effect of 5-MeO-DMT on LFCOs.

The BOLD responses in visual cortex V1 and mPFC
observed by Riga et al. (2014) were also decreased by 5-
MeO-DMT. Simultaneous recordings in the mPFC and
V1 indicated that 5-MeO-DMT concurrently reduced
the amplitude of LFCOs similarly in both areas. In
parallel with the effect on pyramidal discharge, 5-MeO-
DMT significantly reduced the amplitude of LFCOs in
the mPFC. Thus, 5-MeO-DMT markedly reduced
LFCOs in the mPFC and V1, an action potentially
related to its psychedelic activity. It evoked a disrupted
activity state characterized by altered pyramidal neu-
ron discharge/pattern and reduced intensity of LFCOs.
Riga et al. (2014) suggest that 5-MeO-DMT–evoked
alterations in PFC activity likely lead to secondary
changes in several brain networks.

Riga et al. (2014) indicate that the reduction in BOLD
signal appears paradoxical, given the overall increase in
pyramidal discharge rate produced by 5-MeO-DMT and
the relationship between neuronal discharge, energy
consumption, and blood flow, noting that some studies
suggest a better correlation with oscillatory activ-
ity rather than spiking activity (Logothetis, 2003;
Viswanathan and Freeman, 2007). They conclude that
reductions in LFCOs appear to be a common signature
of psychedelic drugs but note that further work is
required to understand the relationship between BOLD
signal and neuronal activity.

This study has relevance to clinical studies of psilo-
cybin. Although the salient features of psilocybin
intoxication are blocked by the selective 5-HT2A

antagonist ketanserin (Vollenweider et al., 1998), psi-
locin (the active form derived in vivo by dephosphory-
lation of psilocybin) also has significant agonist activity
at the 5-HT1A receptor (e.g., Blair et al., 2000). It is
unknown to what extent intravenous administration of
psilocybin might produce effects on neuronal function
through activation of 5-HT1A receptors.

Tagliazucchi et al. (2014) carried out a reanalysis of
the previously published data from Carhart-Harris
et al. (2012). Their new analyses were prompted by a
view that more sensitive and specific indices might help
to develop a better understanding of the neurobiology of
conscious states, and specifically that measures that
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include variance over time might be especially informa-
tive. They note that the brain has been described as a
system resting in (or near) a critical point or transition
zone between states of order and disorder (see refer-
ences in Tagliazucchi et al., 2014). They therefore tested
the hypothesis that the brain can explore a maximal
repertoire of its possible dynamic states in this critical
zone, asking the question as to whether changes in
spontaneous brain activity produced by psilocybin were
consistent with displacement from this critical point,
possibly moving toward a more entropic or supercritical
state (Carhart-Harris et al., 2014). To test this hypoth-
esis, the authors focused on variability in activity and
functional connectivity parameters over time and pre-
sented empirical data that tested the hypothesis that
brain activity becomes less ordered in the psychedelic
state, with enhancement of the repertoire of possible
states. The power spectrum density of the spectral
content of spontaneous BOLD fluctuations can be
characterized by a single parameter a, which condenses
the scaling behavior and is demonstrative of the long-
range temporal correlations of any given signal. Both
BOLD signal variance and total spectral power mea-
sures showed increased variability after psilocybin,
both in the temporal and spectral domain, with peaks
in the ACC and bilateral hippocampus.
Tagliazucchi et al. (2014) selected four regions of

interest for BOLD variance and computed the evolution
of their variance. Although these ROIs were selected
precisely because they had fluctuations in their activity
and corresponding increased variance, their analysis
provided additional information about when those
increases occurred. A homogeneous increase in signal
variance was observed during the first 3 minutes of
psilocybin infusion, corresponding to the subjects’ re-
ports that the most intense psychologic effects occurred
within the first 3minutes of the psilocybin infusion. The
authors also studied the variance of intrahippocampal
connectivity over time and found that variance was
higher in both hippocampi after psilocybin. After psilo-
cybin, diffuse widespread decreases in LFPs and the
scaling exponent awere observed in frontal and parietal
regions, with no changes after placebo. To further
characterize the BOLD fluctuations, the authors trans-
formed whole brain signals into a spatiotemporal point
process and extracted the rate of events and the average
separation between two events. They observed a rate
increase and interval decrease after psilocybin in the
parietal and frontal regions, but no differences after
placebo. Brain networks associated with these changes
were computed from the overlap of the statistical
significance maps with a set of well established resting
state networks. ForLFPs anda, significant overlapswere
detected in the default mode, control, and attention
networks, whereas all sensory networks remained un-
affected. For the point-process rate and point-process
interval, the changeswere local and confined to theDMN.

Tagliazucchi et al. (2014) also evaluated the entropy
of the distribution of connectivity states in the network
comprised by two ACC ROIs and the bilateral hippo-
campi. An entropy increase was found when comparing
the results between the periods before and after psilo-
cybin infusion, but no change was seen before and after
placebo. Cross-hemispheric connections between hippo-
campal and ACC ROIs were also observed after
psilocybin administration. Thus, the psilocybin state
is characterized by a larger repertoire of states
(i.e., novel motifs that are exclusive to the psychedelic
state). These states were found to be among the most
interconnected states possible.

The resting state networks that exhibited the most
significant changes correspond to higher brain systems
such as the DMN, executive control, and attention
networks, and not primary sensory and motor net-
works. The authors note that the increased amplitude
fluctuations in the hippocampus are particularly in-
triguing considering early depth EEG studies that
recorded similar abnormalities in hippocampal activity
after LSD and mescaline (Schwarz et al., 1956; Monroe
and Heath, 1961). The increased repertoire of meta-
stable states observed with psilocybin may be a mech-
anism bywhich these phenomena occur. Tagliazucchi et
al. (2014) suggest that altered interhemispheric com-
munication may also be an important component of the
mechanism of action of psychedelics. A primary action of
psilocybin may be to cause a generalized desynchrony
and loss of oscillatory power in higher-level cortical
regions, probably resulting from activation of serotonin
5-HT2A receptors expressed on deep-later pyramidal
neurons.

Scherf and Angenstein (2015) simultaneously mea-
sured generated field EPSPs and BOLD response in the
CA1 region of the rat hippocampus during electrical
stimulation of the contralateral CA3 region. Consecu-
tive stimulations with low-intensity stimulation trains
resulted in clear postsynaptic responses of CA1 pyra-
midal cells, but no significant BOLD response. No
positive correlation was found between the electrophys-
iologic parameters of CA1 pyramidal cell activity and
the BOLD response. Consequently, postsynaptic activ-
ity of pyramidal cells, themost abundant neurons in the
CA1, is not directly linked to the measured BOLD
response.

Palhano-Fontes et al. (2015) used fMRI to inspect the
DMN after ayahuasca administration to 10 healthy
volunteers who were regular users of ayahuasca. Sub-
jects underwent fMRI sessions before and 40 minutes
after ayahuasca intake. Ayahuasca caused a significant
decrease in activity throughout most parts of the DMN,
including its most consistent hubs: the PCC/precuneus
and the mPFC. Their results are consistent with the
notion that the ASC induced by ayahuasca is linked to
the modulation of activity and connectivity of the DMN.
Functional connectivity fMRI maps were constructed
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before and after ayahuasca administration, and a
comparison of the maps revealed a significant func-
tional connectivity decrease within the PCC/precuneus
after ayahuasca administration, with most of the
contribution for the observed connectivity decrease
driven by the PCC. Although similar to the changes
observed after psilocybin, the changes induced by
ayahuasca did not result in a significantly reduced
coupling between the PCC andmPFC, as observed after
intravenous psilocybin administration (Carhart-Harris
et al., 2012). Overall, these results support the conclu-
sion that the effects of ayahuasca are associated with
diminished DMN activation and decreased functional
connectivity of the PCC/precuneus. They conclude that
the ASC induced by ayahuasca is linked to the modu-
lation of the activity and connectivity of the DMN.
Carhart-Harris et al. (2014) consider the psychedelic

state to be an exemplar of a primitive or primary state of
consciousness that preceded the development of mod-
ern, adult, human, normal waking consciousness. On
the basis of neuroimaging data with psilocybin, they
argue that the defining feature of “primary states” is
elevated entropy in certain aspects of brain function,
such as the repertoire of functional connectivity motifs
that form and fragment across time. They also propose
that entry into primary states depends on the collapse of
the normally highly organized activity within the DMN
and a decoupling between the DMN and the medial
temporal lobes that are normally significantly coupled.
The functional centrality of the DMN is not shared by
other brain networks, implying that as the highest level
of a functional hierarchy, the DMN serves as a central
orchestrator or conductor of global brain function.
Carhart-Harris et al. (2014) previously found a highly
significant positive correlation between the magnitude
of a power decreases in the PCC after psilocybin and the
ratings of the item “I experienced a disintegration of my
‘self’ or ‘ego.’” It is a central hypothesis of their article
that psychedelics induce a primitive state of conscious-
ness. They present a comprehensive model in which
psychedelics 1) activate the 5-HT2A receptor, 2) de-
polarize deep-layer pyramidal neurons, 3) desynchron-
ize cortical activity, 4) “disintegrate” brain networks, 5)
increase network metastability, and 6) increase the
repertoire of connectivity motifs within a limbic/
paralimbic network. The net effect of these processes
is an increase in system entropy as the system enters
criticality proper. Specifically, it is proposed that psy-
chedelics work by dismantling reinforced patterns of
negative thought and behavior by breaking down the
stable spatiotemporal patterns of brain activity upon
which they rest.
The fMRI studies and their various analyses and

reanalyses by Carhart-Harris and colleagues are at
odds with the earlier SPECT and PET imaging studies
and may reflect different methodologies. In particular,
psilocybin is not typically administered to humans by

injection, nor are Psilocybemushrooms generally taken
in routes other than by mouth. In the Hermle et al.
(1992), Vollenweider et al. (1997a,b), and Gouzoulis-
Mayfrank et al. (1999) studies cited earlier, the drug
was administered orally, but psilocybin was adminis-
tered intravenously in the studies by Carhart-Harris
et al. Subjective reports from the two different routes of
administration indicate profound differences in the
speed of onset, as well as the intensity of the subjective
effects. Psilocybin given orally generally takes about 40
minutes to begin tomanifest its effect, with a duration of
action lasting 4–6 hours. By contrast, subjective effects
of 2 mg psilocybin given as an intravenous injection
over 60 seconds begin at the injection period, reach a
sustained peak after 4 minutes, and subside completely
after 45–60 minutes (Carhart-Harris et al., 2011).
Vascular responses resulting from the agonist activity
of psilocin at 5-HT1 family receptors are likely to be
more pronounced after intravenous drug administra-
tion. Oral administration of psilocybin followed by
repeated fMRI scans would lead to perspective on the
temporally related changes in blood flow/brain activa-
tion and the effects of different doses could be examined.
In any event, differences in neuronal activity indices
(metabolic rate of glucose, CBF, or BOLD), and differ-
ences in the intensity, dynamics, and content of
psilocybin-induced symptoms could potentially account
for these apparent discrepancies.

Psilocybin (2 mg/kg, i.v.) administered to rats evoked
phMRI signal increases in a number of regions, including
olfactory and limbic areas and elements of the visual
system (Spain et al., 2015). LFP amplitude in response to
sensory stimuliwas decreasedby psilocin administration,
concurrently with enhanced CBF. These results suggest
that the hemodynamic signal changes underlying phMRI
responses reflect changes in both neuronal activity and
neurovascular coupling. Thus, phMRI studies cannot be
interpreted solely in terms of the drug effect on neurons.
A further potential confound in BOLD signal interpreta-
tion in the case of psilocin results from its combined
neuronal and vascular effects. Both the 5-HT2A and
5-HT1A receptors can mediate vasoconstriction, and
negative BOLD signals may occur in the presence of
increased neuronal signaling (Angenstein et al., 2009).

The alteration in neurovascular coupling reported by
Spain et al. (2015) might explain, in part, the apparent
discrepancy between fMRI and PET findings of de-
creased CBF (Carhart-Harris et al., 2012) and in-
creased glucose metabolism (Vollenweider et al., 1997b;
Gouzoulis-Mayfrank et al., 1999) in human studies with
psilocybin and related drugs.

Most recently, Carhart-Harris et al. (2016) used
arterial spin labeling (ASL), BOLD, and MEG to image
brain activity in 20 healthy human subjects adminis-
tered 75 mg LSD intravenously. Visual cortex desynch-
ronization and expanded V1 functional connectivity
were found to be correlated with visual hallucinations.
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Dysregulation of high-level regions and networks cor-
related with profound changes in consciousness. The
peak phase of subjective effects of LSD surprisingly
occurred at about 100 minutes after intravenous ad-
ministration, whereas the subjective effects occurred
within minutes after intravenous administration in
their studies with psilocybin. All subjects reported
closed-eye visual hallucinations and marked changes
of consciousness. Decreased parahippocampus resting
state functional connectivity correlated with ego disso-
lution and altered meaning. Principal findings included
the following: 1) increased visual cortex CBF, resting
state functional connectivity (RSFC), and decreased a
power, predicting the intensity of visual hallucinations;
and 2) decreased DMN “integrity”, parahippocampus-
RSC/PCC resting state functional connectivity and d
and a power (e.g., in the PCC), all predicting profound
changes in consciousness, characterized by ego dissolu-
tion. Results more broadly revealed that resting state
BOLD functional connectivity and MEG measures (but
less so CBF) possess considerable power to predict the
psychologic effects of LSD. Strong relationships were
found between the different imaging measures, partic-
ularly between changes in BOLD RSFC (e.g., network
“disintegration” and “desegregation”) and changes
(decreases) in oscillatory power. Surprisingly, although
the effects of LSD on the visual system were pronounced,
they did not correlate with its effects on consciousness.
Consistent with their previous psilocybin research, a
significant relationship was found between decreased
PCC a (and d) power and ego dissolution. An especially
strong relationshipwas found between parahippocampus
and RSC/PCC decoupling and ego dissolution. Taken
together with their earlier studies (Carhart-Harris et al.
(2011; 2012)), it appears that psychedelics destabilize and
disintegrate normally well established brain networks
and reduce the degree of segregation between them.
The mechanisms of long-term effects of one or several

psychedelic experiences are even less well understood.
The initial agonist action on serotonin receptors does not
explain the long-term effects seen 14 months after these
experiences with “positive changes in attitudes, mood,
life satisfaction, behavior, and altruism/social effects”
(Griffiths et al., 2011). After this “sense of self,” reassembles
at the end of the psilocybin experience, there appears to
be a chance of abandoning habits and repetitive
thoughts that no longer serve a useful purpose for the
person. One open study found that long-term positive
effects may persist for decades (Doblin, 1991) and it
seems possible that long-term adaptation through
changes in gene expression also may occur that can be
therapeutic (e.g., see Nichols and Sanders-Bush, 2002).

XII. Conclusion and Outlook

Dr. Albert Hofmann, the natural products chemist
who accidently discovered the effects of LSD in 1943

while working at the Sandoz Laboratories in Basel,
Switzerland, wrote an autobiographical account of his
discovery titled LSD: My Problem Child (Hofmann,
1979b). In his book, Hofmann talks about the potential
of LSD, which he had hoped would be a promising new
tool for psychiatry, but also expresses dismay at the
social turbulence that ensued when “LSD was swept up
in the huge wave of an inebriant mania that began to
spread over the Western world, above all the United
States…” (Hofmann, 1979b). Hofmann died in 2008 at
the age of 102 years; but in his later years, he was
delighted to see that real science had begun to take a
thorough approach to unraveling the psychopharmaco-
logical mysteries of LSD, which he had always believed
would eventually prove to be a miracle drug for
psychiatry.

With that inmind, if the positive therapeutic effects of
psychedelics continue to be validated by additional well
designed clinical studies, it opens up a whole new
dimension of medical research. If psilocybin or LSD
can acutely abolish depression or anxiety after one or
only a few treatments, the question must be asked,
“How does that occur?”There aremanywho believe that
such improvement must be related to neurochemical
effects, or neuroadaptation, and refuse to believe that
the mystical experience may be relevant. Yet both
modern and older studies consistently find that those
who experience the most profound mystical experiences
invariably receive the greatest symptom improvement.
Of course, as reductionists, it is understood that the
mystical experience must have neurochemical corre-
lates. Even so, understanding what they are, how and
why they occur, and how they lead to therapeutic
improvement should shed light on the underlying
deficits in brain function that lead to these disorders
in the first place. Before-and-after brain imaging stud-
ies of patients with depression, anxiety, or addictive
disorders will show how brain connectivity has changed
as a result of psychedelic treatment. To understand
these disorders at the present time with standard state-
of-the-art approaches involves a sort of “fishing expedi-
tion,” searching for biomarkers that might be clues to
the basis of the underlying disorder. Genome-wide
association studies plow through many thousands or
hundreds of thousands of genes, searching for candi-
dates that might be the underlying causes of affective
disorders. One generally cannot do prospective studies,
to compare the brain function of the normal patient
prior to the onset of his or her disease, and then examine
it again after therapeutic improvement. Rather, one
begins with a patient who is already sick, and then if
therapeutic improvement occurs, usually over a long
period of time, one tries to understand how it happened.
By contrast, some of the recent treatments of anxiety
and depression with psilocybin or LSD are so dramatic,
and happen so quickly, that there must be some overt
measureable changes in brain function or connectivity
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that correlate with therapeutic improvement. Learning
what these are is the next big challenge, a process that
promises to completely revolutionize the way we ap-
proach discovering better treatments for a host of
human psychiatric disorders.
Considering the most recent scientific and clinical

developments in understanding the actions of psyche-
delics, a statement made in 1980 by Dr. Stanislav Grof
seems particularly relevant today: “It does not seem to
be an exaggeration to say that psychedelics, used
responsibly and with proper caution, would be for
psychiatry what the microscope is for biology and
medicine or the telescope is for astronomy. These tools
make it possible to study important processes that
under normal circumstances are not available for direct
observation” (Grof, 1980).
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Correction to: “Psychedelics”

In the above article [Nichols D (2016) Pharmacol Rev 68:264–355], a portion of
Figure 4 was omitted. The corrected Figure 4 is provided below. The XHTML and
PDF versions of the article have been replaced.
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