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Abstract
Background—Psilocybin is a well-characterized classic hallucinogen (psychedelic) with a long
history of religious use by indigenous cultures, and nonmedical use in modern societies. Although
psilocybin is structurally related to migraine medications, and case studies suggest that psilocybin
may be efficacious in treatment of cluster headache, little is known about the relationship between
psilocybin and headache.

Methods—This double-blind study examined a broad range of psilocybin doses (0, 5, 10, 20, and
30 mg/70 kg) on headache in 18 healthy participants.

Results—Psilocybin frequently caused headache, the incidence, duration, and severity of which
increased in a dose-dependent manner. All headaches had delayed onset, were transient, and lasted
no more than a day after psilocybin administration.

Conclusions—Possible mechanisms for these observations are discussed, and include induction
of delayed headache through nitric oxide release. These data suggest that headache is an adverse
event to be expected with the nonmedical use of psilocybin-containing mushrooms as well as the
administration of psilocybin in human research. Headaches were neither severe nor disabling, and
should not present a barrier to future psilocybin research.
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1. Introduction
Psilocybin is a relatively well-characterized hallucinogen that has a long history of religious
use by indigenous cultures of Mesoamerica and South America in the form of Psilocybe
mushrooms. These mushrooms have also been used for recreational and spiritual purposes in
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industrialized societies. Psilocybin exerts its effects via its active metabolite, psilocin.
Psilocybin, like mescaline from the peyote cactus and lysergic acid diethylamide (LSD), is
considered a “classic” hallucinogen, producing psychoactive effects that are similar and
primarily mediated by 5-HT2A receptor agonism. Psilocybin and LSD belong to a subclass
of classic hallucinogens that, like the neurotransmitter serotonin, are structurally based on a
tryptamine chemical backbone (Nichols, 2004). Other tryptamine-based compounds such as
sumatriptan and ergotamine constitute the primary and most effective class of acute
migraine treatment for migraine and related primary headaches (Brandes et al., 2010); in
fact, chemist Albert Hofmann discovered LSD while searching for novel treatments for
migraine, among other disorders (Hofmann, 1980). A recent case series also provided
preliminary evidence that psilocybin and LSD may treat cluster headache (Sewell et al.,
2006), and evidence suggests that the non-hallucinogenic LSD analog 2-bromo-LSD
(BOL-148) may share similar efficacy (Sicuteri, 1963; Karst et al., 2010).

In a previous study, 36 hallucinogen-naïve volunteers received 30 mg/70 kg psilocybin and
a comparison drug (40 mg/70 kg methylphenidate; a psychoactive “active placebo” used to
maintain study blinding) in different sessions (Griffiths et al., 2006; Griffiths et al., 2008).
Although reduction or induction of cephalic pain was not specifically assessed, it was our
impression that more participants spontaneously reported headache after psilocybin study
days than after methylphenidate days. Although reports of headache following psilocybin
use were few, our reliance on spontaneous self-report likely underestimated the true
incidence. A subsequent literature search uncovered several reports of headache following
classic hallucinogen use.

The first such report came nearly a hundred and twenty years ago, when Prentiss and
Morgan reported that one of their experimental subjects given mescaline experienced a
three-day headache severe enough to be debilitating on the second day (Prentiss and
Morgan, 1895). Other healthy volunteers reported “persistent ache and feeling of exhaustion
in the occipital region, that persisted for several days” (Prentiss and Morgan, 1896). The
pharmacologist Arthur Heffter’s account of his personal experience with mescaline on June
5, 1887 reads: “Nausea, occipital headache, intense dizziness, and clumsiness in moving
began about half an hour after the last dose” (Heffter, 1898). The American neurologist
Weir Mitchell described his own experience with mescaline in an 1896 talk to the American
Neurological Society as characterized by “left frontal pain (not severe) and soon after a dull
occipital ache felt on both sides and at or about the occipital bosses” (Mitchell, 1896). The
headache persisted for two days, prompting Mitchell to editorialize that the mescaline
experience was “worth one such headache… but not worth a second.” The psychologist
Havelock Ellis also reported a “slight headache which passed off in the course of the
morning” in his detailed description of the effects he experienced after taking mescaline. He
also reported that a poet friend who also took it complained of “a very slight headache,
which came and went” as the only negative side effect (Ellis, 1902).

The next report of headache from classic hallucinogen use came sixty years later, in a report
of 16 individual administrations of psilocybin (across 13 participants in doses ranging from
5 to 14 mg). 50% resulted in reports of headache, but further details were not provided
(Delay et al., 1958). Two years later a study in which psilocybin was given in doses ranging
from 8 to 36 mg reported headache in five of 14 volunteers (Malitz et al., 1960). However,
Malitz did not characterize the headaches further, or state at what dose they occurred.
Another description of psilocybin published the same year listed “headache” under “later
effects” (i.e., more than 12 hours post drug administration) but gave no further details
(Hollister et al., 1960). The same author measured the after effects of 37 to 209 μg/kg
psilocybin in 17 subjects, and reported that the most frequent complaints were occasional
headaches and fatigue “likened to a mild hangover” (Hollister, 1961). Another study
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reported headache as an adverse event following psilocybin administration, but did not
quantify this (Rümmele, 1958). A more recent summary of psilocybin experiments
conducted in Switzerland reported that “headaches, head pressure or face pain” were
reported by 12.5% to 37.5% of participants in a dose-related manner (Studerus et al., 2010).
Other studies suggest effects of classic hallucinogen administration on cephalic pain,
although the implications are unclear. For example, one study found that participants who
regularly suffered from migraine or other “essential” (idiopathic or primary) headaches
showed increased psychoactive effects from very low doses of psilocybin and LSD
compared to age-matched controls (Fanciullacci et al., 1974).

In order to more rigorously characterize the headaches that had been spontaneously reported
in the first study, our second psilocybin administration study specifically examined this
potential side effect. Our informed consent process described headache on or after the
session day as a possible adverse effect of psilocybin administration. We explicitly asked
participants about headaches, and carefully characterized those reported. This study is
therefore the first to prospectively assess the dose-dependent incidence of headache
following psilocybin administration.

2. Methods
2.1 Participants

Participants were 10 female and 8 male medically and psychiatrically healthy volunteers
(Griffiths et al., 2011). Only one had previously used hallucinogens; he had taken psilocybin
on two occasions more than 20 years before study screening. Demographics, including self-
reported headache history, are presented in Table 1. Participants were not paid for
participation, and generally reported being motivated by curiosity about psilocybin’s effects,
altered states of consciousness, and the opportunity for self-reflection. Study conduct,
including participant selection, followed the safety guidelines for human hallucinogen
research recommended by our laboratory (Johnson et al., 2008).

2.2 Procedure
Experimental methods, inclusion and exclusion criteria are described in detail elsewhere
(Griffiths et al., 2011). Psilocybin was administered in doses of 0, 5, 10, 20, and 30 mg/70
kg in five eight-hour drug sessions conducted at approximately one-month intervals in a
double-blind, crossover design. Psilocybin doses increased sequentially in nine randomly
selected participants and decreased sequentially in the other nine. The single placebo session
was intermixed among the four active doses as detailed elsewhere (Griffiths et al., 2011).
These two sequences were included in order to examine whether ascending vs. descending
dose sequence changed the psychological effects of psilocybin.

Study monitors met individually with each participant for a total of eight hours before the
first session and for two hours between sessions to develop rapport and trust, which can
reduce adverse reactions. The eight-hour drug sessions were conducted in a comfortable
living-room-like environment designed for the study. Two monitors were present throughout
the session. Participants were encouraged to lie on a couch, wear an eye mask, listen to
music through headphones, and focus attention on their inner experiences. At the end of the
session volunteers rated drug effects on several questionnaires, and then were released into
the care of a friend or family member, who took them home. Although pain medication was
not allowed during sessions, participants were told they could use over-the-counter headache
medicine after session completion.
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2.3 Measures
A variety of outcome measures included observer-rated drug effects during the psilocybin
session, participant-rated drug effects, and assessments of persistent effects at follow-up
visits three weeks after each session and 14 months after the last session. These results are
reported elsewhere (Griffiths et al., 2011). Relevant to the present analysis, at a follow up
session participants were specifically asked whether they had had a headache during or after
the session. This follow up occurred one or two days after the session for 82% of sessions
(SD 2.1; maximum 14). Participants reporting headache were asked the onset and ending
time of the headache (used to calculate headache duration), whether the headache was a
single episode or intermittent, whether the headache had ended already, the severity of the
headache (1=“mild”, 2=“moderate”, 3=“severe”), and whether medication was taken to treat
the headache. Although participants were not explicitly asked about headaches at three-week
and fourteen-month follow-up visits, they were provided an opportunity to report persisting
headaches or any other negative effects resulting from study participation.

2.4 Analyses
Headache incidence was analyzed with repeated measures regression with effects of
sequence (ascending, descending) and dose (0, 5, 10, 20, 30 mg/70kg) (SAS PROC MIXED,
α=0.05). Tukey post-hoc tests were used to compare each psilocybin dose to placebo.
Several repeated-measures multiple regression analyses also examined the effect of dose on
other variables, including headache incidence as a dichotomous covariate to examine the
relationship of headache with other measurements. These included the Hood Mysticism
Scale total score (Hood et al., 2001; Spilka et al., 2003) and Mystical Experience
Questionnaire total score (Griffiths et al., 2006) as measures of mystical quality of
subjective psilocybin effects; the intensity subscale of the Hallucinogen Rating Scale (HRS)
(Strassman et al., 1994) as a measure of drug effect strength; and peak and area under the
curve (AUC) values for systolic and diastolic blood pressure and heart rate throughout each
session.

3. Results
Table 1 shows headache-relevant individual participant demographics. Four participants
reported history of headache at screening. In three sessions participants reported headache at
the time of drug administration. In these cases the onset of headache occurred at a mean of
13.3 hours before drug administration, and total headache duration was a mean of 28.5
hours. These sessions were excluded from further analysis. Headache incidence increased in
a dose-related manner (Figure 1 top panel). Repeated-measures regression found a
significant effect of Dose (F4,64=12.74, p<.0001), but not Sequence or Dose × Sequence.
Tukey post-hoc tests verified that headache occurred in a significantly greater number of
participants at each dose of psilocybin compared to placebo (all p<0.03). Headache duration
among those who reported headache was dose-related (Figure 1 middle panel). All
headaches had resolved before headache data collection. There was a dose-dependent
increase in the percentage of participants who took headache medicine (in all cases OTC
acetaminophen, ibuprofen, or aspirin) for headache among those who reported headache
(Figure 1 bottom panel). Headache severity among those who reported headache was dose
related (Figure 2). All headaches were rated mild or moderate; no participant rated their
headache as severe at any dose. Figure 3 presents individual participant data showing the
incidence, timing (including onset time and duration), and severity of headaches for each
dose. Headaches started a mean of 7.0 hours after psilocybin administration, with little
difference in onset time between doses, although a few headaches started substantially later.
There was no systematic relationship between individual participant demographics and
Figure 3 data. The effect of the headache covariate was not significant in any repeated-
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measures multiple-regression analyses, suggesting no relationship between headache and
mystical experience, hallucinogenic drug effects, drug strength, blood pressure, or heart rate.

4. Discussion
For most volunteers, psilocybin caused a delayed headache, the incidence and severity of
which was dose-related. Although the headaches observed in this study were likely to have
been migraines, the diagnosis of migraine requires determination of factors in addition to
severity (nausea, vomiting, photophobia or phonophobia, unilaterality, pulsatile quality, and
worsening with physical activity) that were not assessed in this study, precluding accurate
determination of headache type. To explore these results, we will first consider the role of
serotonin in headache, then compare psilocybin with other drugs that cause headache, then
speculate on mechanisms, including a possible relationship between psilocybin headache
induction and the putative ability of psilocybin to treat cluster headache.

4.1 Serotonin and headache
Serotonin plays a pivotal role in many aspects of migraine pathogenesis. Cranial, meningeal,
and cerebral blood vessels are sensitive to serotonin and can either contract or relax via
activation of 5-HT2A, 5-HT1B, or 5-HT7 receptors, with serotonin exhibiting its lowest
affinity at 5-HT2A receptors (Martin, 1994; Saxena, 1995; De Vries et al., 1999; Bouchelet
et al., 2000). Serotonin constricts large arteries and arteriovenous anastomoses mainly via 5-
HT1B receptors, and dilates arterioles via 5-HT7 receptors (De Vries et al., 1998; De Vries et
al., 1999).

There is considerable evidence for tonically low serotonin levels in migraine patients.
During migraine attacks, plasma levels of serotonin are increased; between attacks,
serotonin is decreased (Humphrey, 1991; Ferrari and Saxena, 1993). Cortical auditory
evoked potentials are also increased in migraine patients between attacks, consistent with
low serotonin levels (Wang et al., 1996). Tryptophan depletion, which lowers brain
serotonin levels, induces nausea, dizziness, and motion sickness in healthy controls but not
in migraineurs, suggesting that migraineurs are tolerant to low serotonin levels (Drummond,
2005). Patients who carry the short allele of the serotonin transporter (which has been
associated with reduced serotonin neurotransmission) have an increased risk for migraine,
and increased migraine frequency (Lesch et al., 1996; Kotani et al., 2002).

Several drugs that release serotonin from neurons and blood platelets (fenfluramine and
reserpine) and some serotonin reuptake inhibitors (zimeldine and femoxetine) are able to
provoke migraine attacks more frequently in migraineurs than in controls (Humphrey, 1991;
Ferrari and Saxena, 1993; Panconesi and Sicuteri, 1997). Effective antimigraine drugs target
specific populations of serotonin receptors. Paradoxically, fenfluramine and reserpine, when
used for an extended period, reduce serotonin and can confer resistance to migraine
headache (Hamel, 2007), and serotonin given during an attack will relieve headache,
indicating that the role of serotonin in headache is complex. These observations suggest that
migraine is a disorder of tonically low central serotonin associated with an increase in
serotonin release during attacks (Ferrari et al., 1989). In a low-serotonin state, the cortex is
more vulnerable both to cortical spreading depression (CSD) and CSD-induced trigeminal
nociception (Supornsilpchai et al., 2006).

Receptors that trigger migraine attack (possibly 5-HT2B) appear to be different from those
that relieve migraine headache (5-HT1 family). The ability of the 5-HT2B/C receptor agonist
m-chlorophenylpiperazine (mCPP) to induce attacks in migraine sufferers that are
indistinguishable from spontaneous headaches (Brewerton et al., 1988), together with the 5-
HT2B affinity of prophylactic antimigraine 5-HT2 receptor antagonists such as
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methysergide, cyproheptadine, and mianserin, support the involvement of 5-HT2B
supersensitivity in migraine attacks (Fozard and Kalkman, 1994; Kalkman, 1994; Schmuck
et al., 1996).

Triptans are a novel class of selective 5-HT1B/1D antagonists that are the mainstay of current
acute migraine treatment. Some triptans also interact with 5-HT1A and 5-HT1F receptors, but
rizatriptan is almost completely selective for 5-HT1B/1D (Tfelt-Hansen et al., 2000), and
alniditan, a non-triptan 5-HT1B/1D antagonist that is no longer in clinical development, is
effective for migraine (Goldstein et al., 1996) but has no affinity for 5-HT1F (Leysen et al.,
1996). Sumatriptan, zolmitriptan, eletriptan, and frovatripan show micromolar affinity at the
5-HT7 receptor, which mediates smooth muscle relaxation in cerebral arteries (Terron and
Falcon-Neri, 1999).

The 5-HT2A receptor, which mediates psilocybin’s psychoactive effects, also mediates
several important cardiovascular effects in both the peripheral nervous system and CNS,
including vascular smooth muscle contraction, platelet aggregation, thrombus formation,
and coronary artery spasm. The selective 5-HT2A antagonists ketanserin, AT-1015, and
sarpogrelate all have vasodilatative properties (Kyriakides et al., 1999; Kihara et al., 2000;
Miyata et al., 2000). Methysergide, a 5-HT2A/2C receptor antagonist (and migraine
prophylactic agent), inhibits the vasoconstrictive and pressor effects of serotonin as well as
the serotonin actions on extravascular smooth muscle. Conversely, the 5-HT2A agonist DOI
constricts rat veins, an effect that is blocked by the 5-HT2A antagonists ketanserin (Cohen et
al., 1993).

4.2 Drug-induced headache
A number of different drugs have been used experimentally to induce headache. Foremost
among these is nitroglycerin. Nitric oxide (NO) is a free-radical gas with vasorelaxant
effects (Silberstein, 1994). Nitroglycerin serves as an NO donor, causing a nonspecific
headache within five to six hours in healthy individuals, presumably from cGMP activation
(Miki et al., 1977). Migraine patients are more sensitive to the immediate effects of
nitroglycerin than healthy subjects (Schnitker and Schnitker, 1947; Peters, 1953; Dalsgaard-
Nielsen, 1955), as are cluster headache patients during their cluster periods (Horton, 1956;
Ekbom, 1968). First-degree relatives of migraine patients also develop migraine after
nitroglycerin administration, suggesting a genetic predisposition (Sicuteri, 1963). In
migraineurs, an immediate headache of mild-to-moderate intensity begins during
nitroglycerin infusion; five to six hours later a characteristic migraine attack reproducibly
occurs in 75% of migraine patients (Thomsen et al., 1994; Thomsen et al., 1996;
Christiansen et al., 2000; Afridi et al., 2004). A similar response is observed after sublingual
administration of the long-acting isosorbide dinitrate (Bellantonio et al., 1997). The
surprisingly long latency period between nitroglycerin exposure and migraine suggests that
release of NO initiates a slow cortical spreading depression that results in an attack. In rats,
NO has been shown to mediate both the cortical hyperexcitability and the facilitation of
trigeminal nociception characteristic of serotonin depletion, increasing both cortical
spreading depression and the resultant trigeminal nociception in decreased serotonin states
(le Grand et al., 2011). NO donors also can induce a bilateral, pulsating frontotemporal
headache as they clear from the blood. Because 5-HT2B/2C receptor stimulation liberates NO
(Glusa and Richter, 1993; Fozard, 1995), 5-HT2B/2C antagonists such as the anti-migraine
medications methysergide and pizotifen may well exert their action by reducing NO
production, and psilocin may directly trigger migraine through 5-HT2B-mediated NO release
(Schmuck et al., 1996).
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4.3 Psilocybin induction of headache
Psilocybin is 50% absorbed following oral administration (Brown, 1972; Hopf and Eckert,
1974) and appears in the plasma 20 to 40 minutes after oral administration (Hasler et al.,
1997; Passie et al., 2002). First-pass hepatic metabolism converts psilocybin into psilocin (4-
hydroxy-N,N-dimethyltryptamine, the pharmacologically active metabolite of psilocybin),
which is detectable in plasma 30 to 50 minutes after administration (Hasler et al., 1997;
Lindenblatt et al., 1998). Psilocin plasma levels increase rapidly, plateau for about 50
minutes, then slowly decline, with approximately two-thirds excreted after three hours
(Holzmann, 1995).

The time-course of psilocybin-triggered headache matches closely that observed from
nitroglycerin, and is consistent with a possible role for psilocybin as an NO releaser.
Psilocybin increases expression of a number of genes, including Iκβ-α, the main inhibitor of
NFκβ, an activating component for immune response (Nichols and Sanders-Bush, 2002;
Gonzalez-Maeso et al., 2003). Expression of inducible nitric oxide synthase (iNOS), which
enhances NO release, is dependent on NFκβ (Reuter et al., 2002), which is directly
suppressed by LSD and probably also by psilocybin (Nichols, 2004). Nitroglycerin causes a
delayed expression of iNOS (Reuter et al., 2001), and psilocybin may exert effects through
this mechanism also. Direct evidence for or against psilocybin as an NO releaser is currently
lacking, however.

Alternately, psilocybin may trigger headache through an increase in brainstem serotonergic
activity. Psilocin affects primarily serotonergic receptors (5-HT1A,D, 5-HT2A, C, 5-HT5, 5-
HT6, and 5-HT7 receptor subtypes; NIMH Psychoactive Drug Screening Program:
http://pdsp.med.unc.edu). It binds with high affinity at 5-HT2A and to a lesser extent at 5-
HT1A receptors, but has no affinity for dopamine receptors, α- or β-adrenergic receptors,
SERT, or 5-HT3 receptors. Psilocin’s psychoactive effects are primarily mediated through 5-
HT2A receptors (Nichols, 2004), which are located predominantly on cortical pyramidal cell
apical dendrites (Jakab and Goldman-Rakic, 1998). When activated, these receptors lead to
increased cortical activity driven by glutamatergic excitatory postsynaptic potentials, largely
in the frontal cortex (Vollenweider et al., 1997), although 5-HT2A receptors are also
localized on GABA interneurons and thus have the potential to also decrease cortical
activation (Nichols, 2004).

The pain from headache is transmitted through a plexus of largely unmyelinated fibers that
surround the large cerebral vessels, pial vessels, large venous sinuses and dura mater to the
ophthalmic division of the trigeminal ganglion (Liu-Chen et al., 1984) and upper cervical
dorsal roots (Arbab et al., 1986). When stimulated, these trigeminal nociceptive fibers
release substance P, calcitonin gene-related peptide (CGRP; Uddman et al., 1985), and
glutamate (Carlton, 2001), promoting leakage of plasma from the capillaries into the
surrounding tissue and structural changes in the dura, including mast cell degranulation and
platelet aggregation in postcapillary venules (Dimitriadou et al., 1991; Dimitriadou et al.,
1992). This extravasation can be blocked by ergot alkaloids and sumatriptan (Moskowitz
and Cutrer, 1993). Drugs such as psilocin that also act on serotonergic receptors (5-HT1B, 5-
HT1D, and 5-HT1F) that are located on second-order peptidergic nociceptors here will
reduce cell activity (Potrebic et al., 2003) and block headache effects; simultaneously, drugs
that facilitate cortical glutamatergic activity will promote headache. The laterality, or lack
thereof, of psilocybin-induced headaches in our experiment was not recorded, but those
accounts of psychedelic-induced headache with localization generally indicate a bilateral,
occipital location, which is consistent with referred pain from the trigeminal complex
(Mitchell, 1896; Prentiss and Morgan, 1896). As AMPA-kainate glutamate receptor
antagonists have been found effective in terminating migraine in small studies (Merritt and
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Williams, 1990) it is possible that glutamate receptor activation such as produced by
psilocybin administration directly induces migraine.

Psilocybin headache induction also may be mediated through 5-HT1A receptors. The 5-
HT1A partial agonist buspirone has been shown effective against migraine in patients with
anxiety (Lee et al., 2005), although a role for 5-HT1A in migraine pathogenesis has not been
established. In contrast to 5-HT2A receptors, inhibitory 5-HT1A receptors are highly and
presynaptically expressed in the dorsal raphe nucleus of the brainstem, which does not
manifest other serotonin receptor subtypes (Sotelo et al., 1990). Because 5-HT1A
autoreceptors are more numerous and sensitive to serotonin than their postsynaptic
counterparts (Barnes and Sharp, 1999), the primary effect of 5-HT1A receptor activation by
psilocin is to reduce dorsal raphe cell firing rate, resulting in decreased serotonin release in
terminal projection fields (Aghajanian and Hailgler, 1975). Dense concentrations of
postsynaptic 5-HT1A receptors also have been identified in the hippocampus (Hamon et al.,
1990), and in axon hillocks of pyramidal cells in the prefrontal cortex (PFC; Pazos and
Palacios, 1985; DeFelipe et al., 2001; Czyrak et al., 2003) where they co-localize with 5-
HT2A receptors (Santana et al., 2004) and inhibit pyramidal cell activity in a manner
proportional to dorsal raphe serotonin release (Puig et al., 2005). Intraparenchymal
microcirculation (supplying neurons and glia) in the cerebral cortex is also regulated by
serotonergic dorsal raphe neurons (Cohen et al., 1996).

Dorsal raphe inhibition activates noradrenergic neurons in the nearby locus ceruleus (LC), a
major pontine center for sensory integration, making them more sensitive to sensory input
(Aghajanian, 1980; Rasmussen and Aghajanian, 1986; Aghajanian, 1994). LC neurons also
control cerebral circulation and may induce vascular changes similar to those found in
migraine (Agnoli and De Marinis, 1985). Stimulation of the LC in animals can cause a
frequency-dependent reduction in cerebral blood flow, maximal (up to 25%) in the occipital
cortex, through an α2 adrenoreceptor-linked mechanism (Goadsby and Duckworth, 1989) as
well as a strong antinociception that is mediated by spinal α2-adrenoreceptors. Inhibition of
serotonin release from the dorsal raphe nucleus, in combination with an increase in cortical
activation induced by psilocybin, likely reduces the relative influence of the brainstem
nuclei on cortical response. By selectively depressing the activity of neurons in the dorsal
raphe and thereby decreasing serotonin release, psilocybin removes the tonic inhibition of
downstream neurons mediated by serotonin. This ability to evoke a cessation of serotonergic
cell firing appears unrelated to the production of hallucinogenic activity (Aghajanian and
Marek, 2000).

Although there is no direct anatomical connection between dorsal raphe neurons and the
meningeal/cerebral blood vessels (Cohen et al., 1992; Cohen et al., 1996; Mathiau et al.,
1993), these vessels can nevertheless respond to changes in central serotonin
neurotransmission. Lesions of the dorsal raphe nucleus induce supersensitivity to serotonin
in isolated cerebral arteries (Moreno et al., 1991). An abrupt increase in brainstem
serotonergic neuron activity or platelet discharge of serotonin following a stressful stimulus
results in the activation of sensitized neuronal/vascular serotonin receptors, and possibly of
the pain-generating process also. Psilocin’s suppression of dorsal raphe nucleus activity,
with subsequent LC overactivity, suggests that “rebound” dorsal raphe overactivity and LC
suppression may generate headache from supersensitivity to serotonin once the direct
pharmacological effects of psilocin wear off. That being said, direct evidence that activation
of trigeminovascular fibers can be achieved by a change in the firing rate of dorsal raphe
neurons is currently lacking, and although psilocybin’s ability to do so has been
demonstrated in vitro, evidence that it does so in vivo is also lacking.
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Some investigators have combined psilocybin with other drugs with specific receptor effects
and measured incidence of headache, providing possible clues as to psilocybin’s mechanism.
One study in which the 5-HT2A receptor blocker ketanserin 50 mg was administered 90 min
before psilocybin 215 μg/kg in ten subjects found equally high rates of headache in
psilocybin and psilocybin + ketanserin groups, but none in placebo or ketanserin alone
groups, suggesting that psilocybin headache is not mediated via effects at 5-HT2A (Carter et
al., 2005). This is consistent with genetic association studies excluding alleles of 5-HT2A
and 5-HT2C as candidate genes for migraine susceptibility (Buchwalder et al., 1996). Other
evidence against a role for 5-HT2A is that the 5-HT2A agonist LSD does not appear to cause
headache, as discussed in the introduction. Another study combining haloperidol 1.5 mg/70
kg with psilocybin 260 μg/kg in five subjects found a 60% incidence of headache in the
psilocybin-alone group 10 hours after drug administration, but none when psilocybin was
combined with haloperidol, or in the placebo or haloperidol-alone groups (Vollenweider et
al., 1998), consistent with haloperidol’s migraine-blocking effects (Honkaniemi et al.,
2006). Drug interaction studies thus far have suffered from small sample sizes and
inconsistent measurement of headache, but provide intriguing clues as the mechanism of
psilocybin’s cephalalgic effects, suggesting that it is unrelated to 5-HT2A and related
psychedelic effects. Anecdotal reports that mescaline, which does not bind to 5-HT1
receptors, also induces headache suggests that post-psilocybin headache also may be
unrelated to 5-HT1. Coadministration of psilocybin with a 5-HT1 receptor antagonist could
determine this. Studerus and colleagues, in their review of 110 healthy subjects given
psilocybin in various studies at doses ranging from 45 to 315 mg/kg, also reported dose-
dependent headaches, head pressure, or head pain following psilocybin administration
(Studerus et al., 2010). Their laboratory found an incidence of headache half of that
observed in our sample. The reason for this is unclear. There may have been a lower
proportion of subjects with a genetic predisposition to headache, or there may have been
cultural differences in what subjects considered to be a reportable side effect.

Several lines of evidence suggest that the cause of post-psilocybin headache may not be 5-
HT2A-mediated vasoconstriction followed by rebound vasodilatation. Although 5-HT2A
receptors are thought to have pro-nociceptive effects in the peripheral nervous system
(Sokolov et al., 2011). 5-HT2A antagonists such mianserin, sergolexole, ketanserin, and
ICI169369 are not effective preventative drugs for migraine headache (Silberstein, 1994).
Although antipsychotics with antagonist effects at 5-HT2A have been reported effective in
treating migraines (Dusitanond and Young, 2009), all have effects at multiple receptors
other than 5-HT2A, precluding conclusions about the role of 5-HT2A. Also, because rebound
vasodilatation would likely be indicated by frontal hypermetabolism, and because PET
shows frontal hypermetabolism early during acute psilocybin effects (Vollenweider et al.,
1997), if vasodilatation was responsible for headache one would expect headaches to occur
similarly early during psilocybin effects, rather than showing the delayed onset observed in
the present study. Other evidence also argues against a role for psilocybin as a
vasoconstrictor. Although high doses of psilocybin have been demonstrated to constrict
sheep umbilical veins in vitro (Dyer and Gant, 1973), this observation may have limited
relevance to clinical doses, at which psilocybin causes only mildly elevated pulse and blood
pressure (Hasler et al., 2004; Griffiths et al., 2006; Griffiths et al., 2008; Griffiths et al.,
2011). Moreover, epidemiological data do not suggest that stroke or myocardial infarction
results from psilocybin as would be expected if vasoconstrictive effects were prominent
(e.g., psilocybin is mentioned in 0.1% of drug-related emergency department visits, likely
providing sufficient opportunity to detect an association with such cardiovascular adverse
effects; SAMHSA, 2003). Although the related class of ergot alkaloids contains many drugs
with severe direct vasoconstrictive effects, psilocybin does not appear to share these effects.
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Other arguments have been made for 5-HT2C mediation of migraine pathophysiology
(Fozard and Kalkman, 1994). 5-HT2C is expressed throughout the CNS, particularly in the
choroid plexus (Hartig et al., 1990) and the suprasegmental parts that transmit nociceptive
information. mCPP can trigger migraine attacks at doses that yield relevant agonism at 5-
HT2C only (Brewerton et al., 1988), and a number of drugs that have prophylactic effects
against migraine share high affinity for 5-HT2C as their only common pharmacological
property (Fozard and Kalkman, 1992). Although the role of 5-HT2C in the pathogenesis of
headache is not yet clear, psilocybin’s strong agonism at 5-HT2C may be related to its
effects on headache.

4.4 Psilocybin treatment of headache
The first scientific mention of psilocybin’s possible therapeutic effects on headache came in
the form of a 2005 case report (Matharu et al., 2005); prior to that, there had been no reports
of effects of psilocybin on any sorts of pain. This was followed by other reports (Sempere et
al., 2006; Sewell et al., 2006) and a movement by patients to advocate for research into
psilocybin and related drugs as headache therapeutics (www.clusterbusters.com). If
psilocybin is indeed effective for cluster headache, the mechanism remains unclear.
Psilocybin is structurally similar to triptans, which are also indole-based. Many
nonpsychedelic indole alkaloids that are structurally related to psilocybin, (e.g.,
methysergide, ergotamine, dihydroergotamine, and methylergonovine) are used as
treatments for cluster headache, although they do not abort cluster periods or extend
remission period as psilocybin is noted to do. Recent reports that the non-psychoactive LSD
analog BOL-148 is also effective in treating cluster headache (Karst et al., 2010) suggest
that the therapeutic effects of these drugs are not mediated by 5-HT2A; in fact, a dissociation
between the autonomic and the psychoactive properties of psilocybin has already been
described (Fischer, 1968).

Prolonged efficacy in terminating cluster periods and extending remission periods is difficult
to explain as a consequence of receptor stimulation or antagonism, which should persist only
for the duration of acute pharmacologic effect, or from receptor up- or down-regulation,
which generally resolves over two weeks to two months. A number of other possibilities
have been suggested, including disruption of the circadian rhythm through 5-HT1A, 5-HT2C,
or 5-HT7 modulation, or through 5-HT2A-mediated gene induction (Sewell et al., 2006). It
would not be surprising if psilocybin both induced and treated headache by a related
mechanism; however, this mechanism is as yet unclear.

4.5 Conclusion
Psilocybin’s inductive effects on headache may be due to a number of different mechanisms:
1) induction of delayed headache through NO release, 2) facilitation of glutamate release in
the cortex, with headache generation in those susceptible; 3) suppression of dorsal raphe
nucleus inhibitory activity on the LC with α2 adrenoreceptor-linked vasoconstriction during
the period of acute drug effects, followed by vasodilatation and headache, 4) direct
triggering of migraine attack through 5-HT2B agonism in migraine-susceptible research
subjects, 5) induction of Iκβ-α, inhibiting NFκβ, TNF-α, and iNOS, with subsequent
“rebound” headache; or a combination of the above. The relative contributions of these
various mechanisms to psilocybin cephalalgia remain to be explored. The most likely
explanation is that of delayed NO release; more evidence exists, however, for dorsal raphe
nucleus activity, rebound meningeal vasodilatation, and headache in the susceptible.

In order to differentiate between the potential mechanistic explanations, it will be important
in future studies to characterize the nature of psilocybin-induced headache more carefully by
using more detailed headache scales. Also, participants in psilocybin experiments should be
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screened for past or family history of migraine, and genetic analyses for mitochondrial DNA
polymorphisms implicated in migraine pathogenesis might also be instructive. Because the
headaches that resulted from psilocybin in these experiments were neither severe nor
disabling, predisposition to such headache should not be considered an exclusion criterion in
future psilocybin experiments. Similarly, the data do not suggest that administering
psilocybin during an ongoing headache is a safety risk. In fact, future studies may require
this in order to answer mechanistic and therapeutic questions related to psilocybin’s
relationship with headache. Some circumstances may lead to a relative contraindication,
however; for example, if a headache might detract from experimentally induced mystical-
type effects intended to mediate a desired therapeutic outcome (e.g., anxiolytic,
antidepressant, or anti-addiction), researchers may choose to postpone drug administration if
a headache is present.
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Fig. 1.
Top panel: Incidence of headache across dose conditions. Bars show percent of participants
reporting headache after each dose condition. Asterisks indicate a significant difference
between that condition and the placebo (0 mg/70 kg) condition (Tukey post-hoc tests).
Middle panel: Mean headache duration among those reporting headache. Bottom panel:
Percent of participants with headache reporting analgesic use. Number of volunteers
reporting headache (indicated by n) increased across dose conditions for all panels.
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Fig. 2.
Ratings of headache severity among those reporting headache for each dose condition.
Percents of participants reporting “mild” and “moderate” severity are shown for each dose
condition. No participant rated any headache as “severe.” The number of volunteers
reporting headache (indicated by n) increased across dose conditions.
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Fig. 3.
Individual participant data showing the incidence, timing (including onset time and
duration), and severity of headaches for each dose condition. The y-axis shows the different
dose conditions categorically. Each bar horizontal bar shows data for the participant number
listed to right of the y-axis. Data are not shown for sessions without reported headache and
sessions with missing data.
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