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Abstract

Psychedelic drugs, including the serotonin 2a (5-HT2A) receptor partial agonist psilocybin, are 

receiving renewed attention for their possible efficacy in treating a variety of neuropsychiatric 

disorders. Psilocybin induces widespread dysregulation of cortical activity, but circuit-level 

mechanisms underlying this effect are unclear. The claustrum is a subcortical nucleus that 

highly expresses 5-HT2A receptors and provides glutamatergic inputs to arguably all areas of 

the cerebral cortex. We therefore tested the hypothesis that psilocybin modulates claustrum 

function in humans. Fifteen healthy participants (10M, 5F) completed this within-subjects 

study in which whole-brain resting-state blood-oxygenation level-dependent (BOLD) signal was 

measured 100 min after blinded oral administration of placebo and 10 mg/70 kg psilocybin. 

Left and right claustrum signal was isolated using small region confound correction. Psilocybin 

significantly decreased both the amplitude of low frequency fluctuations as well as the variance 

of BOLD signal in the left and right claustrum. Psilocybin also significantly decreased functional 

connectivity of the right claustrum with auditory and default mode networks (DMN), increased 

right claustrum connectivity with the fronto-parietal task control network (FPTC), and decreased 

left claustrum connectivity with the FPTC. DMN integrity was associated with right-claustrum 
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connectivity with the DMN, while FPTC integrity and modularity were associated with right 

claustrum and left claustrum connectivity with the FPTC, respectively. Subjective effects of 

psilocybin predicted changes in the amplitude of low frequency fluctuations and the variance 

of BOLD signal in the left and right claustrum. Observed effects were specific to claustrum, 

compared to flanking regions of interest (the left and right insula and putamen). This study used a 

pharmacological intervention to provide the first empirical evidence in any species for a significant 

role of 5-HT2A receptor signaling in claustrum functioning, and supports a possible role of the 

claustrum in the subjective and therapeutic effects of psilocybin.
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1. Introduction

Administration of sufficient doses of classic psychedelic drugs, including psilocybin, acutely 

alter sensory perception (Barrett et al., 2018a; Kometer and Vollenweider, 2018) and 

executive function (Barrett et al., 2018b; Preller and Vollenweider, 2016; Pokorny et al., 

2019), and may have long-term therapeutic value in treating a variety of neuropsychiatric 

disorders without the adverse reactions associated with current medication (Bogenschutz et 

al., 2015; Carhart-Harris et al., 2016a; Griffiths et al., 2016; Johnson et al., 2014; Ross et al., 

2016). Recent findings suggest that psilocybin alters the integrity of and coupling between 

large-scale brain networks (Petri et al., 2014), including the default mode network (DMN) 

(Carhart-Harris et al., 2012; Muthukumaraswamy et al., 2013; Smigielski et al., 2019) as 

well as sensory and executive control networks (including task-positive networks) (Roseman 

et al., 2014). However, the exact mechanisms through which these effects occur are unclear. 

Understanding how psilocybin alters large-scale brain networks may reveal mechanisms of 

therapeutic effects and shed light on new therapeutic targets for many mental disorders.

The effects of psilocybin are largely achieved through its action as a partial agonist of 

the serotonin 2a (5-HT2A) receptor (Nichols, 2016), which likely modulates glutamatergic 

signaling across a range of cortical and subcortical afferents (Aghajanian and Marek, 1997; 

Scruggs et al., 2000, 2003). 5-HT2A receptor protein is highly expressed in a subcortical 

telencephalic nucleus with widespread bidirectional, glutamatergic connectivity with the 

cerebral cortex: the claustrum (Nichols, 2016; Mathur, 2014; McKenna and Saavedra, 1987; 

Pazos et al., 1985). Functional imaging evidence in human subjects shows that claustrum 

activation occurs at the onset of a demanding cognitive task (Krimmel et al., 2019a). This 

claustrum activation coincides with the onset of task-positive control networks and the offset 

of the DMN (Krimmel et al., 2019a). Further, the claustrum is significantly functionally 

connected both with task-positive networks and the DMN (Krimmel et al., 2019a). These 

observations are unique to the claustrum, distinct from the role of neighboring structures 

such as the insula and putamen, and consistent with the idea that the claustrum supports 

the co-activation of widespread cortical regions participating in the networks necessary for 

cognitive control of behavior (Krimmel et al., 2019a; Reser et al., 2014; White and Mathur, 

2018). Overall, this implicates the claustrum as a target for psilocybin.
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We herein test the hypothesis that the 5-HT2A partial agonist psilocybin disrupts claustrum 

activity and functional brain connectivity in humans. Using functional magnetic resonance 

imaging (fMRI), we show that psilocybin alters the fluctuation of blood-oxygenation level-

dependent (BOLD) signal in the claustrum (a possible proxy for population-level neuronal 

activity) and disrupts claustrum functional connectivity with widespread cortical networks 

that support perception and cognition. These effects are associated with subjective effects of 

psilocybin, and are dissociated from psilocybin effects on the neighboring structures of the 

insula and putamen.

2. Materials and methods

2.1. Participants

20 healthy volunteers participated in a blinded, placebo-controlled study of the effects 

of psilocybin on meditation. Five participants completed all study procedures but were 

excluded from analysis due to excessive head motion and registration failures during one or 

both of the scans (see Preprocessing below), leaving 15 participants who underwent final 

analysis and reporting (10 M, 5F; mean age: 51.3 years old [range: 25–68, STD: 12.3]). 

All participants provided written informed consent and were medically and psychologically 

healthy as assessed by medical history and physical examination as well as the Structured 

Clinical Interview for DSM-IV (SCID-IV). All participants had a long-term meditation 

practice and had been administered a 25 mg/70 kg dose of psilocybin in a previous 

study, approximately two months before completing the present study. Participants had 

also completed two to three 90-min fMRI scanning sessions in the previous study, before 

enrolling in the current study, and reported being comfortable in the scanning environment.

All participants were Caucasian and non-Hispanic. Participants reporting having completed 

a baccalaureate (n = 5), masters (n = 8), or doctoral or professional (n = 2) degree. 

Participants were excluded if they presented with clinically relevant cardiac abnormalities, 

had a first or second degree relative with a history of bipolar disorder, psychosis, or a related 

disorder, met criteria for substance use disorder, or had used a psychedelic drug after the 

establishment of their meditation practice. 59% of the participants had previous experience 

with a hallucinogen before participating in the previous experiment, but none had exposure 

to a hallucinogen within 5 years of study enrollment in the previous experiment. Of those 

individuals who had previous hallucinogen exposure, median previous hallucinogen use 

was 2 separate occasions (range = 1 to 11). All participants were confirmed negative by 

urinalysis for pregnancy (females) and for recent illicit drug use before enrollment and on 

the morning of drug administration and scanning procedures.

2.2. Procedures

Participants received psychological support before, during and after drug administration and 

scanning procedures in this study consistent with guidelines for the safe administration of 

psilocybin in a research context (Johnson et al., 2008). This included preparation, close 

supportive care during sessions, and de-briefing. Participants had already built strong rapport 

with the study team in a previous experiment, and were familiar both with the MRI 

environment used in the current study and with the subjective effects of a high dose of 
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psilocybin (25 mg/70 kg). In the current study, participants completed 4 h of preparation 

before their drug administration sessions to reacclimate themselves to expected psilocybin 

effects and to prepare for experiencing psilocybin effects within the MRI. During sessions, 

participants were continuously accompanied by at least one staff member and were closely 

monitored during acute effects of placebo and psilocybin, including having a staff member 

in the MRI room with a hand placed on the participant’s ankle during scanning. All 

participants completed a debriefing with study staff after resolution of acute psilocybin 

effects and before leaving the research unit.

Participants completed two scanning procedures, each beginning 90 min after administration 

of placebo or 10 mg/70 kg psilocybin. The timing of scanning procedures coincided 

with peak subjective effects of this dose of psilocybin (Griffiths et al., 2011). Scanning 

procedures included resting-state EPI scans as well as other imaging procedures that 

will be reported elsewhere. To minimize expectancy effects, participants were informed 

both verbally and in the consent form that on each occasion, they may receive placebo, 

an extremely low dose of psilocybin, or a moderately low but still psychoactive dose 

of psilocybin (relative to the high dose of 25 mg/70 kg psilocybin they had received 

previously). Unknown to the participant, the first administration/scan was always after 

placebo administration at 8am, and the second was after psilocybin administration at 12 

noon.

Psilocybin administration occurred in an aesthetic living-room environment in the 

Behavioral Pharmacology Research Unit (BPRU) at the Johns Hopkins Bayview Medical 

Center, in Baltimore, MD. After capsule administration, participants reclined on a couch 

with eye shades and headphones and listened to music. Participants were transported by 

hired car and accompanied by two session monitors from the psilocybin session room to the 

MRI facilities 60 min after capsule administration. Resting-state scans began approximately 

100 min after capsule administration (±11 min). Participants were instructed to not meditate 

during resting-state scans, and had previous experience completing resting-state scans 

following this instruction on at least two previous occasions. All participants confirmed 

after the MRI that they had not been meditating during the resting-state scan. Participants 

were accompanied by two study team members and immediately transported back to the 

BPRU after scanning procedures were completed, and remained at the BPRU until the drug 

effects subsided.

All procedures were approved by the Johns Hopkins Medicine Institutional Review Board 

and were carried out in accordance with the Declaration of Helsinki. This study was 

conducted as part of a clinical trial that was registered at ClinicalTrials.gov (NCT02145091). 

No serious adverse events were encountered, there were no cases of prolonged effects of 

drug administration, and no pharmacological, medical, or psychological interventions were 

necessary in response to study procedures.

2.3. Subjective effects ratings

Immediately after each resting-state scan, participants used a verbal 11 point scale from 0 

(none; not at all) to 10 (extreme; strongest imaginable) to rate the degree to which they 

experienced a series of subjective effects during their resting state scan. Participants first 
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rated the overall strength of psilocybin-like effects. Participants then rated three subjective 

effects related to mindfulness: now-ness (the feeling of being in the present moment), 

letting go (the degree to which a person was able to let go of control of the experience), 

and equanimity (equipose, felt sense of being in balance, emotional balance). Participants 

then rated a series of subjective effects derived from the mystical experience questionnaire 

(Maclean et al., 2012; Barrett et al., 2015): pure being and pure awareness, fusion of 

your personal self into a larger whole, sense of reverence or sacredness, timelessness 

(lack of a sense of space and time), ineffability (inability to explain the experience with 

words), feelings of joy, and feelings of peace and tranquility. Finally, participants rated two 

dimensions of more general emotional experience: positive emotional valence and negative 

emotional valence. Each rating was verbally prompted by a study team member. Participants 

had extensive experience with these ratings during fMRI scans in the previous study, and 

participants confirmed that they understood the meaning and definition of each rating before 

each round of scanning procedures in the current study.

2.4. MRI acquisition

Data were collected using 3T Philips Achieva MRI scanners (Philips Medical Systems, Best, 

The Netherlands) at the F.M. Kirby Research Center for Functional Brain Imaging at the 

Kennedy Krieger Institute in Baltimore, MD. Each resting-state scan was acquired with eyes 

closed using echo planar imaging (axial acquisition, 3 mm isotropic voxel size, 1 mm slice 

gap, 37 ascending slices, 210 vol retained for analysis, TR of 2.2 s, TE of 30 ms, sense 

acceleration factor of 2, and four initial TRs discarded for magnetization equilibrium; total 

analyzed scan time was 7 min and 42 s). One high-resolution T1-weighted anatomical scan 

was also collected for each participant (magnetization-prepared rapid acquisition gradient 

echo, or MPRAGE: 3D acquisition reconstructed in the sagittal plane, 1 mm isotropic voxel 

size, sense acceleration factor 2, total scan time 5 min and 56 s).

2.5. Preprocessing

Preprocessing steps followed Krimmel and colleagues (Krimmel et al., 2019a), and 

consisted of slice timing correction, realignment (motion correction), coregistration of the 

T1-weighted anatomical scan to the first realigned functional image, segmentation of the 

structural scan, and normalization of the structural and realigned functional images to a 

standard MNI template using unified segmentation (Ashburner and Friston, 2005). These 

steps were carried out using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/). Resting-state data 

were further preprocessed by simultaneous regression (Hallquist et al., 2013; Lindquist 

et al., 2019) consisting of nuisance variables, detrending, despiking (Patel et al., 2014), 

and band pass filtering [0.008–0.09 Hz] using the CONN toolbox (Whitfield-Gabrieli et 

al., 2012). Global signal was not removed, as doing so can introduce structured statistical 

artifacts into resting-state functional connectivity data (Murphy and Fox, 2017). Nuisance 

regressors included six motion regressors from realignment, a scrubbing vector generated 

using outlier detection and intermediate settings (global-signal z-value threshold = 5, 

subject-motion mm threshold = 0.9) in the ART toolbox (Whitfield-Gabrieli et al., 2012), 

and the first 5 principal components of twice eroded cerebro-spinal fluid and four-eroded 

white matter masks, as the signal in these regions controls for non-neural physiological 

variance (including artifacts introduced by respiration and cardiac pulsation) (Behzadi et al., 
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2007; Muschelli et al., 2014) and masks at these erosion levels do not contain global signal 

(Power et al., 2017), nor did the eroded WM mask include the claustrum. Five participants 

were excluded from analysis due to excessive motion (more than 10% of volumes identified 

for scrubbing, n = 3) normalization or errors in (n = 2). The remaining 15 participants did 

not differ in motion between placebo (mean number of scrubbed volumes = 2.7, SD = 4.5; 

mean framewise displacement = 0.122, SD = 0.071) and extracted psilocybin (mean number 

of scrubbed volumes = 4.7, SD = 4.9; mean framewise displacement = 0.162, SD = 0.092) 

scans. We then extracted the 264 ROI time courses from these preprocessed, unsmoothed, 

whole-brain BOLD data using a sphere with 10 mm diameter around each ROI coordinate 

defined in the Power Atlas (Power et al., 2011).

We followed our previously reported method of small region confound correction (SRCC) 

to isolate ROI time courses for the left and right claustrum from the surrounding insula and 

putamen (Krimmel et al., 2019a, 2019b). Briefly, the average timeseries from each claustrum 

ROI (left and right) was extracted from slice time-corrected, realigned, coregistered, 

normalized, unsmoothed whole-brain BOLD data, and was regressed on the timeseries of the 

ipsilateral ‘flanking’ ROIs, along with previously described artifacts (motion, twice-eroded 

cerebro-spinal fluid mask, and a 4-eroded white matter mask), and the residuals from this 

analysis constituted corrected right and left claustrum corrected timeseries (e.g. corrected 

for signal in the flanking insula and putamen sources) that were then used as the claustrum 

seeds in all subsequent analyses. Group-averaged template-space ROIs for claustrum and 

flanking regions were defined previously (Krimmel et al., 2019a), based on the average 

of claustrum ROIs that were hand-drawn onto high-resolution (0.7 mm isotropic voxels) 

T1-weighted anatomical images acquired at 7T from 22 individuals. Fit of the claustrum 

and flanking ROI templates to normalized structural data for each participant in the current 

dataset was confirmed by visual inspection.

2.6. Analysis

Analysis of subjective ratings.—Subjective effects ratings were compared between 

drug conditions using a paired T-test. Significant differences between drug conditions were 

assessed after Bonferroni correction for multiple comparisons.

Analysis of claustrum activity and connectivity.—The amplitude of low-frequency 

fluctuations (Zang et al., 2007) as well as the variance of each claustrum ROI timecourse 

was calculated and compared between placebo and psilocybin conditions using a paired 

Student’s T-test. All pairwise correlations between each claustrum ROI (left and right) and 

each Power atlas ROI were calculated using CONN, and used to construct a functional 

connectome for placebo scans and a functional connectome for psilocybin scans for each 

participant. We then submitted Fisher-transformed correlations to mixed-effects general 

linear models, with subject and ROI as random effects, to assess differences between 

psilocybin and placebo scans in the functional connectivity of the claustrum with networks 

defined in the Power atlas. The following general linear model was fit:

z = 1 + βpsilocybin + βnetwork + βpsilocybin * network + 1 subject + 1 ROI
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where z is the Fisher-transformed correlation (edge) for a given claustrum-to-ROI 

connection. Thus, the unit of analysis is the claustrum connectivity strength for every ROI.

Main effects and interactions of drug condition and network label were assessed using 

the model above. Planned comparisons of the effect of psilocybin on connectivity in each 

network were assessed using the following mixed-effects general linear model, assessed 

separately for each network defined in the Power atlas, with subject and ROI as random 

effects:

z = 1 + βpsilocybin + 1 subject + 1 ROI

We then tested the association of claustrum connectivity with measures of network 

modularity and network integrity during psilocybin. Network integrity was defined as the 

average of within-network pairwise Fisher-transformed correlations for each ROI in a given 

network. A decrease in within-network pair-wise Fisher-transformed correlations across 

nodes in a given network was interpreted as a decrease in the integrity of that network. 

Network modularity was assessed using the network theory measure called participation 

coefficient for each node in a given network (Rubinov and Sporns, 2010). Participation 

coefficient, when applied to a continuous connectivity measure such as a Fisher-transformed 

correlation, is a measure of the strength of connections of a node in a given network 

with nodes in other networks. Decreases in participation coefficient across nodes of a 

network represent increased modularity of that network (lower inter-network connectivity of 

network nodes), whereas increases in participation coefficient represent decreased network 

modularity (greater inter-network connectivity of nodes in that network). We used the 

inverse of participation coefficient as a measure of network modularity.

To test the association of claustrum connectivity with network modularity and integrity 

during psilocybin, we fit separate mixed effects models for each network, with subject and 

ROI as random effects, to node-wise measures calculated from psilocybin connectomes 

using the following general linear model:

DV = 1 + βclaustrum_connectivity + 1 subject + 1 ROI

Separate models were fit with DV defined as either the average of all pair-wise within-

network Fisher-transformed correlations for nodes (ROIs) of a given network (network 

integrity), or the inverse of the node-wise participation coefficient for ROIs of a given 

network (network modularity). Thus, the unit of analysis is a metric for every ROI. 

ßclaustrum_connectivity represents the Fisher-transformed connectivity of the given ROI 

with the claustrum. Separate models were also fit for left and right claustrum connectivity, 

for a total of four mixed effects models per network. Analyses were restricted to networks 

for which psilocybin significantly altered claustrum connectivity.

For all mixed-effects models that were fit, a compound symmetry covariance structure was 

specified for random effects. In all mixed-effects models, likelihood ratio tests demonstrated 

that models including both subject and ROI as random effects produced better fits that 

models excluding these effects. Mixed-effects models were fit in MATLAB. Statistical 
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significance levels in all cases were corrected for multiple-comparisons and family-wise 

error rate using the Holm-Bonferroni method (Holm, 1979).

Specificity of claustrum findings.—To determine the specificity of psilocybin effects 

on claustrum activity and connectivity, we used paired T-tests to analyze the effects of 

psilocybin (compared to placebo) on ALFF and variance of the BOLD signal in ROIs 

flanking the claustrum (left and right insula and putamen). We also used mixed effects 

ANOVAs and planned comparisons (using Tukey’s method) to compare the connectivity 

of claustrum with each Power atlas network to the connectivity of the insula and putamen 

with each Power atlas network. Comparisons were limited to networks for which psilocybin 

significantly altered claustrum connectivity.

Association of psilocybin subjective and neural effects.—We used a series of 

general linear models to estimate the associations between each subjective effect outcome 

measure (as independent variables) and the variance of blood-oxygenation level-dependent 

(BOLD) signal and the amplitude of low-frequency fluctuations (ALFF) in BOLD signal 

in the left and right claustrum (as dependent variables). We also included the insula and 

putamen as dependent variables to assess the specificity of any findings in relation to 

flanking ROIs. The first models for each ROI assessed overall strength of drug effect ratings 

as the sole independent variable. Subsequent models assessed each additional subjective 

effect outcome variable separately, with overall strength of drug effect entered as a covariate.

3. Results

3.1. Subjective effects

Consistent with previous reports (Barrett et al., 2018b; Griffiths et al., 2011; Hasler et 

al., 2004; Carter et al., 2004, 2005; Wittmann et al., 2007; Wackermann et al., 2008; 

Vollenweider et al., 2007; Studerus et al., 2011; Kometer et al., 2011; Schmidt et al., 

2013; Kraehenmann et al., 2015a, 2015b; Pokorny et al., 2016; Carbonaro et al., 2018), 

administration of 10 mg/70 kg psilocybin resulted in substantial effects on a number of 

subjective effects measures, including a rating of overall strength of drug effects, and ratings 

related to both emotion and mystical experience (Fig. 1).

3.2. Integrity of blinding procedures

More than half of the participants (9/15) rated subjective drug strength as greater than 0 for 

the placebo scan, and these individuals confirmed that they thought they may have received 

an extremely low or moderately low dose of psilocybin for the placebo scan. However, 

the average rating of strength of subjective drug effects was significantly greater during 

psilocybin (M = 8.1, SD = 2.31, range = 2 – 10) than placebo (M = 1.35, SD = 2.08, range = 

0 – 5).

3.3. Psilocybin decreases the amplitude of low frequency fluctuations and variance in 
Bilateral claustrum

Psilocybin reduced variance in BOLD signal in the left claustrum (t[14] = 2.169, p = 0.011), 

right claustrum (t[14] = 2.269, p = 0.021), and left putamen (t[14] = 1.976, p = 0.008) 
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(Fig. 2A), and the amplitude of low-frequency fluctuations (ALFF) of left claustrum (t[14] 

= 2.098, p = 0.013), right claustrum (t[14] = 2.292, p = 0.023), and left putamen (t[14] 

= 2.117, p = 0.004) compared to placebo (Fig. 2B). Psilocybin did not significantly alter 

variance in the left insula (t[14] = 0.003, p = 0.510), right insula (t[14] = 0.141, p = 0.450), 

or the right putamen (t[14] = 0.226, p = 0.424), or ALFF in the left insula (t[14] = 0.104, 

p = 0.462), right insula (t[14] = 0.065, p = 0.475), or the right putamen (t[14] = 0.124, p = 

0.448).

3.4. Psilocybin alters claustrum connectivity with brain networks that support perception 
and cognition

A main effect of network predicting connectivity between the claustrum and cortical ROIs 

was observed for the left claustrum model (F [12,7053] = 3.285, p < 0.0001) and the right 

claustrum model (F [12,7053] = 3.623, p < 0.0001). Interactions between drug condition 

(placebo vs psilocybin) and network were also observed for both left claustrum (F[12,7053] 

= 2.846, p < 0.001) and right claustrum (F[12,7053] = 4.479, p < 0.0001).

Separate models for each network demonstrated that psilocybin significantly decreased 

left claustrum connectivity with the fronto-parietal task control network (FPTC; Fig. 3A), 

decreased right claustrum connectivity with the auditory network and the DMN (Fig. 

3B), and increased right claustrum connectivity with the FPTC (Fig. 3B). Post-hoc tests 

demonstrated that psilocybin had a significantly greater effect on FPTC connectivity with 

the left claustrum than with the left insula (z = 4.800, p < 0.0001) or left putamen (z = 4.801, 

p < 0.0001). Psilocybin administration led to a greater change in functional connectivity of 

the DMN with the right claustrum than with the right insula (z = 4.505, p <0.0001), but 

not the right putamen (z = 6.954, p < 0.0001), which showed greater decreased connectivity 

with the DMN following psilocybin. There were no significant differences in the degree to 

which psilocybin altered FPTC connectivity with the right claustrum compared to the right 

insula (z = 0.658, p = 0.511) or the right putamen (z = 1.91, p = 0.112), or auditory network 

connectivity with the right claustrum compared to the right insula (z = 1.265, p = 0.617) 

or right putamen (z = 0.170, p = 0.865). Individual edges between the claustrum and each 

ROI for all participants and for each network are plotted as dots overlaid on a bar graph in 

Supplemental Material (Figure S1). Insula (Figure S2) and putamen (Figure S3) connectivity 

are also presented in Supplemental Material.

3.5. Claustrum connectivity is associated with network integrity and modularity

Right claustrum connectivity with the DMN was positively associated with network integrity 

of the DMN when estimating a model including both psilocybin and placebo scans (b = 

0.039, SE = 0.013, t[1738] = 3.063, p = 0.0022) and also when only modeling psilocybin 

scans (b = 0.04, SE = 0.0193, t[868], p = 0.0367; Fig. 4A). Right claustrum connectivity 

with the FPTC was negatively associated with network integrity of the FPTC when 

modeling both psilocybin and placebo scans (b = −0.097, SE = 0.025, t[747] = 3.904, p 

= 0.0001) but not when modeling only the psilocybin scan (b = −0.011, SE = 0.039, t[373] 

= 0.289, p = 0.773;Fig. 4B). Left claustrum connectivity with the FPTC was negatively 

associated with FPTC modularity when including both placebo and psilocybin scans in the 

model (b −0.023, SE = 0.0053, t[747] = −4.468, p < 0.0001) and also when only modeling 

Barrett et al. Page 9

Neuroimage. Author manuscript; available in PMC 2024 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the psilocybin scan (b = 0.024, SE = 0.0078, t[373] = 3.097, p = 0.0021; Fig. 4C). No other 

significant associations between ROI connectivity and network integrity or modularity were 

observed.

3.6. Associations between subjective and neural effects

Analysis of the association between subjective effects during resting state scans and the 

variance and ALFF of BOLD signal demonstrated a significant negative association between 

ratings of the overall strength of drug effects and both ALFF (t = 3.269, p[unc] = 0.006, 

R2
adj = 0.409; Table 1) and variance (t = 3.386, p[unc] = 0.005, R2

adj = 0.428; Table 2) of 

the right claustrum, brief total MEQ score and ALFF in the left claustrum (t = 2.239, p[unc] 

= 0.043, R2
adj = 0.223; Table 1), and ineffability and right claustrum ALFF (t = 3.287, 

p[unc] = 0.006, R2
adj = 0.412; Table 1), right claustrum variance (t = 3.47, p[unc] = 0.004, 

R2
adj = 0.441; Table 2), left claustrum ALFF (t = 2.519, p[unc] = 0.026, R2

adj = 0.276; Table 

1), and left claustrum variance (t = 2.32, p[unc] = 0.037, R2
adj = 0.239; Table 2). None of the 

subjective effects were associated significantly (α = 0.05, uncorrected) with change in the 

variance or ALFF of the left or right putamen or insula, and no other subjective effects were 

significantly associated with change in ALFF or variance of claustrum, insula, or putamen 

regions. While none of the above effects survived correction for multiple comparisons, 

these relationships yielded moderate coefficients of determination. These findings suggest 

specificity of the relationship between subjective effects and changes in the activity of the 

claustrum compared to flanking regions.

4. Discussion

The current report applied a recently developed method of interrogating claustrum function 

in humans (Krimmel et al., 2019a) to assess the effects of psilocybin on claustrum activity 

and connectivity. Psilocybin reduced measures of activity (variance and amplitude of 

low-frequency fluctuations) of both left and right claustrum during the acute effects of 

psilocybin, and led to alterations in both left and right claustrum connectivity with brain 

networks that support sensory and cognitive processes. Subjective effects (overall strength 

of drug effect, as well as mystical experience and/or ineffability scores while controlling for 

overall strength of drug effects) were associated with decreases in variance and ALFF of the 

claustrum, but not the flanking brain structures of the insula or putamen.

4.1. Psilocybin decreased claustrum connectivity with the auditory cortex

A reliable effect of a high psychedelic dose is a marked alteration of sensory experience, 

including the sense of being in a dream-like or imaginal state (Kraehenmann, 2017; 

Kraehenmann et al., 2017a, 2017b; Sanz and Tagliazucchi, 2018). Sensory alterations during 

psychedelic drug action include both subjective and neural alterations in both visual (Carter 

et al., 2004, 2007; Daumann et al., 2010; Roseman et al., 2016) and auditory perception 

(Barrett et al., 2017, 2018a; Eisner and Cohen, 1958) and auditory to visual synesthesia 

(Luke and Terhune, 2013; Terhune et al., 2016). Activity and connectivity of both visual 

(Roseman et al., 2016; Carhart-Harris et al., 2016b; Kaelen et al., 2016) and auditory 

(Barrett et al., 2017) sensory cortices are also associated with the strength of sensory effects 

of psychedelic drugs. Given the connectivity of the claustrum with sensory cortices, it is 
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possible that the claustrum may contribute to psilocybin-induced disruptions in sensory 

experience.

4.2. Psilocybin alters claustrum connectivity with networks that support cognition

Subjective effects of psychedelic drugs are also characterized by shifts in attention 

and executive function (Barrett et al., 2018b; Preller and Vollenweider, 2016; Daumann 

et al., 2008). Psilocybin dose-dependent alterations in executive function have been 

demonstrated, including impaired associative learning, working memory, and episodic 

recall, as well as overall psychomotor slowing (Barrett et al., 2018b); these effects may 

reflect difficulties with attention (Barrett et al., 2018b). Such alterations in attention and 

executive function may manifest in commonly-reported subjective effects of psilocybin and 

other psychedelic drugs, including the often reported difficulty of putting the experience 

into words (ineffability), and the potentially challenging subjective effects of dissociation, 

depersonalization (Cohen, 1960), confusion, and paranoid delusions (Strassman, 1984). A 

sense of not being in control of the experience may also manifest, which in some cases 

may be reflected in the temporary feeling of losing one’s mind or going insane (Barrett 

et al., 2016). For these reasons, serotonergic (classic, 5-HT2A-mediated) psychedelic drugs 

were studied extensively (Vollenweider and Geyer, 2001; Vollenweider et al., 1998) in the 

search for pharmacological models of psychosis, though other drug classes have proven 

more useful in eliciting frank psychosis (Ellinwood et al., 1973; Snyder, 1973; Steeds et al., 

2015).

Our findings demonstrate that psilocybin decreases functional connectivity of the right 

claustrum with DMN and auditory networks (task-negative and sensory networks), and 

increases right claustrum connectivity with the FPTC (a task-positive network). This is 

of particular interest given previous reports of increased DMN connectivity with auditory, 

visual, and task-positive networks during the acute effects of psilocybin (Roseman et al., 

2014). Furthermore, in the present study, the subjective effects of psilocybin, and ineffability 

in particular, were found to be associated with measures of claustrum activity. Given the 

potential role of the claustrum in the initiation and stabilization of executive and task-based 

networks (Krimmel et al., 2019a) and top-down control of action (White et al., 2018), the 

claustrum may play a role in subjectively sensed alterations in executive function through 

aberrant modulation of frontal cortical regions with which the claustrum heavily connects in 

rodents (Mathur et al., 2009; White et al., 2017) and monkeys (Reser et al., 2017).

4.3. Psilocybin alters default mode network integrity and fronto-partial task control 
network modularity by reducing claustrum functional connectivity with these networks

Psilocybin acutely reduces DMN connectivity and increases the connectivity of task-positive 

networks (Carhart-Harris et al., 2012; Roseman et al., 2014). Psilocybin-evoked reductions 

in DMN connectivity correlate with ratings of subjective effects and peak (mystical, or ego-

dissolutive) experiences (Carhart-Harris et al., 2012; Smigielski et al., 2019; Kometer et al., 

2015). How this network disruption occurs is unknown. Our analyses demonstrate decreased 

connectivity between claustrum and the DMN during the effects of psilocybin, as well as 

a positive association of right claustrum connectivity with DMN integrity. These analyses 

also demonstrate decreased connectivity between left claustrum and the FPTC, as well as 
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a negative association between left claustrum connectivity with the FPTC and modularity 

of this network. Together, the present findings support the notion that the claustrum may 

be involved at a circuit-level to exert psilocybin-induced disruptions in both the DMN and 

task-positive networks.

4.4. Association with subjective effects

While we did assess a limited range of subjective effects measures after each resting-state 

scan, including measures of mystical experience, the small sample renders the study 

potentially under-powered to detect relationships between brain measures and subjective 

reports. However, regressing the variance of BOLD signal and ALFF in the right and 

left corrected claustrum regions of interest revealed modest associations between right and 

left claustrum variance and amplitude and subjective measures of mystical experience, 

ineffability, and overall strength of drug effect. Identified associations are specific to the 

right and left claustrum and are not reflected in the insula or the putamen, providing 

evidence supporting the hypothesis that disruption of claustrum function may be associated 

with subjective effects of psilocybin.

4.5. Limitations

The present findings have a number of limitations. First, the order of drug administration 

was fixed across participants, with placebo always administered first. This design feature 

reduced potential carry-over effects of exposure, as substantial effects of this dose in healthy 

individuals may persist for at least 6 h after administration (Griffiths et al., 2011; Carbonaro 

et al., 2018). Participants were instructed that they may receive placebo, an extremely low 

dose, or moderately low dose of psilocybin in either scan in the current study. After the 

first scan (placebo), more than half of the participants provided ratings indicating that they 

thought they may have received psilocybin, suggesting that blinding was intact and that 

expectancy due to drug condition order effects was not a major confound. Order effects 

related to comfort in the MRI environment have been previously noted, but the participants 

within this study had all recently completed two or three MRI sessions, and were oriented 

to and reported being comfortable within the MRI environment, which gives us confidence 

that effects we have observed are not simply due to acclimation to the MRI environment. 

However, it is still possible that diurnal variations in stress hormones may be a contributing 

factor to these findings. Second, only a single dose of psilocybin was assessed. Multiple 

active dose conditions may have allowed for an analysis of dose-dependent effects on 

brain function. Third, the sample was highly selected, consisting of individuals who had 

a long-term meditation practice and who had previously been administered a high dose of 

psilocybin in an experimental setting. The average age of this sample was also rather high 

(>50 years old) compared to most other studies in the field.

While the dose administered in the current study was moderate (10 mg/70 kg) and lower 

than those doses (e.g. 25 mg/70 kg) evaluated for clinical efficacy in the context of mood 

disorders (Carhart-Harris et al., 2016a; Griffiths et al., 2016; Ross et al., 2016) and substance 

use disorders (Bogenschutz et al., 2015; Johnson et al., 2014), a 10 mg/70 kg dose has been 

shown to reliably induce a substantially altered state of consciousness in dose effect studies 

of both subjective (Griffiths et al., 2011; Hasler et al., 2004; Pokorny et al., 2016; Carbonaro 
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et al., 2018) and cognitive (Barrett et al., 2018b; Carter et al., 2004, 2005; Wittmann et al., 

2007; Wackermann et al., 2008; Vollenweider et al., 2007) effects of psilocybin.

4.6. Future directions

While resting-state connectivity can be useful for understanding circuit-level brain function, 

more can be learned by integration of a task-based/behavioral paradigm during scanning. 

Comparing the effects of psilocybin and other drugs on activity and connectivity of 

the claustrum in the context of cognitive and behavioral tasks should be explored, and 

understanding drug-induced changes in dynamic and effective connectivity within this and 

other imaging modalities during rest and task will greatly expand our understanding of 

the effects of psychedelic and other drugs on claustrum function. Further investigation of 

laterality effects in psilocybin function should also be explored. As a future direction that 

may apply broadly to the psychedelic field, comparison of the effects of psychedelic drugs 

in participants with and without previous exposure to psychedelics will be important to 

understanding interactions between the acute and enduring effects of these compounds. 

While clear effects of an interaction between drug condition and network on claustrum 

connectivity were observed (see Fig. 1), we also observed a large distribution of claustrum 

connectivity values (see Figure S1). Though the current sample was not large enough 

to investigate individual differences in claustrum connectivity or effects of psilocybin on 

claustrum connectivity, future studies or mega-analyses (e.g. pooled analysis of primary, 

subject-level data from multiple datasets) may benefit from methods such as clustering, 

classification, or machine learning approaches to search for unique patterns in the 

connectivity of the claustrum with canonical brain networks among sub-sets of individuals.

5. Conclusion

Given the network disruptions that underlie neuropsychiatric disorders (Bressler and Menon, 

2010; Cao et al., 2006; Gutierrez et al., 2009; Uhlhaas and Singer, 2010), including mood 

(Leibenluft and Pine, 2013; Zhang et al., 2016) and substance use disorders (Sutherland et 

al., 2012; Pariyadath et al., 2016), the widespread connectivity of the claustrum suggests 

this structure may be implicated in those pathologies. Indeed, claustrum volume reductions 

occur in depression and schizophrenia (Bernstein et al., 2016). The current report utilizes a 

pharmacological intervention to provide empirical evidence for a significant role of 5-HT2A 

signaling in claustrum function, provides evidence for the potential effects of psilocybin on 

claustrum activity and connectivity, and highlights the need for additional efforts to further 

explore the potential role of the claustrum in both the subjective and therapeutic effects of 

psilocybin (Nichols, 2016; Nichols et al., 2017).
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Subjective effects ratings completed immediately after each resting-state scan in 15 

participants each of whom received placebo and psilocybin. Items were rated on a scale 

from 0 = none; not at all to 10 = extreme; strongest imaginable. Box plots denote the median 

(middle line), interquartile range (box limits), upper and lower whiskers (1.5 * interquartile 

range), and outliers (dots) for each subjective effect rating. MEQ: mystical experiences 

questionnaire. ** = p < 0.001, *** = p < 0.0001.
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Fig. 2. 
Effect of psilocybin on the average variance (A) and amplitude of low frequency fluctuations 

(ALFF; B) of resting-state BOLD signal in the left and right claustrum, insula, and putamen. 

* = p < 0.05, ** = p < 0.01. Error bars show standard error.
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Fig. 3. 
Effects of psilocybin on average left (A) and right (B) claustrum BOLD resting-state 

connectivity with brain networks defined in the Power atlas. SSM: sensory/somatomotor; 

C-O: cingulo-opercular; F-P: fronto-parietal. *** = p < 0.001, **** = p < 0.0001. Error bars 

show standard error.
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Fig. 4. 
Network integrity and modularity is associated with claustrum connectivity. (A and B) 

Network integrity (within-network functional connectivity) of the default mode network 

(DMN) is positively associated with connectivity between the right claustrum and the DMN 

(A), and network integrity of the fronto-parietal task control network (FPTC) is negatively 

associated with connectivity between the right claustrum and the FPTC (B). Each dot in the 

figure represents a single node in the given network for a single individual during a given 

drug condition (placebo or psilocybin). The average within-network connectivity of a given 

node within each individual is plotted on the ordinate, and the connectivity of that given 

node with the right claustrum is plotted on the abscissa. (C) Network modularity (the inverse 

of the participation coefficient) of the FPTC is negatively associated with connectivity 

between the left claustrum and the FPTC. Each dot in each panel represents a single node 

in the given network for a single individual during a given drug condition (placebo or 

psilocybin). The network modularity for a given node within each individual and within each 

drug condition is plotted on the ordinate, and the connectivity of that given node with the left 

claustrum is plotted on the abscissa. Connectivity on each axis is expressed as a Pearson’s 

“r”. A line of best fit is plotted through each panel, separately for placebo and psilocybin 

conditions.
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Table 1

Association of subjective effects measures with amplitude of low frequency fluctuations (ALFF) in blood-

oxygenation level-dependent (BOLD) signal in left and right claustrum, insula, and putamen regions of 

interest. Statistics are limited to equations involving a subjective effect that significantly predicted ALFF in at 

least one region of interest. ß = standardized regression coefficient of the independent variable. Equations 

where the independent variable is significant (critical α = 0.05, uncorrected) are presented in bold font. MEQ: 

mystical experience questionnaire.

Equation (dependent variable ~ independent variable) ß t F p (unc) R2
adj

left claustrum ALFF ~ overall strength of drug effect −0.0008 2.069 4.28 0.059 0.189

left claustrum ALFF ~ brief total MEQ −0.008 2.239 5.01 0.043 0.223

left claustrum ALFF ~ ineffability −0.0006 2.519 6.35 0.026 0.276

right claustrum ALFF ~ overall strength of drug effect −0.001 3.269 10.7 0.006 0.409

right claustrum ALFF ~ brief total MEQ −0.0008 1.975 3.9 0.069 0.172

right claustrum ALFF ~ ineffability −0.0008 3.287 10.8 0.006 0.412

left insula ALFF ~ overall strength of drug effect −2.67e-05 0.077 0.006 0.939 −0.076

left insula ALFF ~ brief total MEQ −0.0002 0.660 0.436 0.521 −0.042

left insula ALFF ~ ineffability −3.89e-05 0.172 0.029 0.866 −0.075

right insula ALFF ~ overall strength of drug effect 7.17e-05 0.342 0.117 0.738 −0.067

right insula ALFF ~ brief total MEQ −4.49e-05 0.241 0.058 0.813 −0.072

right insula ALFF ~ ineffability 1.15e-06 0.008 7.03e-05 0.993 −0.077

left putamen ALFF ~ overall strength of drug effect −9.03e-05 0.477 0.227 0.642 −0.058

left putamen ALFF ~ brief total MEQ −1.78e-05 0.105 0.011 0.918 −0.076

left putamen ALFF ~ ineffability 3.38e-05 0.271 0.073 0.791 −0.071

right putamen ALFF ~ overall strength of drug effect −0.0003 1.137 1.29 0.276 0.020

right putamen ALFF ~ brief total MEQ −0.0002 0.829 0.687 0.422 −0.023

right putamen ALFF ~ ineffability −0.0002 1.126 1.27 0.280 0.019
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Table 2

Association of subjective effects measures with variance in the BOLD signal in left and right claustrum, 

insula, and putamen regions of interest. Statistics are limited to equations involving a subjective effect that 

significantly predicted ALFF in at least one region of interest. ß = standardized regression coefficient of the 

independent variable. Equations where the independent variable is significant (critical α = 0.05, uncorrected) 

are presented in bold font. MEQ: mystical experience questionnaire.

Equation (dependent variable ~ independent variable) ß t F p(unc) R2
adj

left claustrum variance ~ overall strength of drug effect −0.0006 2.047 4.19 0.061 0.186

left claustrum variance ~ brief total MEQ −0.0005 2.018 4.07 0.065 0.180

left claustrum variance ~ ineffability −0.0004 2.32 5.4 0.037 0.239

right claustrum variance ~ overall strength of drug effect −0.001 3.386 11.5 0.005 0.428

right claustrum variance ~ brief total MEQ −0.0007 2.09 4.39 0.056 0.195

right claustrum variance ~ ineffability −0.0007 3.47 12 0.004 0.441

left insula variance ~ overall strength of drug effect −9.17e-06 0.123 0.015 0.904 −0.076

left insula variance ~ brief total MEQ −5.20e-05 0.807 0.651 0.434 −0.026

left insula variance ~ ineffability −1.05e-05 0.217 0.047 0.832 −0.073

right insula variance ~ overall strength of drug effect 7.43e-06 0.193 0.037 0.850 −0.074

right insula variance ~ bM brief total MEQ EQ −1.62e-05 0.478 0.229 0.641 −0.058

right insula variance ~ ineffability −5.34e-06 0.212 0.045 0.836 −0.073

left putamen variance ~ overall strength of drug effect −1.98e-05 0.498 0.248 0.627 −0.057

left putamen variance ~ brief total MEQ −1.01e-05 0.285 0.081 0.780 −0.070

left putamen variance ~ ineffability 4.61e-06 0.176 0.031 0.863 −0.074

right putamen variance ~ overall strength of drug effect −9.31e-05 1.293 1.67 0.219 0.046

Right putamen variance ~ brief total MEQ −6.92e-05 1.06 1.13 0.307 0.009

right putamen variance ~ ineffability −6.27e-05 1.336 1.78 0.205 0.053
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