
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00213-022-06117-5

ORIGINAL INVESTIGATION

Differential contributions of serotonergic and dopaminergic 
functional connectivity to the phenomenology of LSD

Timothy Lawn1  · Ottavia Dipasquale1 · Alexandros Vamvakas1,2 · Ioannis Tsougos1,2 · Mitul A. Mehta1 · 
Matthew A. Howard1

Received: 16 September 2021 / Accepted: 11 March 2022 
© The Author(s) 2022

Abstract
Rationale LSD is the prototypical psychedelic. Despite a clear central role of the  5HT2a receptor in its mechanism of action, 
the contributions of additional receptors for which it shows affinity and agonist activity remain unclear.
Objectives We employed receptor-enriched analysis of functional connectivity by targets (REACT) to explore differences 
in functional connectivity (FC) associated with the distributions of the primary targets of LSD—the  5HT1a,  5HT1b,  5HT2a, 
D1 and D2 receptors.
Methods We performed secondary analyses of an openly available dataset (N = 15) to estimate the LSD-induced alterations 
in receptor-enriched FC maps associated with these systems. Principal component analysis (PCA) was employed as a dimen-
sion reduction strategy for subjective experiences associated with LSD captured by the Altered States of Consciousness 
(ASC) questionnaire. Correlations between these principal components as well as VAS ratings of subjective effects with 
receptor-enriched FC were explored.
Results Compared to placebo, LSD produced differences in FC when the analysis was enriched with each of the primary 
serotonergic and dopaminergic receptors. Altered receptor-enriched FC showed relationships with the subjective effects of 
LSD on conscious experience, with serotonergic and dopaminergic systems being predominantly associated with perceptual 
effects and perceived selfhood as well as cognition respectively. These relationships were dissociable, with different receptors 
showing the same relationships within, but not between, the serotonergic and dopaminergic systems.
Conclusions These exploratory findings provide new insights into the pharmacology of LSD and highlight the need for 
additional investigation of non-5HT2a-mediated mechanisms.
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Introduction

Psychedelic compounds profoundly modulate conscious 
experience. Lysergic acid diethylamide (LSD) is the proto-
typical psychedelic and its serendipitous discovery in 1943 
(Hofmann 1979) prompted significant research into the 
therapeutic efficacy of psychedelics for diverse disorders 
including depression (Pahnke et al. 1969, 1970), alcohol-
ism (Krebs and Johansen 2012) and chronic pain (Kast and 
Analgesia 1964). However, legal restriction halted this line 
of inquiry in the early 1970s (Nutt 2015). Recently, there 
has been a psychedelic renaissance in neuroscience with a 
variety of these compounds being re-investigated with the 
benefit of modern techniques.

Neuroimaging approaches examining the neural corre-
lates of the LSD experience have demonstrated numerous 
changes in the brain at rest. Specifically, increased cerebral 
blood flow in the primary visual cortex (Carhart-Harris 
et al. 2016), reduced functional network integrity (Taglia-
zucchi et al. 2016; Carhart-Harris et al. 2016), increased 
global connectivity (Tagliazucchi et al. 2016; Carhart-Har-
ris et al. 2016; Preller et al. 2018), increased sensitivity 
of dynamic responses to perturbation (Jobst et al. 2021) 
and that altered dynamic integration and segregation are 
non-uniform in time (Luppi et al. 2021). Whilst these have 
revealed key insights into systems-level mechanisms, such 
approaches are subject to the inherent inability of phar-
macological fMRI to provide insight into the molecular 
underpinnings of BOLD activity.

LSD shows high affinity and agonist activity at the 
5-HT1A/B, 5-HT6, 5-HT7 as well as D1 and D2 receptors 
(Marona-Lewicka et al. 2002; Nichols 2004; Passie et al. 
2008; de Gregorio et al. 2016a). Serotonin and dopamine 
provide widespread neuromodulatory control over the 
brain (Marder 2012; Avery and Krichmar 2017; Shine 
et al. 2019). Crucially, they can tweak the gain of recep-
tive neuronal populations through altering their electrical 
and synaptic properties, thus also affecting subsequent 
downstream inter-regional communication (Aston-Jones 
and Cohen 2005). As such, these systems are well placed 
to mediate the profoundly altered network architecture of 
the brain under LSD, though the multiplicity of receptors 
makes clearly delineating their contributions challenging.

To date, LSD has been primarily studied with a focus 
on the  5HT2a receptor and pharmacological manipulation 
has provided strong evidence for its primacy in the psy-
chedelic state of consciousness. This is principally evi-
denced by the ability of ketanserin, a non-selective  5HT2 
antagonist with the highest affinity for  5HT2A receptors, to 
reduce both subjective reports and neural measures associ-
ated with LSD administration (Preller et al. 2017, 2018; 
Kraehenmann et  al. 2017). Despite offering important 

insights into causality, these studies remain incapable of 
fully delineating the underlying mechanisms. Specifically, 
whilst it can be claimed that  5HT2a agonism is necessary 
for the majority of the effects of LSD, it is clearly not suffi-
cient; the overall functioning of the brain relies on a broad 
array of neurotransmitters across highly complex neural 
systems. By blocking the  5HT2a receptor, any effects of 
other receptor systems that interact causally downstream 
of this are also blocked and thus cannot be investigated. 
 5HT1a agonism and antagonism have been shown to dimin-
ish visual effects of psilocybin and bolster the effects of 
N,N-dimethyltryptamine respectively (Strassman 1995; 
Pokorny et  al. 2016). Furthermore, a host of preclini-
cal studies have implicated actions of LSD at the  5HT1a, 
 5HT1b, D1 and D2 receptors (Nichols 2016; de Gregorio 
et al. 2016a, 2021) in a complex pleiotropic manner (de 
Gregorio et al. 2016b). Whilst activation of other sero-
tonergic and dopaminergic targets alone may not be suf-
ficient to produce the primary facets of the psychedelic 
state, the actions of LSD on these receptors in the presence 
of  5HT2a agonism likely provide a more complete insight 
into both how these circuits function as well as how LSD 
can modulate them.

Clear and definitive delineation of these mechanisms is 
a key goal if psychedelic-based pharmacotherapy is to be 
maximally exploited for therapeutic benefit, especially with 
regard to the potential development of novel compounds that 
more selectively interact with a subset of these receptors. To 
this end, we employed receptor-enriched analysis of func-
tional connectivity by targets (REACT (Dipasquale et al. 
2019)) to further delve into the neural correlates of LSD by 
incorporating molecular information about the neurotrans-
mitter systems into an existing resting-state fMRI dataset 
(Carhart-Harris et al. 2016). Specifically, we mapped the 
pharmacodynamic effects of LSD onto the distribution of 
its primary targets: the  5HT1a,  5HT1b,  5HT2a, D1 and D2 
receptors. We then characterised the differences in these 
whole-brain maps of FC informed by the distribution of 
each receptor, alongside their experiential correlates, under 
conditions of LSD and placebo.

Methods

Participants

In this work, we employed a subset (15 healthy controls 
(age: 30.5 ± 8.0 years, M/F: 4/11)) of a previously pub-
lished dataset (Carhart-Harris et al. 2016), made publicly 
available on the OpenNeuro data repository (https:// doi. org/ 
10. 18112/ openn euro. ds003 059. v1.0.0) (see Carhart-Harris 
et al. (2016) for full inclusion and exclusion criteria). The 
original study received approval from the National Research 
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Ethics Service committee London-West London and was 
conducted in accordance with the revised declaration of 
Helsinki (2000).

Study design, scene and dosing

Participants undertook two scanning days (LSD and pla-
cebo) separated by at least 2 weeks in a balanced-order 
within-subjects design. Participants received either LSD 
(75 μg in 10 mL saline) or placebo (10 mL saline) infused 
over a 2-min period through a cannula inserted into the ante-
cubital fossa. This was followed by a period of acclimatisa-
tion inside a mock MRI scanner for approximately 60 min, 
intended to help attenuate the potentially anxiogenic effects 
of the real MRI scanning environment. Subjective drug 
effects were reported to take effect within 5 to 15 min and to 
peak between 60 to 90 min. A plateaued drug effect was gen-
erally maintained for approximately 4 h post-dosing. MRI 
scanning was undertaken approximately 70 min post-dosing.

MRI acquisition

Imaging data was collected on a 3 T GE HDx system. Ana-
tomical images were 3D fast spoiled gradient echo scans in an 
axial orientation, with field-of-view = 256 × 256 × 192 mm 
and matrix = 256 × 256 × 192 yielding 1-mm isotropic voxel 
resolution: TR/TE = 7.9/3.0 ms; inversion time = 450 ms; 
flip angle = 20°. Three BOLD-weighted eyes-closed fMRI 
resting-state runs were acquired using a gradient echo-
planar imaging sequence, TR/TE = 2000/35 ms, field-of-
view = 220 mm, 64 × 64 acquisition matrix, parallel accel-
eration factor = 2, 90° flip angle. Thirty-five oblique axial 
slices were acquired in an interleaved order, each 3.4 mm 
thick with no slice gap yielding 3.4-mm isotropic voxels. 
Each run lasted 7 min and, as the second run included lis-
tening to music, here we analyse only the first and third 
(Carhart-Harris et al. 2016).

Subjective report of phenomenology

To characterise the phenomenology of the LSD experience 
subjects completed the 11-dimension Altered States of 
Consciousness (ASC) questionnaire at the end of the LSD 
dosing day (Studerus et al. 2010). The sub-scores measured 
within the ASC are the experience of unity, spiritual experi-
ence, blissful state, insightfulness, disembodiment, impaired 
control and cognition, anxiety, complex imagery, elemental 
imagery, audio-visual synaesthesia and changed the meaning 
of percepts. Visual analogue scale (VAS) ratings of subjec-
tive effects were also measured after each LSD run. These 
questions included (1) “With eyes closed, I saw patterns 
and colours”; (2) “With eyes closed, I saw complex visual 
imagery” and (3) “I experienced a dissolving of myself or 

ego”. VAS questions were rated between “no more than 
usual” and “much more than usual”.

Principal components analysis of subjectively 
reported experiences

We employed principal components analysis (PCA) for 
dimensionality reduction to investigate whether components 
capturing multiple related facets of the subjective LSD expe-
rience could be derived and may show relationships with 
receptor-enriched FC. We chose to exclude anxiety given the 
lack of statistically significant difference between LSD and 
placebo conditions (Carhart-Harris et al. 2016). The suitabil-
ity of the data to PCA was tested using Kaiser–Meyer–Olkin 
Measure of Sampling Adequacy and Bartlett’s test of sphe-
ricity, to respectively measure the proportion of variance 
within the variables that might be caused by underlying fac-
tors and test the hypothesis that the correlation matrix is an 
identity matrix. Principal components were retained under 
the eigenvalue-one criterion. Following the generation of the 
principal components, additional rotation of the factor axes 
was applied to determine a simplified and more interpret-
able pattern. Varimax rotation was employed as the rotation 
method to ensure orthogonality.

Image pre‑processing

The present work makes use of data that had already under-
gone pre-processing prior to uploading to the OpenNeuro 
repository. Briefly, these steps were (1) removal of the first 
three volumes; (2) de-spiking; (3) slice time correction; (4) 
motion correction; (5) brain extraction; (6) rigid body reg-
istration to anatomical scans; (7) non-linear registration to 
2  mm3 MNI template; (8) scrubbing; (9) spatial smoothing 
(FWHM) at 6 mm; (10) band-pass filtering between 0.01 and 
0.08 Hz; (11) linear and quadratic de-trending; (12) regress-
ing out 9 nuisance regressors (6 motion-related (3 transla-
tions and 3 rotations)) and 3 anatomically related (ventricles, 
draining veins and local white matter)) (for full details see 
Carhart-Harris et al. (2016).

Population‑based molecular templates

For the REACT analysis, we employed receptor density 
maps from the serotonergic and dopaminergic systems 
(Fig. 1A). Selection of receptors for the primary pharma-
cology was constrained by availability of PET atlases. The 
high-resolution in vivo atlases of some serotonergic recep-
tors (Beliveau et al. 2017), including  5HT1a,  5HT1b and 
 5HT2a employed here, are freely available online (https:// 
xtra. nru. dk/ FS5ht- atlas/) and were created from molecular 
and structural high-resolution PET and MRI data of 210 
healthy subjects. The D1 receptor atlas was derived from 
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thirteen healthy volunteers using the D1-selective radioli-
gand  [11C]SCH23390 (Kaller et al. 2017). The D2 recep-
tor atlas was derived using  [18F]Fallypride PET scans of 
6 healthy young adults (Dunn et al. 2009). Voxels within 
the regions used as references for quantification of the 
molecular data in the kinetic models for the radioligands 
were excluded from their respective atlases (which was 
the cerebellum for all receptor atlases). Finally, all atlases 
were normalised by scaling image values between 0 and 1 
whilst preserving the intensity distribution.

Receptor‑enriched analysis of functional 
connectivity

The serotonergic and dopaminergic functional systems were 
estimated with REACT using a two-step regression analysis 
(Dipasquale et al. 2019) implemented in FSL (fsl_glm com-
mand). This is conceptually comparable to the “dual-regres-
sion” approach, which is typically used to estimate subject-
specific FC maps from template-specific resting-state networks 
(Nickerson et al. 2017). Within REACT, molecular templates 
replace the resting-state networks as spatial regressors in 
the first general linear model. At this stage, both the resting 
state-fMRI data and the design matrix were also demeaned 
(–demean option) and masked using a binarised atlas derived 
from all the molecular data, to restrict the analysis to only 
those voxels for which receptor density information was avail-
able. This stage produced subject-specific time series repre-
senting the dominant bold fluctuations within each of these 
maps. Of note, the five neurotransmitter templates were simul-
taneously included in the model as previously described in 
Dipasquale et al. (2019).

The subject-specific time series estimated from this first 
step was then used as temporal regressors in the second mul-
tivariate regression analysis, to estimate the subject-specific 
target-enriched spatial maps of the BOLD response under 
LSD and placebo. This was restricted to the grey matter voxels 
through a binarised mask derived from all participants. Again, 
both data and design matrix were demeaned (–demean option), 
with the latter also being normalised to unit standard deviation 
(–des_norm option). Finally, the subject-specific spatial maps 
of the BOLD response to LSD and placebo estimated in this 
step were averaged across runs 1 and 3 for each participant, 
session and receptor.

Statistical analysis

A paired-sample t-test was computed to test for differences 
between subject-specific target-enriched spatial maps derived 
for LSD and placebo conditions. Linear relationships were 
tested between delta FC maps (LSD minus placebo) and sub-
jective reports of phenomenology, as characterised by the three 
PCA-derived ASC sub-score as well as the VAS measures. 

Additional exploratory correlations were tested for the indi-
vidual ASC sub-scores. All analyses were computed using 
FSL-Randomise (5000 permutations per test and contrast 
(Winkler et al. 2014)). Variance smoothing (-v option) was 
employed at 6 mm for the between conditions t-test. Clusters 
were considered significant if pFWE < 0.05, corrected for multi-
ple comparisons using the threshold-free cluster enhancement 
(-TFCE) option (Smith and Nichols 2009). Mean FC values 
were extracted for each cluster found to be significantly asso-
ciated with subjective effects. Finally, a post hoc Pearson’s 
correlation was computed between mean values extracted from 
the clusters of altered target-enriched FC in cerebellar vermal 
lobule X and VAS ratings of ego dissolution and the ASC sub-
score for disembodiment.

Results

Alterations in receptor‑enriched networks (LSD vs 
placebo)

The REACT-based analysis returned one subject-specific 
map for each neurotransmitter for each session (LSD and 
placebo). These target-enriched maps averaged across par-
ticipants are shown in Fig. 1B.

We found significant increases (pFWE < 0.05 TFCE 
cluster corrected) in FC induced by LSD in the  5HT1a-, 
 5HT1b-,  5HT2a-, D1- and D2-enriched maps (Fig. 1C). 
Specifically,  5HT1a-enriched maps showed a FC increase 
in the right lingual gyrus. The  5HT1b-enriched maps in 
bilateral cerebellar hemispheric lobules I–IV, right cer-
ebellar hemispheric lobules V/VI, bilateral thalami, sup-
plementary motor areas, bilateral superior parietal lob-
ules, right mid- and posterior cingulate, bilateral temporal 
occipital fusiform, parahippocampal, lateral occipital, pre-
cuneus and ventromedial prefrontal cortices (PFC) as well 
as right superior frontal, lingual gyri and pre/post-central 
gyri. Furthermore, we found an LSD-induced FC increase 
in the  5HT2a-enriched maps localised in the right lateral 
occipital cortex as well as the right lingual, left paracingu-
late and bilateral precentral gyri. A FC decrease was also 
observed for both the  5HT1b- and  5HT2a-enriched maps in 
the cerebellar vermal lobule X.

The D1 receptor-enriched maps showed LSD-induced 
FC increases in the right hippocampus, right thalamus, 
right superior parietal lobe, left occipital pole, lateral 
occipital cortices, intracalcarine cortices and the right 
occipital fusiform, right lingual, middle/superior tempo-
ral, angular and pre/post-central gyri. Finally, increased 
FC under LSD was found for the D2-enriched maps in the 
right middle/superior temporal gyri as well as the left pos-
terior cingulate, intracalcarine, precuneus and right cuneal 
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cortices. No significant FC decreases were found in the 
maps enriched by the  5HT1a, D1 or D2 receptors.

Correlation with principal components

The LSD-induced changes in various facets of conscious 
experience, as measured by the ASC, are reported in detail 
in Carhart-Harris et al. (2016). Briefly, LSD increased 
scores in all VAS questions and all sub-scores of the ASC 
except anxiety.

Linear relationships were tested between the target-
enriched FC maps and the three principal components 

derived from the 11 sub-scores of the ASC, which when 
combined explained 83.1% of the variance. The suit-
ability of the data to PCA was confirmed using Kai-
ser–Meyer–Olkin Measure of Sampling Adequacy (KMO 
greater than 0.5) and Bartlett’s test of sphericity (p less 
than 0.05). These components each represent a mixture of 
differentially loaded aspects of the LSD experience. Prin-
cipal component one included those with a predominantly 
positive valence with the strongest loadings for the experi-
ence of unity, spiritual experience, blissful state, insight-
fulness and changed meaning of percepts. Principal com-
ponent 2 included cognitive aspects with a more negative 
valence with the strongest loadings for disembodiment as 

Fig. 1  A Maps of the different neurotransmitter receptors employed 
within the REACT analysis; B receptor-enriched FC maps averaged 
across subjects for the LSD and placebo conditions; C the results of 

paired t-tests comparing FC between LSD and placebo conditions 
within the different receptor-enriched maps. All images are shown in 
neurological orientation
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well as impaired control and cognition. Finally, principal 
component 3 captured mostly perceptual aspects with the 
strongest loadings for audio-visual synaesthesia, elemental 
imagery and complex imagery. Two correlations remained 
significant following TFCE correction; D1-enriched FC 
in the paracentral lobule (Fig.  2A; R2 = 0.79) and the 
D2-enriched FC within the paracentral lobule, parietal 
opercular cortex, precuneus cortex and primary motor 
cortex (Fig. 2B; R2 = 0.73) both with principal component 
2.  5HT2a-enriched FC extracted from these same clusters 
did not demonstrate any relationship to disembodiment 
(R2 = 0.06 and R2 = 0.01 respectively). Exploratory rela-
tionships with each individual ASC sub-score are reported 
in the supplementary materials.

Correlation with VAS questions

When correlating the delta target-enriched FC (LSD minus 
placebo) with VAS responses, only two relationships sur-
vived TFCE. Negative correlations were found between 
 5HT1b-enriched FC in the right intraparietal sulcus and sim-
ple hallucinations (R2 = 0.79; Fig. 3A) as well as between 
 5HT1a-enriched FC in the precuneus cortex and complex 
imagery (R2 = 0.88; Fig. 3B).  5HT2a-enriched FC within the 
same clusters demonstrated the same relationships (R2 = 0.66 
and R2 = 0.63 respectively), but these failed to reach signifi-
cance. Neither D1 nor D2 receptor-enriched FC extracted 
from these clusters showed relationships with the visual 
experience. Additionally, based on a post hoc hypothesis, 
correlation analyses revealed that both FC maps enriched 

by  5HT1b within cerebellar lobule X (R2 = 0.20) and  5HT2a 
(R2 = 0.16) correlated with reported ego dissolution, but not 
disembodiment.

Discussion

The present study offers new insights into the pharma-
codynamic response of the brain under LSD. FC within 
 5HT1a-,  5HT1b-,  5HT2a-, D1- and D2-enriched maps 
showed significant differences following administration of 
LSD as compared to placebo. Moreover, target-enriched 
FC demonstrated various relationships to the subjective 
effects of LSD on conscious experience with serotoner-
gic systems being predominantly related to perceptual 
effects whilst dopaminergic systems were broadly linked 
with aspects of perceived selfhood and cognition. Vari-
ous neurobiological theories of the psychedelic state have 
been put forth including the cortico-striatal thalamocor-
tical (CSTC) (Vollenweider and Geyer 2001; Vollenwei-
der and Preller 2020) and relaxed beliefs under psych-
edelics (REBUS) models (Carhart-Harris and Friston 
2019). These propose reduced thalamic gating that leads 
to increased information flow to the cortex and reduced 
precision of high-level priors respectively. Multiple com-
ponents of CSTC loops are under the modulatory influ-
ence of both the serotonergic and dopaminergic systems 
(Swerdlow et al. 2001), and two imaging studies have 
described increased thalamic FC under LSD, especially 
with sensory and somato-motor regions (Müller et  al. 

Fig. 2  Correlations between receptor-enriched FC (LSD – placebo) 
and the subjective effects of LSD as measured by the principal com-
ponents derived from the ASC (A) D1- and (B) D2-enriched FC 

showed negative correlations with principal component 2. IC/OC, 
insular cortex/opercular cortex; PL, paracentral lobule; POC, parietal 
opercular cortex; M1, primary motor cortex; PC, precuneus cortex
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2017; Preller et al. 2018). This broadly aligns with our 
findings of increased  5HT1a-enriched FC in the thalamus 
as well as various regions of the sensory and somato-motor 
cortex across the receptor systems. Moreover, a dynamic 
causal modelling study evaluating the CSTC model found 
that the striatum reduces its inhibitory control over the 
thalamus under LSD, but also that this is not blocked by 
ketanserin, suggesting a non-5HT2a-mediated mechanism 
(Preller et al. 2019). This may be driven by dopamine or 
other serotonergic receptors, though the current analyses 
did not show altered striatal FC, possibly due to a lack of 
power. Additionally, the REBUS model places a strong 
emphasis on the  5HT2a receptor, claiming its dense expres-
sion in high-level cortical regions provides an anatomi-
cal basis for disruption high up in the brain’s functional 
hierarchy (Carhart-Harris and Friston 2019). However, the 
different serotonin receptor-enriched networks identified 
here are extremely similar and derived based upon their 
spatial distributions, highlighting the need to also consider 
the pleiotropic mechanisms of these receptors.

The serotonergic system

In accordance with its primarily serotonergic mechanism of 
action, we found widespread LSD-induced FC differences in 
functional systems enriched by different serotonergic recep-
tors. To date, there remains a lack of research investigating 
non-5HT2a-mediated mechanisms. Global brain connectiv-
ity (GBC) under LSD has been described to significantly 
spatially correlate with the distribution of the  5HT2a recep-
tor, but not the  5HT1a and  5HT1b receptors (Tagliazucchi 

et al. 2016). Conversely, we found significant differences in 
 5HT1a- and  5HT1b-enriched FC. GBC has also been inves-
tigated under LSD compared to LSD alongside ketanserin 
in relation to the expression of candidate serotonergic and 
dopaminergic receptors, as quantified within the Allen 
Human Brain Atlas (AHBA) (Preller et al. 2018). However, 
transcriptomic data is available from a single hemisphere 
of only 6 participants and whilst the  5HT1a receptor atlas 
employed here shows excellent correlations with the AHBA 
data, the  5HT2a and  5HT1b receptors showed only weak cor-
relations cortically and no significant relationship subcor-
tically (Beliveau et al. 2017). As such, differences in our 
findings to prior work likely result from differences in the 
distributions of PET (Tagliazucchi et al. 2016) and transcrip-
tomic data (Preller et al. 2018). Here, we employed high-
resolution atlases derived from 210 individuals (Beliveau 
et al. 2017), which may allow for a more careful delineation 
of these different serotonergic receptor systems. However, 
whilst these findings may represent novel contributions of 
the  5HT1a and  5HT1b receptors, the PET data and receptor-
enriched networks for the different serotonergic receptors 
demonstrate strong overlap. Furthermore, serotonin selective 
reuptake inhibitors produce similar network alterations as 
LSD without producing profound effects on consciousness 
(Klaassens et al. 2015). As such, these results should be 
interpreted with caution.  5HT1a agonism reportedly dimin-
ished visual effects of psilocybin and  5HT1a antagonism 
bolstered the effects of N,N-dimethyltryptamine (Strass-
man 1995; Pokorny et al. 2016). Similar studies employing 
pharmacological manipulation of  5HT1a/b under LSD will be 

Fig. 3  Correlations between receptor-enriched FC (LSD – placebo) 
and the subjective effects of LSD as measured by VAS questions. 
A  5HT1b- and (B)  5HT1a-enriched FC showed negative correlations 

with simple hallucinations and complex imagery in the SPL and PC 
respectively. SPL, superior parietal lobule; PC, precuneus cortex
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crucial to causally investigate their contribution to its effects 
on conscious experience.

The  5HT1a- and  5HT1b-enriched FC in the superior pari-
etal lobules and precuneus correlated with simple hallucina-
tions and complex imagery respectively. The same relation-
ships were also present for the  5HT2a receptor, though these 
failed to reach significance, suggesting that these receptors 
may act in concert, with visual experiences relating to the 
functions of the serotonin system more broadly. LSD-
induced visual hallucinations have been described to cor-
relate with FC in the thalamus and right fusiform, purport-
edly reflecting altered thalamic gating of percepts (Müller 
et al. 2017). Similarly, LSD elicits responses in the primary 
and tertiary visual cortex during the eyes-closed resting 
state similar to those seen under visual stimulation (Müller 
et al. 2017) and the primary visual cortex shows widespread 
increased FC, including to the precuneus (Carhart-Harris 
et al. 2016). The precuneus shows increased blood flow dur-
ing memory-related visual imagery, possibly reflecting the 
incorporation of autobiographical information into percepts 
(Fletcher et al. 1995). Psychedelic-related visual experiences 
are frequently reported as deeply profound and having per-
sonalised meaning (Kometer et al. 2016). As such, they 
not only alter the visual percept, but also the relationship 
between the viewer and the percept, and this may involve the 
precuneus given its longstanding associations to visuo-spa-
tial imagery, episodic memory retrieval, and self-referential 
processing (Cavanna and Trimble 2006). Finally, the precu-
neus and superior parietal cortex have been implicated in 
clinical hallucinations (Carter and Ffytche 2015), and these 
have also been linked to the density of the  5HT1a and  5HT2a 
receptors (Vignando et al. 2022). Moreover, these regions 
constitute part of the dorsal attentional network, in which 
dysfunction is central to transdiagnostic attentional theo-
ries of visual hallucination (Shine et al. 2014; Lawn and 
Ffytche 2020). Intracranial stimulation in this area can also 
evoke illusionary movement, providing clearer causal evi-
dence for its capacity to generate aberrant percepts (Perumal 
et al. 2014). Thus, the correlations between serotonergic FC 
and visual experience observed here may constitute altered 
higher-level integration of visual and autobiographical infor-
mation, with potential contributions of altered bottom-up 
information flow, thalamocortical connectivity and atten-
tional networks.

The only region showing an LSD-induced FC decrease 
was the cerebellar vermal lobule X, for both the  5HT1b- and 
 5HT2a-enriched maps. This region is thought to play a cru-
cial role in the representation of self-motion through the 
processing of spatial and temporal vestibular information 
(Cullen 2011; Baumann et al. 2015). Lesions of this area 
diminish the perception of self-motion (Bronstein et al. 
2008; Bertolini et al. 2012) and visually induced illusions 
of self-motion preferentially activate it (Kleinschmidt et al. 

2002; Bense et al. 2006). The sense of self is dependent 
on multisensory integration of not only visual and soma-
tosensory, but also vestibular information (Lenggenhager 
et al. 2006; Pfeiffer et al. 2013; Limanowski 2014; Qin et al. 
2020). We found negative correlations in post hoc analyses 
for both the  5HT1b- and  5HT2a-enriched FC in this region 
with VAS ratings of ego dissolution, but not ASC ratings 
of disembodiment. The relatively low variance explained is 
in accordance with a minor contribution of vestibular pro-
cessing to perceived selfhood. However, it is unclear why 
ego dissolution demonstrated this relationship whilst disem-
bodiment did not. These probe different facets of autonoetic 
consciousness (integrated sense of self and body ownership 
respectively), and the ASC ratings were conducted retro-
spectively, whilst the VAS ratings followed each resting-state 
run. We speculate that LSD-induced altered serotonergic FC 
in the vestibulocerebellum relates to altered integration of 
vestibular information into multisensory mechanisms under-
lying the sense of self-motion and that this is a minor facet 
of ego dissolution induced by LSD.

The dopaminergic system

Robust differences in D1- and D2-enriched FC were 
observed between LSD and placebo conditions. Both D1- 
and D2-enriched FC in a set of somato-motor, superior pari-
etal and insular/opercular regions showed negative correla-
tions with principal component 2, which had loadings from 
cognitive aspects of predominantly negative valence (disem-
bodiment as well as impaired control and cognition). Inter-
estingly, many questions constituting impaired control and 
cognition also relate to perceived selfhood, e.g. “I felt like a 
marionette”, “I felt isolated from everything and everyone” 
and “I had the feeling that I no longer had a will of my own”. 
As such, these relationships are likely predominantly driven 
by experiences of selfhood, though more specific confirma-
tory approaches are required to determine this.

The right posterior insula has long been implicated 
in subjective body ownership (Tsakiris et  al. 2007); 
strokes affecting this region can produce anosognosia or 
somatoparaphrenia, in which individuals deny impairment 
of sensory or motor function and assert that a part of their 
body belongs to someone else respectively (Karnath et al. 
2005; Baier and Karnath 2008; Karnath and Baier 2010b, 
a). Our findings also align with several meta-analyses of 
body ownership, agency, multisensory integration and self-
awareness, as well as body ownership (Grivaz et al. 2017; 
Seghezzi et al. 2019; Salvato et al. 2020), which broadly 
implicate regions including the insula and superior parietal 
cortices as well as somato-motor and temporoparietal areas. 
Additionally, integration of interoceptive and exteroceptive 
signals has been suggested to engage a pre-motor cortex-
intraparietal sulcus-insula network (Park and Blanke 2019). 
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LSD-induced disembodiment has also previously been 
described to correlate with GBC in the somato-motor net-
work (Preller et al. 2018) as well as bilateral insular cortex 
and angular gyrus (Tagliazucchi et al. 2016). Although some 
studies have investigated its contribution to conscious self-
monitoring (Joensson et al. 2015) and self-awareness (Lou 
et al. 2020), the precise role of dopamine in these processes 
remains unclear. However, a pharmacologically induced 
increase in synaptic dopamine has been reported to decrease 
the sense of ownership of ones’ own hand during the rubber 
hand illusion (Albrecht et al. 2011). Kappa opioid recep-
tor agonists like salvinorin-A (the psychoactive component 
of Salvia divinorum (Roth et al. 2002; Stiefel et al. 2014) 
also act partly through modulating dopamine levels (Ebner 
et al. 2010), though directionality and dose-dependency 
remain highly equivocal. Critically, whilst it differs from 
classic serotonergic psychedelics in not acting on the  5HT2a 
receptor, it does produce profound somatosensory changes, 
disembodiment, as well as perturbations of cognition which 
may be partly mediated by functional dopaminergic circuits 
(Addy 2012; Addy et al. 2015). We suggest that somato-
motor, parietal, opercular and insular regions of the D1- and 
D2-enriched FC correlating with principal component 2 here 
constitute part of a broader functional network, are associ-
ated with modulatory effects of dopamine and contribute to 
LSD-induced experiences of disembodiment and impaired 
cognition.

It has been reported that neural activity associated with 
LSD alongside ketanserin varies between 75 and 300 min 
post-dose, suggesting a potentially phasic involvement of 
different neurotransmitter systems being described within 
the preclinical literature (Marona-Lewicka et  al. 2005; 
Marona-Lewicka and Nichols 2007; Preller et al. 2018). 
Specifically, it has been suggested that following an initial 
 5HT2a-driven phase, there is a subsequent phase for which 
dopamine receptor activation is more important. Of note, 
Minuzzi et al. showed that LSD had an unusual effect on D2/
D3 receptor binding measured using  [11C]raclopride PET; 
progressive displacement of the ligand which only peaked 
240 min post-administration (Minuzzi et al. 2005). The 
authors suggested that this may reflect a  5HT2-mediated sen-
sitisation of D2/D3 receptors, a mechanism also postulated 
elsewhere (Marona-Lewicka and Nichols 1997; Nichols 
2016). Crucially, this may mean that experiments blocking 
the action of LSD on the  5HT2a receptor utilising ketanserin 
are also preventing dopamine receptor sensitisation and thus 
masking the role of dopamine in the effects of LSD (Prel-
ler et al. 2018). Furthermore, resting-state scans here were 
undertaken roughly 70 min post-dosing. Whilst potential dif-
ferences in these time-dependent effects and phases between 
animals and humans have yet to be elucidated, our results 
may be related to an earlier serotonergic phase. Thus, despite 
the robust differences in D1 and D2 receptor-enriched FC 

observed, these findings may be even stronger with data 
acquired later in the LSD experience with resultant changes 
in experiential correlates also likely to shift as a function of 
time. A better characterisation of the contribution of these 
systems and delineating of these phases, possibly employing 
pharmacological manipulation of dopamine, certainly war-
rants further investigation.

Limitations

To the best of our knowledge, this is the first study to exam-
ine the modulation of receptor-enriched networks under LSD 
as well as correlate subject-specific FC changes with subjec-
tive effects. However, we should highlight some limitations 
of the present study. First, the molecular density informa-
tion of the PET atlases used for REACT was derived from 
independent datasets of healthy subjects, assuming that 
the distribution of those neurotransmitters in the brain of 
healthy populations is comparable. Secondly, we acknowl-
edge that the sample contained a significantly greater num-
ber of female participants and so we cannot exclude the 
potential for sex-based differences in pharmacodynamics. 
We encourage consideration of substratification and assess-
ment of sex differences in future investigations in suitably 
powered cohorts. Finally, the sample size employed here is 
modest, limiting the power to detect relationships within a 
voxelwise framework. Correlations between target-enriched 
FC and subjective effects were generally strong, but larger 
samples may be required for these to reach significance 
within a voxelwise regression framework which, unlike the 
main effects, does not benefit from the power advantages of 
a within-subjects design.

Conclusion

LSD has a complex pharmacology that interacts with diverse 
neural systems. Despite prevailing  5HT2a-centric mechanis-
tic theories of LSD, here we characterised differences in FC 
associated with the  5HT1a,  5HT1b, D1 and D2 receptors as 
well as their experiential correlates. The dopaminergic sys-
tem was associated with LSD effects on perceived selfhood 
and cognition, whilst serotonergic systems were involved in 
hallucinations. Crucially, these correlations demonstrated 
a double dissociation with the different receptors showing 
the same relationship within, but not between, the seroton-
ergic and dopaminergic systems. The effects of LSD on 
dopaminergic systems may also be conditional on  5HT2a 
mechanisms, which warrants subsequent direct investigation. 
It will be imperative to replicate these exploratory findings 
in a separate dataset better powered to assess relationships 
with traditional psychometry and novel outcome measures 
relevant to clinical populations as well as potentially employ 
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mediation analyses to probe interactions between systems. 
Pharmacological manipulation of additional receptor sys-
tems alongside the administration of LSD provides an entic-
ing avenue for a more definitive mechanistic elucidation, 
which may lead to translational and therapeutic benefit in 
the longer term.
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