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Abstract 46 

Distortions of self-experience are critical symptoms of psychiatric disorders and have 47 

detrimental effects on social interactions. In light of the immense need for improved and 48 

targeted interventions for social impairments, it is important to better understand the 49 

neurochemical substrates of social interaction abilities. We therefore investigated the 50 

pharmacological and neural correlates of self- and other-initiated social interaction. In a 51 

double-blind, randomized, counterbalanced, cross-over study 24 healthy human participants 52 

(18 males and 6 females) received either 1) placebo+placebo  2) placebo+lysergic acid 53 

diethylamide (LSD) (100 μg p.o.), or 3) ketanserin (40 mg p.o.)+LSD (100 μg p.o.) at three 54 

different occasions. Participants took part in an interactive task using eye-tracking and 55 

functional magnetic resonance imaging completing trials of self- and other-initiated joint and 56 

non-joint attention. Results demonstrate first, that LSD reduced activity in brain areas 57 

important for self-processing, but also social cognition, second that change in brain activity 58 

was linked to subjective experience, and third that LSD decreased the efficiency of 59 

establishing joint attention. Furthermore, LSD-induced effects were blocked by the serotonin 60 

2A receptor (5-HT2AR) antagonist ketanserin, indicating that effects of LSD are attributable to 61 

5-HT2AR stimulation. The current results demonstrate that activity in areas of the ‘social 62 

brain’ can be modulated via the 5-HT2AR thereby pointing towards this system as a potential 63 

target for the treatment of social impairments associated with psychiatric disorders.  64 

  65 
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Significance Statement 66 

Distortions of self-representation and, potentially related to this, dysfunctional social 67 

cognition are central hallmarks of various psychiatric disorders and critically impact disease 68 

development, progression, treatment, as well as real-world functioning. However, these 69 

deficits are insufficiently targeted by current treatment approaches. The administration of 70 

lysergic acid diethylamide (LSD) in combination with functional magnetic resonance imaging 71 

and real-time eye-tracking offers the unique opportunity to study alterations in self-72 

experience, their relation to social cognition, and the underlying neuropharmacology. Results 73 

demonstrate that LSD alters self-experience as well as basic social cognition processing in 74 

areas of the ‘social brain’. Furthermore, these alterations are attributable to 5-HT2A receptor 75 

stimulation, thereby pinpointing towards this receptor system in the development of 76 

pharmacotherapies for sociocognitive deficits in psychiatric disorders.  77 
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Introduction 78 

The coherent experience and sense of our ‘self’ is a critical feature of human waking 79 

consciousness (Northoff, 2013; Carhart-Harris et al., 2014). The so-called ‘minimal self’ 80 

incorporates immediate aspects of self-experience such as senses of ownership, agency, and 81 

embodiment, and gives rise to the ‘narrative self’ involving cognition and conceptual thought 82 

about memories of the past and intentions toward the future (Gallagher, 2000). Distortions of 83 

self-experience, particularly of the fundamental, minimal self, are a critical symptom of major 84 

psychiatric disorders such as depression, personality disorder, and schizophrenia (Grimm et 85 

al., 2009; Moutoussis et al., 2014b; Nordgaard and Parnas, 2014; Picard and Friston, 2014; 86 

Gerrans, 2015).  87 

Furthermore, the concept of the self is closely intertwined with the concept of the other 88 

(Decety and Sommerville, 2003; Metzinger and Gallese, 2003). The ability to distinguish 89 

between self and other plays a crucial role in establishing a coherent self-representation 90 

(Moutoussis et al., 2014b; Moutoussis et al., 2014a). Moreover, important dimensions of the 91 

self, such as awareness of individuality, are only meaningful when considering the self in the 92 

context of the other (Decety and Sommerville, 2003). In light of the immense need for 93 

improved and targeted interventions for transdiagnostic social impairments, it is important to 94 

better understand the neurochemical substrates of our sense of self and social interaction 95 

abilities, and the importance of coherence of self-experience for social interactions (Crockett 96 

and Fehr, 2014; Schilbach, 2016).  97 

Pharmacological neuroimaging provides the opportunity to study specific neurotransmitter 98 

systems that are involved in psychiatric disorders and lead to a mechanistic understanding of 99 

clinically relevant processes underlying our sense of self and social cognition (Anticevic et 100 

al., 2013; Crockett and Fehr, 2014). A unique opportunity to study the self is to identify the 101 

neuronal correlates of pharmacologically-induced altered states of consciousness in which the 102 
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experience of the self is temporarily altered. Lysergic acid diethylamide (LSD) is a classic 103 

hallucinogen that transiently produces, dependent on dose, discrete to profound changes in the 104 

sense of self, such as a loosening of self boundaries, a state of oneness with the external 105 

world, and changes in meaning processing and self-relevance (Geyer and Vollenweider, 2008; 106 

Schmid et al., 2015; Preller and Vollenweider, 2016; Preller et al., 2017). LSD has 107 

predominantly agonist activity at 5-HT-2A/C,-1A/B,-6, and-7, and dopamine (D) D2, D1 108 

receptors (Rs) (Marona-Lewicka et al., 2002; Nichols, 2004; De Gregorio et al., 2016). 109 

Pretreatment with the selective 5-HT2A and α-adreno R antagonist ketanserin has been shown 110 

to block the overall subjective effects of LSD and therefore offers the possibility to 111 

investigate the specific contribution of the 5-HT2A R system to self-processing and its 112 

relationship to social interaction (Preller et al., 2017).  113 

Therefore, the present study set out to investigate the role of the 5-HT2A R system in self- 114 

and other-initiated social interaction by combining neuroimaging with pharmacological 115 

manipulations (LSD with and without ketanserin pretreatment, and placebo). The applied task 116 

was specifically designed to capture the reciprocal and interactive nature of social encounters 117 

where participants engage in a gaze-based interaction with an anthropomorphic virtual 118 

character in real time (Schilbach et al., 2010; Preller et al., 2014) and furthermore giving the 119 

opportunity to investigate self- vs. other initiated interaction, as well as joint- and nonjoint 120 

attention processing. Engagement in joint attention is considered to reflect our understanding 121 

of another person’s point of view and a perquisite of advanced social skills such as theory of 122 

mind (Charman et al., 2000; Shepherd, 2010). Impaired joint attention processing is found in 123 

neurodevelopmental and psychiatric disorders (Charman, 2003; Preller et al., 2014; 124 

Timmermans and Schilbach, 2014). Furthermore, the 5-HT system is suggested to play an 125 

important role in illnesses such as autism spectrum disorders which are characterized by 126 

deficits in joint attention execution and processing (Muller et al., 2016; Bolis and Schilbach, 127 
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2017). We therefore hypothesized that LSD, at the dose tested, leads to alterations in self-128 

experience, in particular experiences of loosening of self-boundaries accompanied by 129 

decreased differentiation between self and other, and thus modulates the processing of self- 130 

vs. other initiated social interaction. Joint attention, i.e. an integration of perspectives while 131 

maintaining a robust sense of self can be disturbed by the loosening of self-boundaries as for 132 

instance in schizophrenia (Fuchs, 2015). Based on this line of thought, we furthermore 133 

hypothesized that LSD would affect measures of joint attention both behaviorally as well as at 134 

the neural level in brain areas relevant for self-processing as well as social cognition such as 135 

the precuneus and posterior cingulate cortex (PCC), temporal cortex, and medial prefontal 136 

cortex (Schilbach et al., 2012). Additionally, we hypothesized that LSD-induced alterations of 137 

self- and social interaction processing would be at least partially blocked by ketanserin. 138 
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Materials and Methods 139 

Participants 140 

Participants were recruited through advertisements placed in local universities. Before 141 

inclusion in the study, participants underwent a screening visit one week before the first test 142 

day. All included subjects were healthy according to medical history, physical examination, 143 

blood analysis, and electrocardiography and had normal or corrected-to-normal vision. The 144 

Mini-International Neuropsychiatric Interview (MINI) (Sheehan et al., 1998), the DSM-IV 145 

self-rating questionnaire for Axis-II personality disorders (SCID-II) (Fydrich et al., 1997), and 146 

the Hopkins Symptom Checklist (SCL-90-R) (Franke, 1995) were used to exclude subjects 147 

with present or previous psychiatric disorders or a history of major psychiatric disorders in 148 

first-degree relatives. Further exclusion criteria included left-handedness, poor knowledge of 149 

the German language, cardiovascular disease, history of head injury or neurological disorder, 150 

history of alcohol or illicit drug dependence, magnetic resonance imaging (MRI) exclusion 151 

criteria including claustrophobia, and previous significant adverse reactions to a 152 

hallucinogenic drug. Participants were asked to abstain from the use of any prescription or 153 

illicit drugs for a minimum of 2 weeks prior to the first test day and for the duration of the 154 

entire study, and to abstain from drinking alcohol for at least 24 h prior to test days. Urine 155 

tests and self-report questionnaires were used to verify the absence of drug and alcohol use. 156 

Urine tests of all participants included in the study were negative on screening and each test 157 

day. Urine tests were also used to exclude pregnancy.  158 

The initial study population consisted of 25 participants. One participant was not able to 159 

complete the task due to technical problems with the eye-tracker. Therefore, the data of 24 160 

participants were included in the statistical analyses (n = 18 males and 6 females; mean age = 161 

25.42 years; standard deviation (SD) = 3.69 years; range = 20–34 years). Subjects received 162 
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written and oral descriptions of the study procedures, as well as details regarding the effects 163 

and possible risks of LSD and ketanserin treatment. All participants provided written 164 

informed consent statements in accordance with the declaration of Helsinki before 165 

participation in the study. The Swiss Federal Office of Public Health, Bern, Switzerland, 166 

authorized the use of LSD in humans, and the study was approved by the Cantonal Ethics 167 

Committee of Zurich. No substantial side effects were recorded. Four participants reported 168 

transient mild headaches after drug effects had worn off. One participant reported transient 169 

sleep disturbances for the first two nights after drug administration. Participants were 170 

contacted again three months after the last drug administration. No further side effects were 171 

recorded. 172 

Experimental Design 173 

In a double-blind, randomized, cross-over design, subjects received either 1) placebo+placebo 174 

(Pla) condition: placebo (179mg Mannitol and Aerosil 1mg po) after pretreatment with 175 

placebo (179mg Mannitol and Aerosil 1mg po), 2) placebo + LSD (LSD) condition: LSD 176 

(100 μg po) after pretreatment with placebo (179mg Mannitol and Aerosil 1mg po), or 3) 177 

ketanserin+LSD (Ket+LSD) condition: LSD (100 μg po) after pretreatment with the 5-HT2A 178 

antagonist ketanserin (40 mg po) at three different occasions two weeks apart. Pretreatment 179 

with placebo or ketanserin occurred 60 min before treatment with placebo or LSD. The task 180 

was conducted 310 min after treatment administration. The 5D-ASC (a retrospective self-181 

report questionnaire) (Dittrich, 1998) was administered to participants 720 min after drug 182 

treatment to assess subjective experience after drug intake. Mood state was assessed using the 183 

Positive and Negative Affect Schedule (PANAS) (Watson et al., 1988). Participants 184 

completed the PANAS 10 min before pretreatment with placebo or ketanserin and 720 min 185 

after treatment with placebo or LSD. At the latter time point participants were instructed to 186 

retrospectively rate mood state at the time of peak subjective effects. Participants were 187 
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required to abstain from smoking for at least 60 min before MRI assessment and from 188 

drinking caffeine during the test day.  189 

Social Interaction Task 190 

The social interaction task was based on the procedure described in previous publications 191 

(Schilbach et al., 2010; Preller et al., 2014). Joint attention is a central and basic element of 192 

social interaction and is established when one person follows another person’s gaze and both 193 

attend to the same object (Materna et al., 2008; Nummenmaa and Calder, 2009). All 194 

participants received standardized instructions before drug administration and before the task. 195 

They were told that they would engage in an interactive game with another participant located 196 

in another room but because of anonymity constraints, they would not be able to meet the 197 

other participant in person. Further, they were instructed that they would see male and female 198 

anthropomorphic virtual characters on the screen to keep the sex of the other participant 199 

concealed. During the game, they would be instructed to either lead or follow the gaze of the 200 

virtual character to one of two objects on the screen located on the left and right of the 201 

avatar’s face. Their gaze behavior would be tracked and transferred to the other participant’s 202 

computer. Likewise, they would be able to see the other participant’s gaze behavior, allowing 203 

for real-time interaction. 204 

The experiment comprised five experimental conditions: selfjoint, selfnonjoint, otherjoint, 205 

othernonjoint, and a baseline condition. Each condition was presented in blocks lasting 5 s. 206 

Each block was preceded by an instruction screen lasting 2 s. In each condition, participants 207 

were told to first establish “eye contact” with the other participant. During the self condition 208 

(selfjoint and selfnonjoint), participants had to choose one of the two objects on the screen 209 

and gaze at it. Upon fixation, the object turned from gray to blue. Participants were instructed 210 

to maintain their gaze on the object until the color changed back to gray (after 1,500 ms). 211 

During this time, participants were able to peripherally observe the gaze direction of the other 212 
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participant, who would either follow the gaze (joint attention) or look at another object 213 

(nonjoint attention). The reaction of the avatar varied on a block-by-block basis. 214 

During the other condition (otherjoint and othernonjoint), subjects were instructed that the 215 

other participant had to choose one of the objects and that they had to react by either looking 216 

at the same object (joint attention, JA) or choose another object (nonjoint attention, NJA). The 217 

instruction to establish joint or nonjoint attention varied on a block-by-block basis analogous 218 

to the self-condition. If participants reacted according to the instructions, the object’s color 219 

changed from gray to blue. In the baseline condition the participant was instructed to look at 220 

one of the objects and the avatar closed his eyes after eye contact was established. 221 

Only one interaction (establishment of eye contact, fixation of participant and avatar on the 222 

object according to the condition, object turning from gray to blue) per trial was possible in 223 

each condition, according to a fast event-related design. If establishment of eye contact and 224 

fixation on the object did not occur, the trial was counted as “error trail”. Furthermore, two 225 

measures of latency for eye-movement were extracted: Latency to establish eye-contact (all 226 

conditions: time of eye contact – begin of trial) and latency to establish JA (otherjoint 227 

condition: time of established JA by the participant – begin of trial). Each of the five 228 

conditions was repeated 20 times, resulting in 100 trials presented in a pseudorandomized 229 

order divided into two runs with 50 trials each. The presentation of male and female virtual 230 

characters was balanced across conditions. A fixation cross was presented between trials with 231 

a jittered duration of 3 – 7 s (mean 5 s). The stimuli were presented using Presentation 232 

(version 14.1; Neurobehavioral Systems). 233 

Eye tracking 234 

MRI-compliant Resonance Technology eye-tracking system (NordicNeuroLab VisualSystem, 235 

http://www.nordicneurolab.com/) was used to record gaze directions from the right eye. The 236 
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system produced real-time output of gaze positions, which was transferred via a fast network 237 

connection to another computer controlling the visual stimulation. Saccades and fixations 238 

were detected online. The eye-tracker’s sampling rate was 60 Hz. Eye-tracking calibration 239 

was performed before data acquisition. Gaze positions were transformed to stimulus screen 240 

coordinates using Presentation software. Fixations were subsequently tested to see whether 241 

they occurred in one of the fields of interest (FOIs): the face of the avatar and the objects. If 242 

this was not the case, the algorithm searched for another fixation. By entering the FOIs for the 243 

online analysis, the avatar’s gaze behavior was made contingent to the participant’s fixations 244 

(Schilbach et al., 2010; Preller et al., 2014).  245 

MRI data acquisition and preprocessing 246 

Magnetic resonance data were acquired on a Philips Achieva 3.0T whole-body scanner (Best, 247 

The Netherlands). A 32-channel receive head coil and MultiTransmit parallel radio frequency 248 

transmission was used. Images were acquired using a whole-brain gradient-echo planar 249 

imaging (EPI) sequence (repetition time, 2,500 ms; echo time, 27 ms; slice thickness, 3 mm; 250 

45 axial slices; no slice gap; field of view, 240 × 240 mm2; in-plane resolution, 3 × 3 mm; 251 

sensitivity-encoding reduction factor, 2.0). Additionally, high-resolution anatomical images 252 

(voxel size, 0.7×0.7×0.7 mm) were acquired using a standard T1-weighted 3D magnetization 253 

prepared rapid-acquisition with gradient echo sequence. Images were analyzed using SPM12 254 

(www.fil.ion.ucl.ac.uk, RRID: SCR_007037). Preprocessing consisted of slice time 255 

correction, realignment, spatial normalization to the standard EPI template of the Montreal 256 

Neurological Institute (MNI), and spatial smoothing using a Gaussian kernel of 8-mm FWHM 257 

to meet the statistical requirements of the general linear model (GLM). Head movement did 258 

not exceed 3mm in any participant.  259 

Statistical analysis 260 
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Subjective effects number of errors, and latency: The 5D-ASC comprises 94 items that are 261 

answered on visual analogue scales (Dittrich et al., 2006). Scores were calculated for 11 262 

recently validated scales (Studerus et al., 2010): experience of unity, spiritual experience, 263 

blissful state, insightfulness, disembodiment, impaired control and cognition, anxiety, 264 

complex imagery, elementary imagery, audio-visual synesthesia, and changed meaning of 265 

percepts. 5D-ASC score was analyzed using a repeated-measures ANOVA with treatment 266 

condition (Pla, LSD, and Ket+LSD) and scale as within-subject factors. PANAS score was 267 

calculated for the positive and negative affect scales. PANAS score was analyzed using a 268 

repeated-measures ANOVA with treatment condition (Pla, LSD, and Ket+LSD), time (pre-269 

drug administration and post-drug administration), and scale (positive affect and negative 270 

affect) as within-subject factors. Number of errors (error trials) and latency measures (latency 271 

to establish eye-contact, latency to establish JA) were analyzed using a repeated-measures 272 

ANOVAs with treatment condition (Pla, LSD, and Ket+LSD) as within-subject factor. 273 

Significant main effects and interactions were followed by Bonferroni-corrected pairwise 274 

comparisons and simple main effects analyses, respectively. Results did not change using 275 

Tukey-Kramer correction instead of Bonferroni. The confirmatory statistical comparisons of 276 

all data were carried out with a significance level of p < 0.05 (two-tailed test). Analyses were 277 

conducted using IBM SPSS Statistics 21 software (IBM, Chicago, Illinois, USA).  278 

fMRI data: The experimental conditions (self-initiated joint attention, self-initiated nonjoint 279 

attention, other-initiated joint attention, other-initiated nonjoint attention, baseline) were 280 

modeled as 5-s blocks convolved with a canonical hemodynamic response function in the 281 

first-level analysis for each subject. Trials without a successful object fixation were modeled 282 

using a separate regressor of no interest. Low-frequency signal drifts were filtered using a 283 

128-s high-pass filter. Furthermore, six head motion regressors (3 translation, 3 rotation) were 284 

included in each participant’s first-level model. According to a summary statistic approach 285 



 

13 
 

(Worsley et al., 2002), the following contrasts were computed for each participant: 1) 286 

self>other, (2) JA > NJA, (3) self-initiated JA > self-initiated NJA, and (4) other-initiated JA 287 

> other-initiated NJA. The individual contrasts were entered into a second-level random-288 

effects group analysis using a paired t-test for the comparison between drug treatment 289 

conditions and a one-sample t-test for the main effects. Effects were then analyzed using 290 

small-volume correction (SVC). Because we were particularly interested in areas related to 291 

self-processing and social cognition due to our a priori hypothesis, four ROIs were defined 292 

based on a previous meta-analysis (Schilbach et al., 2012): left precuneus/PCC (x= -6, y=-54, 293 

z= 24) , left superior medial gyrus/medial prefrontal cortex (x= -2, y= 52, z=14), right middle 294 

temporal gyrus (x= 52, y= -62, z= 16), , and left middle temporal gyrus (x= -46, y= -66, z= 295 

18). Search volumes were defined as spheres with a 10-mm radius centered on previously 296 

reported MNI coordinates (Schilbach et al., 2012). Peak-level familywise error corrections 297 

(FWE) were used in all SVC ROI analyses at a threshold of P < 0.05. All reported effects 298 

represent significant differences between drug sessions as evidenced by direct comparisons of 299 

drug condition. All brain coordinates are reported in the MNI atlas space.  300 

Correlational Analysis: Correlation analyses were conducted to further investigate the 301 

relationship between LSD-induced differences in BOLD signal and subjective effects. In case 302 

of significant differences between conditions BOLD signal responses (first eigenvariate) were 303 

extracted from the predefined ROIs applied for SVC. Pearson’s product–moment correlations 304 

were conducted between the extracted BOLD responses in these ROIs (Pla – LSD and 305 

Ket+LSD - LSD change scores) and the 5D-ASC scale scores (LSD condition, because 5D-306 

ASC scores represent percent deviations from the normal waking state) “changed meaning of 307 

percepts” and “experience of unity” since these scales have previously been shown to be 308 

related to alterations in social cognition (Preller et al., 2016; Pokorny et al., 2017) and capture 309 

alterations in self-experience such as altered relationships between the observer and the 310 



 

14 
 

observed objects or persons, and include the experience of oneness and connectedness with 311 

the surroundings as well as a loss of sense of the past and future (Studerus et al., 2010). These 312 

results were replicated by using 5D-ASC scores as covariates of interest and regressing them 313 

against the BOLD within the selected ROIs. Furthermore, to assess the influence of mood, 314 

changes in mood states (Pla-LSD; (Ket+LSD)-LSD) after substance administration were 315 

additionally correlated with the extracted BOLD responses in the above described ROIs.  316 
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Results 317 

Subjective effects 318 

A repeated-measures analyses of variance (ANOVA) (treatment × scale) was conducted for 319 

the retrospectively administered Altered States of Consciousness (5D-ASC) questionnaire, 320 

and revealed significant main effects for treatment (F(2, 46) = 77.40, p < 0.001) and scale 321 

(F(10, 230) = 16.65, p < 0.001), and a significant interaction of treatment × scale (F(20, 460) 322 

= 15.06, p < 0.001). Bonferroni corrected simple main effect analyses showed increased 323 

ratings on all 5D-ASC scales in the LSD condition compared to Pla and Ket+LSD conditions 324 

(all p < 0.05) except for the scales spiritual experience and anxiety (all p > 0.20). Pla and 325 

LSD+Ket scores did not differ on any scale (all p > 0.90) (Fig. 1A). 326 

To investigate treatment effects on mood state, a repeated-measures (time × treatment × scale) 327 

ANOVA for the PANAS  revealed a significant main effect for scale (F(1, 23) = 232.98, p < 328 

0.001), indicating a higher score on the positive affect scale than on the negative affect scale, 329 

a significant main effect for treatment (F(2, 46) = 6.10, p < 0.01), and significant interactions 330 

for treatment × time (F(2, 46) = 20.14, p < 0.001), time × scale (F(1, 23) = 11.77, p < 0.01), 331 

and treatment × time × scale (F(2, 46) = 3.95, p < 0.05). Bonferroni-corrected simple main 332 

effect analyses revealed that scores on the positive and negative affect scales did not differ 333 

between treatments before drug administration (all p > 0.9). After drug administration, score 334 

on the positive affect scale was significantly greater in the LSD treatment condition than in 335 

both the Pla and Ket+LSD treatment conditions (all p < 0.05), and score on the negative affect 336 

scale was greater in the LSD treatment condition than in the Pla treatment condition (p < 337 

0.05). Scores did not differ between the Pla and Ket+LSD treatment conditions for either the 338 

positive or negative affect scale (all p > 0.9) (Fig. 1B). 339 

 340 
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Social Interaction Task 341 

Main effects: Significant effects were found for the self>other contrast in the right (x= 48, y= 342 

-64, z= 7, cluster size= 97, T= 5.71) and left (x= -48, y= 70, z= 10, cluster size= 14, T= 3.51) 343 

middle temporal gyrus (p<0.05 FWE corrected after SVC). 344 

Pla vs. LSD: Comparing the contrast self>other between Pla and LSD treatment conditions 345 

revealed a greater BOLD signal in the left PCC (x= -3, y= -46, z= 28, cluster size= 40, T= 346 

3.50) in the Pla condition compared to LSD (p<0.05 FWE corrected after SVC; Fig. 2A). For 347 

the selfjoint>selfnonjoint contrast, the analysis revealed significantly higher BOLD signal in 348 

the medial prefrontal cortex (x= 3, y= 59, z= 13, cluster size= 19, T= 3.66) in the Pla 349 

condition (p<0.05 FWE corrected after SVC; Fig. 2B). No supra-threshold voxels were found 350 

for LSD>Pla in any contrast. 351 

Ket+LSD vs. LSD: Comparison of the self>other contrast between Ket+LSD and LSD 352 

treatment conditions revealed a significant higher BOLD signal in the left PCC (x=-3, y= -46, 353 

z= 28, clister size= 30, T= 3.31) and the right middle temporal gyrus (x=51, y=-55, z=22, 354 

cluster size = 42, T=3.50) after Ket+LSD treatment (p<0.05 FWE corrected after SVC; Fig. 355 

2C). Furthermore, comparison of the otherjoint>othernonjoint contrast revealed a significant 356 

increase in BOLD signal in the left PCC (x= -9, y=-49, z= 31, cluster size= 67, T= 3.94) and 357 

the left middle temporal gyrus (x= -48, y= -67, z= 28, cluster size= 7, T= 3.35) after Ket+LSD 358 

treatment (p<0.05 FWE corrected after SVC; Fig. 2D). No supra-threshold voxels were found 359 

for LSD>Ket+LSD in any contrast. 360 

Ket+LSD vs. Pla: No significant differences in any contrast were found when comparing 361 

Ket+LSD and Placebo treatment conditions.  362 
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Number of errors: There was no significant difference between drug conditions regarding the 363 

number of errors during the task [F(2,46)=2.36, p>0.1; mean (SD): Pla: 11.71 (11.80); LSD: 364 

16.89 (13.31); Ket+LSD: 10.29 (12.39)]. 365 

Latency: Latency to establish eye contact was not different between drug conditions 366 

[F(2,44)=1.30, p>0.2; mean in seconds (SD): Pla: 0.44 (0.17); LSD: 0.50 (0.18); Ket+LSD: 367 

0.43 (0.14)]. A significant effect of drug condition was found for latency to establish JA 368 

[F(2,44)=6.90, p<0.01] with significantly (all p<0.05) longer latency in the LSD condition 369 

[mean in seconds (SD): 1.82 (0.27)] than in both the Pla condition [mean in seconds (SD): 370 

1.65 (0.17)] and the Ket+LSD condition [mean in seconds (SD): 1.67 (0.17)].  371 

Correlations: A significant positive Pearson-correlation was found between the LSD-induced 372 

decrease in BOLD signal in the PCC in the self>other contrast compared to both Pla (r = 0.44, 373 

p < 0.03; Fig. 3A) and LSD+ Ket (r = 0.47, p < 0.02; Fig. 3B) and the 5D-ASC scale 374 

“changed meaning of percepts“ in the LSD condition. These results were replicated using 375 

Spearman correlations, except for the relationship between LSD-induced decrease compared 376 

to LSD+Ket and the 5D-ASC scale “changed meaning of percepts” did not reach significance. 377 

Changes in mood were not significantly correlated with changes in BOLD signal (all p>0.1, 378 

uncorrected). By using subjective scores as covariates of interest and regressing them against 379 

the BOLD within the selected ROIs, these results were replicated showing a significant 380 

(p<0.05, FWE corrected) correlation between “changed meaning of percepts” and the LSD-381 

induced decrease in BOLD signal in the PCC in the self>other contrast compared to the Pla 382 

condition (peak voxel: x= -12, y=-49, z= 28, cluster size= 11, T= 3.50) and the Ket+LSD 383 

condition (peak voxel: x= -3, y=-55, z= 34, cluster size= 25, T= 3.52, Fig. 3).   384 
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Discussion 385 

The present study investigated the role of the 5-HT2A R system in social interaction by 386 

combining pharmacological manipulations with neuroimaging and real-time eye-tracking. Our 387 

results show that LSD decreased the response to participation in self-initiated compared to 388 

other-initiated social interaction in the PCC and the temporal gyrus, more precisely the 389 

angular gyrus. The results are well in line with previous studies showing that the angular 390 

gyrus is part of the default-mode network and implicated in self-referential processing 391 

(Blanke et al., 2002; Kim, 2010). Moreover, the results are in line with a recent study showing 392 

that self-related processes are driven via PCC activity (Davey et al., 2016). The PCC has been 393 

associated with experiential self-reflection (Johnson et al., 2006), self-referential processing 394 

and the integration of self-referential stimuli in the context of one's own person (Northoff et 395 

al., 2006), and autobiographical memory retrieval (Maddock et al., 2001). Additionally, the 396 

PCC is part of the so called cortical midline structures which have been identified as a 397 

component in generating a model of the self (Northoff and Bermpohl, 2004) and has been 398 

shown to be involved in disturbances of self-experience in schizophrenia patients (Ebisch et 399 

al., 2014; Leech and Sharp, 2014). The current results are consistent with previous studies 400 

showing that altered resting-state connectivity and density in the angular gyrus and the 401 

retrosplenial cortex - a part of the PCC – after LSD administration was related to the 402 

dissolution of "self" or "ego" (Carhart-Harris et al., 2016; Tagliazucchi et al., 2016). The 403 

current study extends these findings by demonstrating that LSD also alters self-processing 404 

during social interaction. Furthermore, the LSD-induced decrease in BOLD signal in the PCC 405 

compared to both Pla and Ket+LSD in the self>other contrast was significantly correlated 406 

with the 5D-ASC scale score “changed meaning of percepts”. This is in line with a previous 407 

study showing that this scale was associated with psilocybin-induced alterations in social 408 

cognition (Pokorny et al., 2017). This scale captures the relationship between the observer and 409 
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the observed objects or the environment and therefore corroborates that the sense of self is 410 

intertwined with the sense of our surroundings and in particular other persons around us. 411 

Therefore, the LSD-induced reduction of self-related processing seems to decrease the 412 

differentiation between the self and other during social interaction as indicated by a blunted 413 

differential response to self- vs. other-initiated social interaction in the PCC and the temporal 414 

cortex. Furthermore, our results show that the 5-HT2A R plays a key role in these processes, 415 

since the LSD-induced reduction of self-other differentiation was normalized by ketanserin 416 

and no significant differences were found between Ket+LSD and placebo conditions.  417 

When comparing selfjoint>selfnonjoint, greater BOLD signal in the medial prefrontal cortex 418 

was found in the Pla condition compared to LSD. The medial prefrontal cortex has been 419 

shown to be involved in social cognition tasks related to joint attention, self-knowledge, 420 

mentalizing, and “the meeting of minds”, and may be related to monitoring one’s own 421 

emotions during social interaction (Amodio and Frith, 2006; Schilbach et al., 2010). However, 422 

increased activity and hyperconnectivity of the medial prefrontal cortex with networks related 423 

to social and self-referential cognition has been reported to be clinically relevant in depressed 424 

patients and was related to an increased self-focus in these patients (Lemogne et al., 2012; 425 

Schilbach et al., 2014). Furthermore, comparing otherjoint>othernonjoint greater BOLD 426 

signal was found in the PCC and the temporal cortex, e.g. the angular gyrus, in the Ket+LSD 427 

condition compared to LSD. Both the PCC and the angular gyrus have repeatedly been 428 

implicated in social cognitive abilities, in particular in Theory of Mind (Saxe and Kanwisher, 429 

2003; Mar, 2011) pointing to the interconnected nature of self- and other processing. This is 430 

also reflected in the increased latency and therefore reduced efficiency to establish joint 431 

attention with others under LSD. In sum, the current results suggest that LSD-induced 432 

alterations in self-experience, particularly the decreased differentiation between the self and 433 

the other, influence the processing of fundamental aspects of social interaction. However, it 434 
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has to be acknowledged that LSD-induced effects on joint attention processing were more 435 

subtle that its effects on self-processing and experience.  436 

In parallel to the blocking effect of ketanserin in the self>other contrast, no significant 437 

differences were found between Ket+LSD and Pla in the selfjoint>selfnonjoint and 438 

otherjoint>othernonjoint contrasts. Furthermore, the decreased efficiency in establishing joint 439 

attention observed in the LSD condition were also blocked by ketanserin. These findings are 440 

in line with the observation that the subjective effects of LSD have been fully blocked by 441 

ketanserin in this study as well as reported previously (Preller et al., 2017). This suggests that 442 

the 5-HT2A R plays a key role in the processing and execution of fundamental aspects of 443 

social interaction such as joint attention. Our findings also point to the importance of this 444 

receptor system in psychiatric disorders such as depression, where recovered-depressed 445 

participants on the one hand respond appropriately to joint attention, but on the other hand 446 

seem to not use joint attention to form trust appraisals of others, suggesting normal social 447 

attention but impaired cognition about the self and trusted other (Bayliss et al., 2017).  448 

However, since other receptors stimulated by LSD have not been investigated in this study, it 449 

cannot be excluded that other receptors mediate LSD-induced effects as well. Furthermore, 450 

considering that the number of errors was not different between drug conditions, it is unlikely 451 

that the LSD-induced alterations in self and joint attention processing are influenced by 452 

attention. Yet, one limitation of this study is the unequal gender distribution of 18 males and 6 453 

females.  454 

In summary, LSD induced a feeling of loosening of self-boundaries that was reflected in a 455 

reduced neural response to self vs. other- initiated real-time social interaction. In particular, 456 

the current data show that the PCC and the angular gyrus are involved in providing a coherent 457 

self-representation during social interaction. Moreover, LSD altered the processing of joint 458 

attention, a basic and vital component of social cognition, in the medial prefrontal cortex. 459 



 

21 
 

Additionally, using pretreatment with ketanserin, the current study was able to identify that 460 

aberrant 5-HT2A R mediated signaling underlies these interdependent changes in self-461 

processing and social cognition. On the one hand, not being able to generate a stable self-462 

repersentation – as for instance in patients suffering from an incoherent self-experience such 463 

as seen in schizophrenia – may lead to social withdrawal (Schilbach et al., 2016). Therefore, 464 

these patients might benefit from treatment with 5-HT2A R antagonists. On the other hand, an 465 

increased self-focus or self-referential bias –for instance in patients with depression 466 

(Pyszczynski and Greenberg, 1987) - can also lead to social interaction difficulties (Schilbach 467 

et al., 2014), emphasizing the potential use of 5-HT2A R agonists in the treatment of patients 468 

with increased self-focus. Future research should therefore explore the potential of 5-HT2A 469 

agonists and antagonists respectively to improve social abilities in different patient groups.  470 
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Figure Legends 619 

Fig. 1: Subjective drug effects. A) Retrospectively assessed 5D-ASC scores in the Placebo 620 

(Pla), Ketanserin+LSD (Ket+LSD), and LSD treatment conditions. Scores are expressed as a 621 

percent of the scale maximum. Scores in the LSD treatment condition differed significantly 622 

from Placebo and Ketanserin+LSD treatment conditions on each scale except for spiritual 623 

experience and anxiety (*p < 0.05, Bonferroni corrected). B) Effect of drug on mood state. 624 

Ratings on the Positive and Negative Affect Schedule (PANAS) in the Placebo (Pla), 625 

Ketanserin+LSD (Ket+LSD), and LSD treatment conditions. PANAS was completed 10 min 626 

before each pretreatment (pre) to assess current mood and 720 min after each drug treatment 627 

(post) to retrospectively assess peak drug effects. Data are expressed as mean + standard error 628 

of the mean (*p < 0.05, Bonferroni corrected; n = 24 participants).  629 

Fig. 2: fMRI data. A) “self>other” contrast for Pla>LSD at peak PCC voxel (x = -3, y = -46, 630 

z = 28); B) “selfjoint>selfnonjoint” contrast for Pla>LSD at peak superior medial frontal 631 

gyrus voxel (x = 3, y = 59, z = 13); C) “self>other” contrast for Ket+LSD>LSD at peak PCC 632 

voxel (x = -3, y = -46, z = 28); D) “otherjoint>othernonjoint” contrast for Ket+LSD>LSD at 633 

peak PCC voxel (x = -9, y = -49, z = 31). Data displayed at p < 0.005 (uncorrected and 634 

unmasked) for illustration purposes only. Inferences are based on p<0.05, FWE corrected 635 

after SVC, n = 24. 636 

Fig. 3: Correlations. Positive association between changed meaning of percepts in the LSD 637 

condition assessed by the 5D-ASC questionnaire and (A) left PCC activation in the “self > 638 

other” contrast in the Placebo vs. LSD condition (peak voxel: x= -12, y=-49, z= 28; r = 0.44, 639 

P < 0.03; first eigenvariate; Pla–LSD change score) and (B) the Ketanserin+LSD vs. LSD 640 

condition (peak voxel: x= -3, y=-55, z= 34,r = 0.47; P < 0.02; first eigenvariate; Ket+LSD – 641 
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LSD change score). fMRI data displayed at p < 0.005 (uncorrected and unmasked) for 642 

illustration purposes only. Inferences are based on p<0.05, FWE corrected after SVC, n = 24. 643 

 644 








