The Serotonin System and Spiritual Experiences

Jacqueline Borg, Psychol., M.Sc.
Bengt Andrée, M.D., Ph.D.
Henrik Soderstrom, M.D., Ph.D.

Lars Farde, M.D., Ph.D.

Objective: The serotonin system has
long been of interest in biological models
of human personality. The purpose of this
positron emission tomography (PET)
study was to search for relationships be-
tween serotonin 5-HTq4 receptor density
and personality traits.

Method: Fifteen normal male subjects,
ages 20-45 years, were examined with PET
and the radioligand [""CJWAY100635. Per-
sonality traits were assessed with the Swed-
ish version of the Temperament and Char-
acter Inventory self-report questionnaire.
Binding potential, an index for the density
of available 5-HTqA receptors, was calcu-
lated for the dorsal raphe nuclei, the hip-
pocampal formation, and the neocortex.
For each region, correlation coefficients be-
tween 5-HTqa receptor binding potential
and Temperament and Character Inven-
tory personality dimensions were calcu-

lated and analyzed in two-tailed tests for
significance.

Results: The authors found that the bind-
ing potential correlated inversely with
scores for self-transcendence, a personality
trait covering religious behavior and atti-
tudes. No correlations were found for any
of the other six Temperament and Charac-
ter Inventory dimensions. The self-tran-
scendence dimension consists of three dis-
tinct subscales, and further analysis
showed that the subscale for spiritual
acceptance correlated significantly with
binding potential but not with the other
two subscales.

Conclusions: This finding in normal
male subjects indicated that the seroto-
nin system may serve as a biological basis
for spiritual experiences. The authors
speculated that the several-fold variability
in 5-HT4 receptor density may explain
why people vary greatly in spiritual zeal.

(Am J Psychiatry 2003; 160:1965-1969)

Religious behavior, like other human behavior, varies
widely among individuals. There is increasing support for
the view that such interindividual differences can be ex-
plained by biological and genetic factors. A role for the se-
rotonin system was suggested early on from subjective ex-
periences induced by mind-altering drugs, such as LSD
and psilocybin.

Central serotonergic neurons originate from the raphe
nuclei in the brainstem and innervate major brain regions,
such as the hypothalamus, the limbic system, the stria-
tum, and the neocortex. Fourteen serotonin receptor sub-
types have thus far been identified in the human brain (1).
The most extensively investigated is the serotonin 5-HT;5
receptor. Presynaptic 5-HT;, autoreceptors are highly
concentrated on cell bodies in the raphe and mediate the
inhibition of cell firing and serotonin release in all projec-
tion areas. Thus, the 5-HTj4 receptor may have a role as
general regulator of serotonergic activity. In human sub-
jects, the 5-HT 4 receptor can be examined in vivo by us-
ing position emission tomography (PET) and the radioli-
gand [''C]WAY100635 (2).

Previous studies have demonstrated considerable vari-
ability in the expression of some G-protein-coupled
receptors in the human brain (3). This interindividual
variability has been taken advantage of in studies of the
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dopamine system in demonstrations of associations be-
tween receptor density and higher brain functions (4, 5).

Initial PET studies with ['!C]WAY100635 have shown
that 5-HT;a receptor density varies more than twofold in
normal subjects (6). Given this interindividual variability,
we here used an open explorative design to search for as-
sociations between 5-HT 5 receptor density and personal-
ity traits. The Temperament and Character Inventory (7)
was used to assess personality dimensions.

Method

Subjects

The study was approved by the ethics and radiation safety com-
mittees of Karolinska Hospital and was conducted in full com-
pliance with the Declaration of Madrid. Only male subjects were
included since most participants were recruited from studies re-
garding radioligand development (8) or from experimental drug
trials (9). Only baseline data obtained during drug-naive con-
ditions were used for this study. Fifteen men, ages 20-45 years
(mean=27, SD=8), participated after giving written informed con-
sent. They were healthy, according to their histories and results of
physical examinations, psychiatric screening interviews, routine
blood and urine analyses, and magnetic resonance imaging (MRI)
of their brains. The names of all subjects were searched in a regis-
ter of patients who were seen for psychiatric care in Stockholm
County. Exclusion criteria were somatic disorder, heredity for or
history of psychiatric disorder according to DSM-1V, previous in-
take of psychotropic drugs, or history of substance addiction.
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TABLE 1. Correlations of Serotonin 5-HT 4 Receptor Binding Potentials and Personality Dimensions in 15 Normal Male

Subjects Examined With PET

Pearson’s Correlation With Binding Potential

Neocortex Hippocampus Raphe
Personality Dimension? r p r p r p
Novelty seeking 0.07 0.80 —-0.02 0.94 -0.26 0.24
Harm avoidance -0.19 0.51 -0.10 0.71 -0.33 0.23
Reward dependence 0.26 0.34 0.01 0.97 -0.26 0.34
Persistence -0.21 0.44 -0.36 0.18 -0.16 0.57
Self-direction 0.07 0.81 0.00 0.99 0.30 0.27
Cooperativeness 0.28 0.32 0.06 0.82 0.11 0.69
Self-transcendence —0.59* 0.02 -0.61* 0.02 —0.62*%* 0.01
Self-forgetful versus self-conscious experiences -0.33 0.23 -0.11 0.69 -0.07 0.80
Transpersonal identification versus self-isolation 0.16 0.56 0.21 0.46 0.15 0.59
Spiritual acceptance versus material rationalism —0.62** 0.01 —0.78%*** 0.0007 —0.79%** 0.0004

a Measured with the Swedish version of the Temperament and Character Inventory, a self-report questionnaire (13).

*p<0.05.  **p<0.01.  ***p<0.001.

MRI and PET Protocols

The subjects were examined with the Signa Advantage 1.5-T
MRI system (General Electric, Milwaukee). A standard spin-echo
sequence with a 256x256 matrix was used, with a TR of 4 seconds.
Proton density weighted images (17 msec) and Tz-weighted im-
ages (85 msec) were obtained to achieve one set of images with
high spatial resolution and another with high sensitivity for
pathology. Both MRI and PET measurements and an individual
head fixation system were used to allow for the same head posi-
tioning in the two imaging systems (10).

[Carbonyl-'1C]-WAY-100635 was prepared from !'C-acylation
of WAY100634 with carbonyl-''C-cyclohexanecarbonyl chloride,
as described previously (11). A sterile phosphate buffer solution
(pH=7.4) of 205-303.5 MBq of ['!C]WAY100635 was injected in-
travenously at the start of the PET measurement. The specific ra-
dioactivity at the time of injection was >1000 Ci/mmol. The PET
system used was Siemens ECAT Exact HR 47 (Siemens/CTI, Knox-
ville, Tenn.), run in three-dimensional mode with dual energy
windows scatter correction. The system covers an axial distance
of 15 cm. Radioactivity in the brain was measured in a series of 16
consecutive frames for 69 minutes. The frame sequence consisted
of three 1-minute frames followed by four 3-minute frames and
nine 6-minute frames. The in-plane resolution of the recon-
structed images was 3.8 mm full width at half maximum, and the
axial resolution was 4.0 mm full width at half maximum (12). The
reconstructed volume was displayed as 47 horizontal brain sec-
tions with a center-to-center distance of 3.125 mm.

Personality Assessment

The Swedish translation of the Temperament and Character In-
ventory self-report questionnaire was used (13). The Tempera-
ment and Character Inventory consists of 238 items covering the
four temperament dimensions of novelty seeking, harm avoid-
ance, reward dependence, and persistence and the three charac-
ter dimensions of self-directedness, cooperativeness, and self-
transcendence. The Temperament and Character Inventory has
been developed according to a suggestion that the four tempera-
ment dimensions reflect inherited behavior, whereas the three
character dimensions are thought to be influenced by environ-
ment. For the first five subjects, the Temperament and Character
Inventory was administered retrospectively less than 8 months
after the PET examination. For the remaining 10 subjects, the
Temperament and Character Inventory was administered on the
same day as the PET.

Regions of Interest

The [''C]WAY100635 binding potential was calculated for three
regions of interest. The neocortex has a high density of postsyn-

1966 http.//ajp.psychiatryonline.org

aptic 5-HT 4 receptors, the hippocampus is a part of the limbic
system and has a high density of postsynaptic 5-HT1a receptors,
and the dorsal raphe nuclei (raphe) is a region of the brainstem
with a high density of presynaptic 5-HTja receptors. In addition,
the cerebellum serves as a reference region since it is devoid of 5-
HT;a receptors.

Regions of interest were manually delineated on the MRI im-
ages and transferred to corresponding PET images. The neocortex
was drawn in four adjacent horizontal sections at the level of
basal ganglia, whereas the hippocampal formation and the cere-
bellum were drawn in three adjacent sections. The raphe is not
visible on MRI images and was therefore delineated on PET im-
ages in four to six consecutive sections at the level of the hippo-
campal formation and below. Data were pooled so that the aver-
age radioactivity concentration for the whole volume of interest
was obtained.

Data Analysis

To obtain time-activity curves, regional radioactivity was cal-
culated for each frame, corrected for decay, and plotted against
time. The binding potential (14) for [''CIWAY100635 to 5-HT; re-
ceptors was calculated according to the simplified reference tis-
sue model, as previously described in the literature (2). Region-
of-interest analysis and calculations of binding potential were
made by one of the authors (B.A.), who was blind to personality
data.

For each region, the association between binding potential and
individual scores for the seven personality dimensions was ex-
plored by calculations of Pearson’s correlation coefficients. Two-
tailed tests for significance were performed, and p values were
corrected for the seven comparisons. The statistical analyses were
performed with SPSS 9.0 for Windows.

Results

Among the 15 subjects, the binding potential of
['ICIWAY100635 to 5-HT1 receptors varied markedly and
was between 0.81 and 4.11 (mean=2.17, SD=0.87) for the
raphe, 1.91 and 7.15 (mean=4.68, SD=1.49) for the hippo-
campus, and 1.60 and 4.55 (mean=3.21, SD=0.90) for the
neocortex. The between-subject variability in levels of 5-
HT;a receptor binding potential was maintained across the
three regions examined; Spearman’s correlation for the
neocortex versus the hippocampus was rs=0.86, p=0.00004,
for the neocortex versus the raphe, r;=0.65, p=0.009, and
for hippocampus versus the raphe, 1;=0.86, p=0.00004.
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FIGURE 1. Ratings of Self-Transcendence and Spiritual Acceptance? in Relation to Serotonin 5-HT 4 Receptor Binding

Potentials in 15 Normal Male Subjects Examined With PET
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a Ratings were made with the Swedish version of the Temperament and Character Inventory, a self-report questionnaire (13).

The values for binding potential correlated significantly
with the self-transcendence dimension but not with any of
the other six Temperament and Character Inventory di-
mensions (Table 1). The self-transcendence dimension is
a composite of three distinct subscales that describe as-
pects of spirituality. After the demonstration of statistical
significance for the self-transcendence dimension, corre-
lations for each of the dimension’s three subscales were
examined. Scores for spiritual acceptance versus material
rationalism correlated significantly with 5-HT; 5 binding
potential for all three regions (Figure 1). No significant
correlations were found for any of the remaining two sub-
scales (Table 1).

Discussion

In the present study, we found an association between
interindividual variability in 5-HT;4 receptor binding po-
tential and the self-transcendence score on the Tempera-
ment and Character Inventory. We found no correlation
for any of the other dimensions. The lack of correlation
for the other dimensions is consistent with a previous
study that used Tridimensional Personality Question-
naire, and an earlier questionnaire covering the four tem-
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perament dimensions of the Temperament and Character
Inventory (6).

The self-transcendence dimension is the most stable
Temperament and Character Inventory dimension over
time and is also one of the two Temperament and Charac-
ter Inventory dimensions showing the largest variability
(13). The self-transcendence dimension consists of three
subscales representing several aspects of religious behav-
ior, subjective experience, and individual worldview. Of
interest, in the extended analysis, we found that the corre-
lation of self-transcendence was shown to be fully depen-
dent on the spiritual acceptance scale, whereas no corre-
lation was found to the other two subscales.

The spiritual acceptance scale measures a person’s ap-
prehension of phenomena that cannot be explained by
objective demonstration. Subjects with high scores tend to
endorse extrasensory perception and ideation, whether
named deities or a commonly unifying force. Low scorers,
by contrast, tend to favor a reductionistic and empirical
worldview (15).

Arole for the serotonin system in relation to spiritual ex-
periences is supported by observations of drugs such as
LSD, psilocybin, N,N-dimethyltryptamine, mescaline, and
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3,4-methylenedioxymethamphetamine that are known to
cause perturbations of the serotonin system in several
brain regions (16-18).

On a behavioral level, these drugs elicit perceptual dis-
tortions, illusions, a sense of insight, spiritual awareness,
mystical experiences, and religious ecstasy. Of interest,
such pharmacological effects induced by hallucinogens
resemble the extrasensory perception and ideation en-
dorsed by subjects scoring high on the spiritual accep-
tance scale.

However, another drug causing spiritual experiences is
salvatorin A. This drug may act primarily on the kappa
opioid receptor system (19), indicating that the serotonin
system is not the only brain neurotransmitter system that
may be related to spiritual experiences.

The between-subject variability in levels of 5-HT4 re-
ceptor binding potential were maintained across all re-
gions examined. In subjects with high spiritual accep-
tance scores, a key question is whether the observation of
low 5-HTja receptor levels corresponds to low or high ac-
tivity in serotonergic cortical projection areas. Currently,
the literature provides support for both interpretations.

If receptor density serves as a marker for neuron num-
ber, low 5-HT receptor density may represent sparse se-
rotonergic innervation. On a functional level, the effect of
globally low serotonin has been examined using the tryp-
tophan hydroxylase inhibitor p-chlorophenylalanine (20),
a drug that impairs serotonin synthesis and release in all
brain regions. Animal studies have shown that p-chloro-
phenylalanine induces greater sensitivity to sensory stim-
uli and facilitates greater arousal and unspecific aggressive
behavior (21). These observations support the hypothesis
that the physiological role of the serotonin system in-
cludes inhibition of sensory stimuli and arousal. Low sero-
tonin activity may thus pave the way for sensory stimuli
otherwise not experienced. One interpretation of the
present finding is that subjects with low 5-HT4 receptor
density have sparse serotonergic innervation and thereby
a weaker filtering function, allowing for increased percep-
tion and decreased inhibition.

Another interpretation is that globally low density of 5-
HTa receptors is associated with greater postsynaptic ac-
tivity. The 5-HT; autoreceptors in the raphe modulate
cell firing and serotonin release. Low expression of 5-HTa
autoreceptor in the raphe may thus accordingly corre-
spond to high release of serotonin in projection areas.

These findings may have implications for the patho-
physiology of several psychiatric conditions. Clinical stud-
ies have demonstrated that extreme scores in any direction
on the self-transcendence scale can reflect individuals with
impairment in social interaction and adaptation to society
(22, 23). Furthermore, delusions and hallucinations with
religious content have been reported in neuropsychiatric
disorders such as bipolar mania, schizophrenia, and com-
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plex seizure disorder (24). The findings of the present study
may provide additional support for current hypotheses on
a role for the serotonin system in the pathophysiology of
these disorders.

Alimitation of the study is that the study group included
male subjects only. Gender differences in religious behav-
ior have been reported in several studies and documented
by use of the Temperament and Character Inventory (25,
26). Previous PET studies have not supported a statistically
significant difference between men and women in 5-HT 5
receptor density. However, a difference in the age effect on
5-HTja receptor density has been reported in two studies
(27, 28) that supported age-related gender differences in
binding potential. Therefore, caution must be exercised
when generalizing the present finding in male subjects to
the female population.

Another limitation of this study is the small group size.
However, with the exception of the harm avoidance scale,
a scale that consistently has shown large variation, the
means and standard deviations of the present scores on
the Temperament and Character Inventory were close to
results from Swedish normative data, thereby suggesting
that the study group was representative. The Swedish ver-
sion of the Temperament and Character Inventory has
been demonstrated to replicate the American version for
means, distribution of scores, and relationships between
scales and subscales, except for the self-transcendence
scale (13). Here, the Swedish normative sample showed
lower values than the U.S. normative sample. This is be-
lieved to reflect cultural differences between the Swedish
and U.S. populations.

A common view is that variability in religious behavior
among people is determined by environmental and cul-
tural differences. However, a twin and adoption study has
reported that genetic variation contributes to about 50%
of individual variation in religiosity (29), thereby suggest-
ing a biological underpinning. The findings of the present
study may provide support for a biological underpinning
specifically related to the central serotonergic system.
Whereas experimental studies support a relationship be-
tween serotonin related gene polymorphisms and expres-
sion of 5-HT receptors (30), a genetic basis for interindi-
vidual variability in 5-HT 4 receptor density remains to be
confirmed in humans.

Presented in part at a meeting of the Swedish Society for Biological
Psychiatry, Gothenburg, Sweden, Sept. 19-21, 2002. Received Jan.
26, 2003; revision received March 11, 2003; accepted May 7, 2003.
From the Department of Clinical Neuroscience, Psychiatry Section,
Karolinska Institute and Hospital. Address reprint requests to Dr.
Farde, Department of Clinical Neuroscience, Psychiatry Section,
Karolinska Institute and Hospital, SE-171 76 Stockholm, Sweden;
lars.farde@ks.se (e-mail).

Funded by a grant (09114) from the Swedish Research Council.

The authors thank Professor Elias Eriksson, Professor Torgny Svens-
son, and the members of the PET group at Karolinska Institutet.

Am | Psychiatry 160:11, November 2003



References

1.

10.

11.

12.

13.

14.

Hoyer D, Hannon JP, Martin GR: Molecular, pharmacological
and functional diversity of 5-HT receptors. Pharmacol Biochem
Behav 2002; 71:533-554

. Gunn RN, Sargent PA, Bench (], Rabiner EA, Osman S, Pike VW,

Hume SP, Grasby PM, Lammertsma AA: Tracer kinetic model-
ing of the 5-HTq4 receptor ligand [carbonyl-11C]WAY-100635
for PET. Neuroimage 1998; 8:426-440

. Farde L, Hall H, Pauli S, Halldin C: Variability in D2-dopamine

receptor density and affinity: a PET study with ["'CJraclopride
in man. Synapse 1995; 20:200-208

. Laine TP, Ahonen A, Rasanen P, Tiihonen JJ: Dopamine trans-

porter density and novelty seeking among alcoholics. Addict
Disord 2001; 20:91-96

. Farde L, Gustavsson JP, Jonsson E: D2 dopamine receptors and

personality traits (letter). Nature 1997; 385:590

. Rabiner EA, Messa C, Sargent PA, Husted-Kjaer K, Montgomery

A, Lawrence AD, Bench (J, Gunn RN, Cowen P, Grasby PM: A da-
tabase of [(11)C]WAY-100635 binding to 5-HT(1A) receptors in
normal male volunteers: normative data and relationship to
methodological, demographic, physiological, and behavioral
variables. Neuroimage 2002; 15:620-632

. Cloninger CR, Svrakic DM, Przybeck TR: A psychobiological

model of temperament and character. Arch Gen Psychiatry
1993; 50:975-990

. Andrée B, Halldin C, Pike VW, Gunn RN, Olsson H, Farde L: The

PET radioligand [carbonyl-(11)C]desmethyl-WAY-100635 binds
to 5-HT(1A) receptors and provides a higher radioactive signal
than [carbonyl-(11)C]JWAY-100635 in the human brain. J Nucl
Med 2002; 43:292-303

. Andrée B, Thorberg SO, Halldin C, Farde L: Pindolol binding to

5-HT4a receptors in the human brain confirmed with positron
emission tomography. Psychopharmacology (Berl) 1999; 144:
303-305

Bergstrom M, Boethius ], Eriksson L, Greitz T, Ribbe T, Widen L:
Head fixation device for reproducible position alignment in
transmission CT and positron emission tomography. ] Comput
Assist Tomogr 1981; 5:136-141

Hall H, Lundkvist C, Halldin C, Farde L, Pike VW, McCarron JA,
Fletcher A, Cliffe IA, Barf T, Wikstrom H, Sedvall G: Autoradio-
graphic localization of 5-HTq4 receptors in the post-mortem
human brain using [*H]WAY-100635 and [''Clway-100635.
Brain Res 1997; 745:96-108

Wienhard K, Dahlbom M, Eriksson L, Michel C, Bruckbauer T,
Pietrzyk U, Heiss WD: The ECAT EXACT HR: performance of a
new high resolution positron scanner. ] Comput Assist Tomogr
1994; 18:110-118

Brandstrom S, Schlette P, Przybeck TR, Lundberg M, Forsgren T,
Sigvardsson S, Nylander PO, Nilsson LG, Cloninger RC, Adolfs-
son R: Swedish normative data on personality using the Tem-
perament and Character Inventory. Compr Psychiatry 1998;
39:122-128

Mintun MA, Raichle ME, Kilbourn MR, Wooten GF, Welch MJ: A
quantitative model for the in vivo assessment of drug binding

Am | Psychiatry 160:11, November 2003

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

BORG, ANDREE, SODERSTROM, ET AL.

sites with positron emission tomography. Ann Neurol 1984;
15:217-227

Cloninger CR, Przybeck TR, Svrakic DM, Wetzel RD: The Tem-
perament and Character Inventory: A Guide to Its Develop-
ment and Use. St Louis, Washington University Center for Psy-
chobiology of Personality, 1994

Glennon RA: Do classical hallucinogens act as 5-HT2 agonists
or antagonists? Neuropsychopharmacology 1990; 3:509-517
Aghajanian GK, Marek GJ: Serotonin and hallucinogens. Neu-
ropsychopharmacology 1999; 21(2 suppl):165-23S

Freese TE, Miotto K, Reback (J: The effects and consequences
of selected club drugs. ] Subst Abuse Treat 2002; 23:151-156
Roth BL, Baner K, Westkaemper R, Siebert D, Rice KC, Steinberg
S, Ernsberger P, Rothman RB: Salvinorin A: a potent naturally
occurring nonnitrogenous kappa opioid selective agonist. Proc
Natl Acad Sci USA 2002; 99:11934-11939

Koe BK, Weissman A: p-Chlorophenylalanine: a specific deple-
tor of brain serotonin. ] Pharmacol Exp Ther 1966; 154:499—
516

. Albert DJ, Walsh ML: Neural systems and the inhibitory modu-

lation of agonistic behavior: a comparison of mammalian spe-
cies. Neurosci Biobehav Rev 1984; 8:5-24

Svrakic DM, Whitehead C, Przybeck TR, Cloninger CR: Differen-
tial diagnosis of personality disorders by the seven-factor
model of temperament and character. Arch Gen Psychiatry
1993; 50:991-999

Soderstrom H, Rastam M, Gillberg C: Temperament and char-
acter in adults with Asperger syndrome. Autism 2002; 6:287—
297

Brewerton TD: Hyperreligiosity in psychotic disorders. ] Nerv
Ment Dis 1994; 182:302-304

Kirk KM, Eaves LJ, Martin NG: Self-transcendence as a measure
of spirituality in a sample of older Australian twins. Twin Res
1999; 2:81-87

Brandstrom S, Richter ], Przybeck TR: Distributions by age and
sex of the dimensions of temperament and character inven-
tory in a cross-cultural perspective among Sweden, Germany,
and the USA. Psychol Rep 2001; 89:747-758

Tauscher ], Verhoeff NP, Christensen BK, Hussey D, Meyer JH,
Kecojevic A, Javanmard M, Kasper S, Kapur S: Serotonin 5-HTqa
receptor binding potential declines with age as measured by
[""C]WAY-100635 and PET. Neuropsychopharmacology 2001;
24:522-530

Cidis Meltzer C, Drevets WC, Price JC, Mathis CA, Lopresti B,
Greer PJ, Villemagne VL, Holt D, Mason NS, Houck PR, Reynolds
CF Ill, DeKosky ST: Gender-specific aging effects on the seroto-
nin 1A receptor. Brain Res 2001; 895:9-17

Bouchard TJ Jr, Lykken DT, McGue M, Segal NL, Tellegen A:
Sources of human psychological differences: the Minnesota
Study of Twins Reared Apart. Science 1990; 250:223-228
Veenstra-VanderWeele |, Anderson GM, Cook EH Jr: Pharmaco-
genetics and the serotonin system: initial studies and future di-
rections. Eur ] Pharmacol 2000; 410:165-181

http://ajp.psychiatryonline.org 1969



