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knockout mouse (27). ['**IJIAF photolabeling
of liver homogenates from wild-type (WT) and
sigma-1 receptor knockout (KO) mice indeed
showed the absence of sigma-| receptor (26 kD)
in the KO samples (Fig. 3A). In WT neonatal car-
diac myocytes, 100 pM DMT reversibly inhibited
D by 29 £ 3% (n=T7 WT myocytes), whereas fy,
was reduced by only 7 £ 2% (n =7 KO myocytes)
in KO myocytes (Fig. 3C, P < 0.002).

Both DMT and sigma receptor ligands influ-
mobility in rodents concurrently treated with the
monoamine oxidase inhibitor pargyline (28), and
this action is not antagonized by blockers of do-
pamine or serotonin receptors, but is potently in-
hibited by haloperidol (28). Although halopenidol
is thought to act in part through the dopamine Dy
receptor system, it is also a potent sigma-1 recep-
tor agonist [sigma-1 inhibition constant (K) =3 nM
(29); sigma-2 &, = 54 nM (29)] when inhibiting
voltage-gated ion channels (3, 25). Haloperidol
reduces brain concentrations of DMT (8) and DMT
mhibits halopenidol binding in brain bissue more
robustly than the dopamine agonist apomorphine
(8). On the basis of these findings, which were
discovered before sigma receptor identification,
DMT has been hypothesized to act through an
unknown “hallucinogen”™ receptor (8). We confirmed
results (28) that intraperitoneal (ip) administration
of DMT (2 mg per kilogram of body weight) 2 hours
after pargyline (75 mg/kg, ip) injection induced
hypermobility in WT mice (7025 + 524.1 em,n=
12 WT mice) in an open-field assay, Identical drug
treatments in sigma-1 receptor KO mice had no
hypermobility action (2328 + 3229 em, n = 12 KO
mice, P < 0,0001; Fig. 4, A and B). This result is
particularly important to our understanding of
sigma-| receptor biological function because the
KO mice are viable and fertile (27), The sigma-1
receptor dependence of DMT-induced hypermo-
hility parallels that induced by the sigma-1 recep-
tor ligand (+)-SKF10047 in WT but not in KO
mice (27). As a positive control, methamphetamine,
which is thought 10 act through catecholaminergic
systems, induced hypermobility in both WT and
KO mice (3 mg/kg, ip, n = 6 mice; Fig. 4, B and
C) with a reduced onset mte compared with that
seen for DMT (Fig. 4, A and C). This indicates
that behavioral actions of DMT depend on the
sigma-1 receptor, which may provide an altemna-
tive research aren for psychiatric disorders that
have not been linked to dopamine or N-methyl-o-
aspartate Systems.

The binding, bicchemical, physiological. and
behavioral studies reported here all support the hy-
pothesis that DMT acts as a ligand for the sigma-1 re-
ceptor. On the basis of our binding results and the
sigma-1 receptor pharmacophore, trace
amines and their N-methyl and N N-dimethyl deniv-
atives are likely to serve as endogenous sigma re-
ceplor regulators, Moreover, DMT, the only known
mammalian N, N-dimethylated trace amine, can ac-
tivate the sigma-1 receptor to modulate Na™ chan-
nels. The recent discovery that the sigma-1 receptor
functions as a molecular chaperone (30) may be

www.sciencemag.org SCIENCE VOL 323

relevant, because sigma-1 recepiors, which are ob-
served in the endoplasmic reticulum, associate
with plasma membrane Kv 1.4 channels (22) and
may serve as a molecular chaperone for jon chan-
nels. Furthermore, the behavioral effct of DMT
mary be due to activation or inhibiton of sigma-1 re-
ceptor chaperone activity instead of, or in addition
1o, DMT/sigma-1 receptor maodulation of jon chan-
nels. These sudies thus suggest that this natural
hallucinogen could exert its action by binding
sigma-1 receptors, which are abundant in the brain
(1, 27). This discovery may also extend o NN-
dimethylated neurotransminers such as the psycho-
active serotonin denvative NN-dimethylserolonin
(bufotenine), which has been found at elevated
concentrations in the urine of schizophrenic pa-
tients (/). The finding that DMT and sigma-1 re-
ceptors act as a ligand-receptor pair provides a
long-awaited connection that will enable researchers
1o elucidate the biological functions of both of these
molecules,
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When Your Gain Is My Pain and Your
Pain Is My Gain: Neural Correlates of
Envy and Schadenfreude

Hidehiko Takahashi,™*** Motoichiro Kato,* Masato Matsuura,” Dean Mobbs,*

Tetsuya Suhara,’ Yoshiro Okubo®

We often evaluate the self and others from social comparisons. We feel envy when the target
person has superior and self-relevant characteristics. Schadenfreude occurs when envied persons
fall from grace. To elucidate the neurocognitive mechanisms of envy and schadenfreude, we
conducted two functional magnetic resonance imaging studies. In study one, the participants

read information concerning target persons characterized by levels of p

and self-rel e

of comparison domains. When the target person’s possession was superior and self-relevant,
stronger envy and stronger anterior cingulate cortex (ACC) activation were induced. In study
two, stronger schadenfreude and stronger striatum activation were induced when misfortunes
happened to envied persons. ACC activation in study one predicted ventral striatum activation
in study two. Our findings document mechanisms of painful emotion, envy, and a rewarding

reaction, schadenfreude.

nvy is one of the seven biblical sins, the
Shakespearian “green-eyed monster,” and
what Bertrand Russell (/) called an un-
forunate facet of human nature. [t is an imational,
unpleasant feeling and a “painful emotion™ (2)

37

characterized by feelings of inferiority and
resentment produced by an awareness of another’s
superior quality, achievement, or possessions (3).
Understanding envy is important because of its
broad implications, ranging from mdividual mat-
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ters 0 social problems. It concerns personal life
satisfaction (4), self-evaluation'maintenance (3),
and economic and political issues (6-8), We judge
objects more by comparison than by their intrinsic
waorth and value (9), and self-evaluations are often
denved from social compansons with people who
are self-relevant, sharing similar atributes, char-
acteristics, group memberships, and interests (for
example, gender, age, and social class) (/7).
When envy is evoked, we often have a desine to
possess the same advantage or may wish that the
other lacks it (3). When misfortune oceurs to others,
emonons can manifest themselves in several ways.
We can sympathize and have feclings of concem
and sormrow for the other person (71, 12), but we can
also expenience schadenfreude, a rewarding fecling
derived from another’s misfortune (/3). Schaden-
freude is closely related 1o envy, and it is more likely
10 anise when misfortune happens to a person who is
advantaged and self-relevant than to someone who
is neither advantaged nor self-relevant (/3-15).
We investigated the brain activation associated
with envy and schadenfrende. We conducted two
functional magnetic resonance imaging (IMRI)
studies to test two complementary hypotheses. In
the first study, we hypothesized that, not only the
level of possession of the person we compare our-
selves with, but also the self-relevance of the com-
parison domain affects bmin activation associated
with envy through social comparison. We usually
have a posttive self-concept, and we expenience a
feeling of discomfort when we perform in a way
that violates this self-concept (/6). The anterior
cingulate cortex (ACC) is activated when this pos-
itive self-concept conflicts with external information
(17, 18). Bearing in mind that envy is a painful
emotion, we hypothesized that envy activates the
dorsal ACC (dACC), where cognitive conflicts (/9)
or social pain (12, 20) are processed. We predicted
that dACC activation is smonger when an envied
person has superior and more selfrelevant posses-
sions. In the second study, we hypothesized that a
misfortune happenng to an envied person produces
greater brain activation associated with schaden-
freude than misfortune happenmg to a person who s
not envied. Schadenfreude should activate the ventral
striatum, a central node of reward processing.
Nincteen healthy volumeers [10 men and 9
womern, mean age = 22.1 + 1.4 (SD) years] partic-
ipated in the two MR studies. We used a scenario
method as i previous social affective neuroimag-
"Department of Molecular Neuroimaging, National Institute
of Radiological Schences, 9‘-1. A-chome, Anagawa, Inage-ku,
Chiba, 263-8555, Japan. ‘Department of Life Sciences and
Bioinformatics, Graduate School of Health Sciences, Tokyo
Medical and Dental University, 1-5-45 Yushima, Bunkyo-ku
Tokyo, 113-8549, Japan. *Precursory Ressarch for Embryonic
Science and Technology, Japan Science and Technology
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“Department of Neuropsychiatry, Kelo University Schoal of
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Japan. *Medicat Research Council (MRC—Cognition and Brain
Sdences Unit, University of Cambridge, Cambridge, (B2 7EF,
UK. “Department of Neurogsychiatry, Nippon Medical School
1-1-5, Sendaql, Bunkyo-ku, Tokyo, 113-8603, Japan,
*To whom © e should be . E-mail:
hidehikog@nirs.go.jp

13 FEBRUARY 2009 VOL 323 SCIENCE

ing studies (27, 22). Each participant was presented
with a scenario in which the protagonist (oneself)
and three other target persons appeared. Materials
were employed from an initial survey w validate
our expected results (23). Before the IMRI scans,
we asked the participants to read and understand the
seenario thoroughly and to imagine the protagonist
of the scenmio as themselves. In study one, we aimed
to determine the level of envy in tems of whether
possessions of the target person were superior or
not and whether domains of comparison were self-
relevant or not. In short, for male participants, the
protagonist of the scenario was male and average
in terms of possessions such as ability, quality, and
social stams. Male stadent A shared similar arrib-
utes with the protagonist. He possessed superior
quality and ability, and the domains of comparison
were important and relevant to the protagonist [supe-
nor and high relevance (SpHi)). Female sudent B
had different attributes and background from the
protagonist. She also possessed superior quality and
ability, but the domains of comparison were neither
important nor relevant to the protagonist [superior
and low relevance (SpLo)). Female student C had
different attributes and background from the protag-
onist. She possessed mediocre quality and ability,
and the domains of comparison were neither impor-
tant nor relevant to the protagonist [average and low
relevance (AvLo)]. The scenario for male partic-
ipants and profiles of the persons are shown in the

A B

appendix in (23). The profiles of the three target
persons and comparison domains are summanzed
in table S1, and a schematic depiction of the stimuli
and design is shown in fig. S1. We performed event-
related fMRI analysis with statistical parametric
mapping 1 to examine activahions in response o
SpHi, Splo, and AvLo. In study two, successive
misfortunes happened to student A (Spli) and
student C (AvLo) in the scenario examining reac-
tion in response lo misfortunes happening to others.
A list of misforunes is provided in table S1, and a
schermatic depiction of the stimuli and design is shown
in fig. 52. We analyzed neural responses o misfor-
tunes on SpHi (MisSpHi) and AvLo (MisAvLo).
After the scans, the panicipants mted each event
presented in study one in terms of how much envy
they felt for the three students (i.e., 1 = noenvy, 6=
extremely envious), Similarly, the participants also
reported the intensity of their pleasure (schaden-
freude) (1 =no pleasure, 6 = extremely pleasant) in
response 1o misfortunes happening 1o sdents A and
C in study two. That is, they gave one envy score per
domain per student in study one and one schaden-
freude score per misfortune per student in study two.

The self-rating results of the participants in the
MRI study were comparable to the results obtained
in the initial survey. The mean values of the mtings
of envy for students A, B, and C were 4.0 2 1.0,
2.1 2 0.8, and 1.0 = 0.0, respectively. The mean
values of schadenfreude for students A and C were

¢ 1.2

Parameter estimates
00 0 p -
o N A O B O

SpLo-AvLo SpHi-Avio

Fig. 1. Brain activation in dACC was modulated by relevance of comparison domain. Brain activations in
response to (A) the Splo minus AvLo condition and (B) the SpHi minus Avlo condition. (C) Mean for
parameter estimates at the peak of dACC activation for SpHi-Avlo contrast (red) was greater than that for
Splo-Avlo contrast {yellow) (t = 2.56, P = 0.02). Error bars represent SE.

A

20 30 40 50
Schadenfreude for MisSpHi

Fig. 2. Correlation between self-rating of schadenfreude and ventral striatum activation across
participants. (A) Image showing correlation between mean rating of schadenfreude for MisSpHi and the
ventral striatum in MisSpHi-MisAvlo contrast across participants. (B) Plots and regression line of
correlation (r = 0.65, P = 0.002) between schadenfreude and parameter estimates of the ventral striatum
activation for MisSpHi-MisAvLo contrast at a peak voxel (-14, 2, -12).
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