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xogenous Testosterone Enhances Responsiveness
o Social Threat in the Neural Circuitry of Social
ggression in Humans

rno J. Hermans, Nick F. Ramsey, and Jack van Honk

ackground: In a range of species, the androgen steroid testosterone is known to potentiate neural circuits involved in intraspecific
ggression. Disorders of impulsive aggression in humans have likewise been associated with high testosterone levels, but human evidence
or the link between testosterone and aggression remains correlational and inconclusive.

ethods: Twelve female participants underwent functional magnetic resonance imaging during three sessions while viewing stimuli
iffering in social threat value: angry and happy facial expressions. The first session served to establish associations between baseline
ormone levels and neural activation. Participants were retested in a second and third session after placebo-controlled sublingual
dministration of .5 mg testosterone.

esults: Findings demonstrate consistent activation to angry versus happy faces in areas known to be involved in vertebrate reactive
ggression, such as the amygdala and hypothalamus. Suprathreshold clusters were also found in the orbitofrontal cortex (Brodmann
rea 47), a region implicated in impulse control in humans. Baseline endocrine profiles of high testosterone and low cortisol were associated
ith stronger activation in subcortical structures. Neural responses in most activated regions were more persistent after testosterone

dministration than after placebo.

onclusions: These data demonstrate that testosterone enhances responsiveness in neural circuits of social aggression. Based on animal
iterature, it is argued that actions of testosterone on subcortical reactive aggression circuits give rise to this effect. Implications for our

nderstanding of the pathophysiology of disorders of impulsive aggression are discussed.
ey Words: Aggression, amygdala, fMRI, glucocorticoid, hypothal-
mus, testosterone

ntraspecific aggression in vertebrates, including humans, is
thought to be controlled by an integrated molecular, neuro-
anatomic, and behavioral substrate that exhibits strong evo-

utionary stability (1). This system appears to underlie the
stablishment of hierarchies in social animals, often merely
hrough ritualized, species-specific behavioral displays of hostile
ntent, such as angry facial expressions (2,3).

The hypothalamic–pituitary– gonadal (HPG) axis, through its
nd product testosterone, is an important agent in regulating this
ystem. Across vertebrates, males are generally more physically
ggressive than females, and gonadectomy reduces aggression
4,5). Moreover, animal research has unequivocally shown that
estosterone elevation increases aggressiveness (6 – 8). In hu-
ans, there is correlational evidence for a link between testos-

erone and aggression within both sexes (9). Disorders charac-
erized by impulsive, reactive aggression, such as antisocial
ersonality disorder (APD) and borderline personality disorder
BPD), have likewise been associated with high testosterone
10 –13). Pending conclusive causal evidence (see, e.g., 9),
owever, the mechanism through which testosterone may affect
uman aggression remains obscure.
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Pathways controlling reactive aggression converge in amyg-
dalar and hypothalamic regions. Animal research has shown that
testosterone exerts its influence partly through interactions with
arginine vasopressin (AVP) in the amygdala (14,15) and the
(anterior) hypothalamus (16). Also, testosterone downregulates
the hypothalamic–pituitary–adrenal (HPA) axis, resulting in
chronically depressed cortisol (17). Hypocortisolemia in turn has
also been associated with heightened aggression and social rank
(18,19). In agreement, a recent study has demonstrated a signif-
icant positive relation between testosterone and overt aggression
in delinquent adolescent males with low cortisol exclusively (20).

The capacity to inhibit reactive aggression, or impulse control,
is generally attributed to the orbitofrontal cortex (OFC). Lesions
to the OFC are known to result in socially aberrant behavior
(21,22). Likewise, marked OFC hypometabolism has been ob-
served in patients with personality disorders (23,24). As indicated
by low cerebrospinal fluid levels of 5-hydroxytryptamine (5-HT)
catabolites, this hypometabolism appears to originate from re-
duced functioning of the serotonergic system (4), and testoster-
one has been suggested to play a role in the etiology of this
abnormality (5).

Human neuroimaging findings have most consistently identi-
fied the amygdala and (lateral) OFC in responding to angry facial
expressions (25–29). Behavioral experiments have furthermore
shown that affective responding to angry faces is positively
related to testosterone levels (30,31) but negatively to cortisol
levels (32).

In this study, 12 healthy female volunteers were tested using
functional magnetic resonance imaging (fMRI) during three
sessions. The reason for including only women was that women
have lower endogenous testosterone levels and therefore pre-
sumably require a smaller dose to attain measurable effects (33).
Moreover, there are no indications that effects of testosterone on

affective responding to angry facial expressions may exhibit
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ualitative gender differences (30). The first session examined
he pattern of brain responses to angry versus happy facial
xpressions in relation to levels of testosterone and cortisol. As in
revious studies (33), happy facial expressions were chosen as
ontrol stimuli because these provide for a comparison between
social threat and a social safety signal while controlling for

nspecific activity due to face and expression perception. We
crutinized a hierarchical model (34) consisting of cortical inhib-
tory control, implemented in the lateral OFC (especially Brod-
ann area 47 [BA47]) and subcortical reactive aggression circuits

i.e., amygdaloid region [medial/central nuclei, stria terminalis],
ypothalamus, and brainstem subnuclei [periaqueductal grey, or
AG]). In a second and third session, the same group of
articipants was retested in a placebo-controlled crossover de-
ign to test effects of testosterone administration on functioning
f these circuits. We predicted that responding in subcortical
eactive aggression circuits would be associated with high tes-
osterone and low cortisol and that testosterone elevation would
ffect responding in a similar region-specific manner.

ethods and Materials

articipants
Participants were 12 healthy, adult female volunteers (aged

8–28; mean age 22.6). Exclusion criteria were history of endo-
rine or psychiatric disorder, left-hand dominance, habitual
moking, current pregnancy, history of closed-head injury, and
resence of metal objects in the body. Use of (recreational)
sychotropic drugs within 2 weeks of testing was not allowed.

Ten women used standard estrogen/progestagen oral contra-
eptives. For the other two women who did not use oral
ontraceptives, testing was restricted to the preovulatory phase
o control for (minor) variations of androgen levels throughout
he menstrual cycle.

All procedures were approved by the local institutional
eview board in accordance with the declaration of Helsinki, and
ach participant provided written informed consent. Participants
ere debriefed and received payment.

aterials and Apparatus
Stimuli were selected from two photosets: the Karolinska Di-

ected Emotional Faces (35) and the Pictures of Facial Affect (36).
ight actors were chosen, and oval cutouts of two photographs of
ach, happy (H) and angry (A), were included in the set. All were
ray-scaled and equalized in luminance and contrast.

Stimulus presentation was controlled by an x86 notebook PC
nd E-Prime (Psychology Software Tools, Pittsburgh, Pennsylvania).
timuli were back-projected onto a screen near the participants’
eet, which they viewed through a 45° angle mirror attached to the
ead coil. Participants were scanned in an ACS-NT 1.5-Tesla MRI
canner (Philips Medical Systems, Best, the Netherlands).

rug Samples
Testosterone solutions consisted of .5 mg of testosterone, 5

g of hydroxypropyl-beta-cyclodextrin (carrier), 5 mg ethanol,
nd .5 mL water. Placebo solutions differed only in absence of
estosterone. Details concerning sublingual administration, phar-
acokinetics, and efficacy time-course are available elsewhere

37). Identical procedures have been applied repeatedly in our
aboratory (38).

rocedure
Participants were tested using fMRI on three separate after-
oons (after 1:30 PM), the first of which did not involve drug

ww.sobp.org/journal
administration. They were instructed not to eat within 1.5 hours
before the appointment and to drink only water. Upon arrival,
saliva samples (9 mL) were obtained.

On the second and third testing day, participants arrived at the
laboratory 3.5 hours before scanning. After providing saliva
samples, participants received the .5 mL drug sample and were
instructed to keep it under the tongue without swallowing for a
full minute. They were asked to return 3.5 hours later and avoid
physically or psychologically straining activities in the meantime.
Further procedures were equal during all testing sessions.

After standard MRI safety screening, participants were es-
corted into the scanner room. Scans with the following charac-
teristics were obtained:

1. T2*-weighted blood oxygen level–dependent (BOLD) im-
ages (segmented three-dimensional echo planar imaging
(EPI) with navigator echo, flip angle 9.5°, echo time/
repetition time (TE/TR): 19.1/28.6 ms, filed of view (FOV):
256 � 256 � 120 mm, matrix 64 � 64 � 30, voxel size 4 mm
isotropic, acquisition time 3.26 sec), with oblique angula-
tion. This segmented short TE sequence was designed to
minimize signal dropout and image distortion due to mag-
netic field inhomogeneity around the air-tissue interfaces.
Details on 3D-EPI are described elsewhere (39).

2. Reference image: identical to functional images except flip
angle: 30°, resulting in more T1-weighting. This image was
used to facilitate registration of structural and functional
images.

3. T1-weighted structural images (TE/TR 4.6/30 msec, flip
angle 30°, FOV 256 � 180 � 208 mm, matrix: 256 � 256 �
150 mm, slice thickness 1.2 mm, voxel size 1 � 1 � 1.2 mm,
duration: 8 min).

During the functional scan series, participants watched alter-
nating 26.08-sec epochs. In each epoch, all eight stimuli were
presented in random order and repeated seven times (total 56
stimuli). Each was presented for a duration of 200 msec with a
stimulus onset asynchrony of 467 msec. Resting fixation epochs
were also included (�). Epochs were presented in the following
order: �AH�AH�AHHA�HA�HA� (or A and H reversed,
counterbalanced across participants), which precludes task co-
variation with linear drifts of BOLD signal (see Figure 1). After
scanning, another saliva sample was collected.

Functional MRI Image Analysis
Preprocessing of fMRI data was performed with SPM99 (UCL

London, United Kingdom). All functional scans were motion-
corrected using transformation parameters, yielding a minimal
sum of squared differences with the reference image. Registra-
tion of the reference and structural scans was achieved by
estimating parameters resulting in maximum mutual information.
All images were normalized to standard (Montreal Neurological
Institute [MNI], Montreal, Quebec, Canada) space using affine
transformations and nonlinear deformations and then smoothed
with an 8-mm full-width at half maximum gaussian kernel.
Normalized anatomic images were averaged over participants to
serve as background for anatomic localization.

Statistical analysis steps started with fitting session-specific
general linear models containing box-car functions with hemo-
dynamic delay for both task conditions (angry vs. happy),
movement correction parameters, and a discrete cosine trans-
form high-pass filter with a cutoff of 1.17e-2 Hz. Proportional
scaling was applied to each volume to remove unspecific global

(drug) effects. Contrast images (three sessions � 12 participants)
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ere calculated only for the main comparison of interest, the
ngry versus happy conditions, because this well-controlled
ontrast isolates the factor of interest (social threat). For the first
ession (no administration), a statistical map was subsequently
alculated testing for the angry versus happy effect across
articipants using a statistical pooled variance approach (40). For
ur a priori regions of interest (ROI), bilateral BA47 in the OFC,
ilateral amygdala, hypothalamus, and brainstem, the threshold
or statistical significance was set at p � .001 uncorrected (i.e.,

� 3.09; one-sided). Adjacent voxels exceeding this threshold
ere clustered. Contrast parameter estimates for each participant
nd for each ROI were extracted from the original angry versus
appy contrast images and averaged. These values were used for
orrelational analyses with hormone levels and between differ-
nt areas. Significance threshold for voxels outside the ROIs was
et using a Bonferroni correction for the whole brain, yielding a
hreshold of � � .05/24534 � 2.04e-6; Z � 4.61.

For the second and third session, Z-maps were calculated for
he angry versus happy effect and for the drug interaction,
ielding areas in which the angry versus happy effect is positively
arger in the testosterone condition. For visualization purposes,
oth statistical group maps were thresholded at Z � 3.09
ne-sided and superimposed onto the averaged structural image.

alivary Measurements
All saliva samples were stored in plastic vials and frozen at

20°C. Testosterone in saliva was measured after diethyl-ether
xtraction using a competitive radioimmunoassay employing

igure 2. Three-dimensional ren-
ering of the skin and the brain

rom a T1-weighted magnetic reso-
ance imaging scan (top, frontal,
nd left views, respectively). Clus-
ers of suprathreshold activity in re-
ponse to angry versus happy facial
xpressions during the first session

n the main regions of interest are
olor-coded.
a polyclonal antitestosterone antibody (J. Pratt, PhD, AZG
3290). [1,2,6,7-3H]Testosterone (TRK402, Amersham, the Nether-
lands) was used as a tracer following chromatographic verifica-
tion of its purity (see 41, for details). Testosterone levels in saliva
samples taken after sublingual administration are not determin-
able.

Salivary cortisol levels were determined without extraction
using a competitive radio-immunoassay employing a polyclonal
anticortisol antibody (K7348). Following chromatographic veri-
fication of its purity, 1,2-3H(N)-Hydrocortisone (NET 185, NEN
Dupont, Dreiech, Germany) was used as a tracer. The lower limit
for detection is .5 nmol/l and reference values for adults are 4–28
nmol/L. Details concerning the validity and advantages of mea-
suring cortisol in saliva have been published previously (42).

To increase reliability of measurements, all three baseline
levels were averaged for cortisol and testosterone (yielding 11.16
nmol/L, SD � 2.80 and 79.28 pmol/L, SD � 22.33, respectively).
Subsequently, both distributions were standardized to t scores
(mean 50; SD 10) and individual testosterone/cortisol ratio scores
were calculated.

Results

Endocrine Measures
Testosterone baseline levels of the three sessions did not

differ significantly [F (2,10) � 2.39, ns). In the placebo condition,
testosterone levels dropped slightly from preadministration to
postscanning [t (11) � 2.27, p � .044].

Figure 1. Order of epochs during
the passive viewing task. Each ep-
och (fixation baseline, angry faces,
or happy faces) lasted 26.08 sec,
and during each target epoch, 56
stimuli were flashed onto the
screen. The second half of the task
is mirrored with respect to the first
half to preclude covariation with
linear signal drifts.
www.sobp.org/journal
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Cortisol baseline levels were lowest on the first day of testing
n comparison with the testosterone and placebo administration
essions [F (1,11) � 11.35, p � .006 and F (1,11) � 9.01, p � .012,
espectively], which is explained by the fact that saliva samples
ere collected at a later time of day during the first session.
ortisol levels also dropped from the preadministration to
ostscanning samples for the second and third sessions [F(1,11) �
9.26, p � .001], but no interaction with drug administration was
ound [F (1,11) � 1.45, ns), indicating that exogenous testoster-
ne elevation did not significantly decrease endogenous cortisol
evels.

unctional MRI Results, First Session
Results for the main contrast of interest (angry vs. happy) are

ummarized in Table 1. The main regions of interest all showed
vidence of suprathreshold activity. Amygdala responding was
tronger in the right hemisphere. An additional focus of activity
eaching a more conservative whole-brain corrected Z threshold
f 4.61 was found in the inferior temporal gyrus. Moreover, two
lusters of activity, one in the brainstem and one in the insular
ortex, were more activated during the happy than during the
ngry face conditions. Figure 2 shows a three-dimensional
endering of clusters of activity in the main regions of interest. In
igure 3, all voxels exceeding the Z � 3.09 ROI threshold are
verlaid onto axial slices of the averaged structural image.

orrelational Analyses
Averaged contrast parameter estimates for the angry versus

appy comparison per suprathreshold cluster were used for
orrelational analyses with endocrine measures. Nonparametric
tatistics (Spearman’s rho) were applied because of the small
ample size. Results of these analyses are summarized in Table 2.
ypothalamic activity to angry versus happy facial expressions

igure 4. Scatterplots of the correlation between testosterone/cortisol ratio
nd the average magnitude of the blood oxygen level– dependent re-
ponse to angry versus happy facial expressions in the hypothalamus (left)

nd bilateral amygdala (right).

ww.sobp.org/journal
exhibited a negative correlation with baseline cortisol. Baseline
testosterone levels correlated positively with activity in the
inferior temporal gyrus only. The testosterone–cortisol ratio,
however, proved more predictive: significant positive correla-
tions were found with activity in the (predominantly right)
amygdala, hypothalamus, brainstem, and inferior temporal gy-
rus. Scatterplots of the first two of these are shown in Figure 4.

Subsequently, interregional nonparametric correlations across
participants were calculated between activated clusters (see
Table 3). Activation during angry versus happy face conditions
in the bilateral amygdala, hypothalamus, and combined brain-
stem clusters proved strongly interrelated. There was no
evidence for a correlation between the lateral OFC and any of
the other ROIs, however. Moreover, combined brainstem
clusters responses were positively correlated with inferior
temporal gyrus activity.

Functional MRI Results, Second and Third Session
Results of the drug administration sessions are summarized in

Table 4. The angry versus happy contrast over these two sessions
yielded a pattern of activated areas similar to the first session (i.e.,
bilateral BA47 in the orbitofrontal cortex, and the right amyg-
dala), although not all regions reached significance. There was
also evidence of stronger activity in the happy condition than in
the angry condition in the brainstem (pons) and parahippocam-
pal gyrus.

Drug interaction effects are shown in the lower half of Table 4
and Figure 5. As predicted, there were significant interaction
effects in the greater part of the network specified in the first
session with greater angry versus happy activity in the testoster-
one versus placebo condition. These effects were most pro-
nounced in the amygdala and hypothalamus, but suprathreshold
clusters were also found in the brainstem and lateral OFC (BA47).
The peak location of the interaction effect in the amygdala
appears to lie somewhat more medial than the main effects.
Figure 6 shows the averaged activity in the angry (vs. happy)
conditions in five clusters that exhibit the interaction effect.
Further separate tests were performed on the contrast parameter
estimates for angry versus happy conditions for the testosterone
and placebo conditions separately to determine whether effects
were carried mainly by activations in the testosterone conditions
or by deactivations in the placebo condition. For these tests,
contrast parameter estimates from all supratheshold voxels were
averaged and tested using t tests. These analyses show that the
testosterone effect in the left OFC is carried by a significant
response to angry faces relative to happy faces. Drug interaction

Figure 3. Ten axial slices at Z � �30
to Z � 6 in MNI space from the av-
eraged, normalized, anatomic
scans from all 12 participants (left
hemisphere is left). All voxels ex-
ceeding the region of interest
threshold of Z � 3.09 (p � .001)
from the contrast angry versus
happy from the first scan session
are overlaid onto these slices. See
Table 1 for additional data for each
cluster.
effects in the hypothalamus and brainstem appear to be carried
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ainly by deactivations to angry faces relative to happy faces in
he placebo condition [t (11) � 2.72, p � .02, and t (11) � 2.45,

� .032, respectively]. Other separate t tests did not reach
ignificance.

iscussion

The purpose of this study was to gather insight into the neural
ubstrates of human social aggression, in particular by investi-
ating the regulatory role of steroid hormones. The main findings
ere, first, that cortical (the lateral OFC), as well as subcortical

the amygdala and its efferents), circuits implicated in aggression
an be identified functionally using fMRI in healthy volunteers
bserving social threat stimuli: angry contrasted with happy
acial expressions. Second, the degree to which these subcortical
reas respond to social threat is associated with endocrine
arameters, with strongest effects in participants with a profile of
igh testosterone and low cortisol. Third, in the two drug
dministration sessions, interaction effects were observed in
ost areas within the network that was activated in the first

ession, which suggest that overall the differential responses to
ngry and happy expressions are stronger, or more resistant to
abituation, after testosterone versus placebo administration.
nteraction effects were most pronounced in the amygdala and
ypothalamus.

The medial and central nuclei of the amygdala, the bed
ucleus of the stria terminalis, and efferent structures such as the

Table 1. Summary of Suprathreshold Clusters of Activa
Session

Region Side

Expression Main Effect: Activations
Hypothalamus R
Amygdala R
Inferior temporal gyrus (BA20) R
Superior brainstem/posterior hippocampus R
Orbitofrontal cortex (BA47) R
Orbitofrontal cortex (BA47) L
Amygdala L
Brainstem (Pons) L

Expression Main Effect: Deactivations
Brainstem R
Insular cortex R

Coordinates are defined in Montreal Neurological In
aActivation significant at a p � .001 uncorrected thr
bActivation significant at a p � .05 whole brain Bonfe
adjacent voxels with p � .001, uncorrected.
hypothalamus and brainstem areas (e.g., PAG) have traditionally
been characterized as a defensive circuit that choreographs
autonomic, endocrine, and behavioral fight–flight responses to
impending threat (43). Although this notion implies partly over-
lapping circuits for flight and fight, or fear and anger, contem-
porary human neuroimaging research has placed much more
emphasis on the role of these pathways in fear than in anger.
Neural responses to angry facial expressions are likewise some-
times interpreted in terms of fear. This study replicated the
existing data by showing responses to angry faces in the bilateral
amygdala (26 –29), as well as in some of the expected efferent
pathways of the amygdala, the hypothalamus and brainstem
subnuclei. However, the main findings of this study place these
responses in a different perspective.

Facial expressions of anger are a constituent part of socially
aggressive behavior. Evolutionarily inspired theories emphasize
that, over the course of evolution, selection pressures may have
tended to moderate intraspecific conflicts over resources for
survival and procreation, channeling them into ritualized dyadic
exchanges of social signals of angry defiance (2). Nonverbal
social behavior is therefore thought to be regulated by relatively
closed, prewired, genetic programs (44) that integrate dedicated
neural and molecular pathways with species-specific nonverbal
behavior, the main vehicle of which is facial expression (45).
Hence, angry facial expressions are presumed to play an impor-
tant role in establishing and structuring social hierarchies (34),

Figure 5. Ten axial slices at z � �30
to z � 6 in MNI space from the aver-
aged, normalized, anatomic scans
from all 12 participants (left hemi-
sphere is left). All voxels exceeding
the region of interest threshold of
Z � 3.09 (p � .001) for the drug
interaction (i.e., areas with a stron-
ger angry vs. happy face effect in
the testosterone compared with
placebo session) from the second
and third sessions are overlaid onto
these slices. See Table 4 for addi-
tional data.

o Angry versus Happy Facial Expressions in the First

X Y Z Extent Max z

8 0 �8 23 4.91b

24 0 �24 55 4.80b

60 �16 �20 9 4.80b

20 �24 �20 11 4.21a

40 40 �8 11 4.00a

�32 52 0 6 3.90a

�24 �8 �20 1 3.36a

�8 �24 �24 1 3.14a

16 �20 �4 25 4.71b

36 4 �4 51 4.70b

e (MNI) space. BA, Brodmann’s area.
d (one-sided and for regions of interest only).
-corrected threshold. Extent indicates the cluster size of
tion t

stitut
eshol
rroni
www.sobp.org/journal
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nd evoke affective responses in the observer that vary as a
unction of social status (30,33,46).

Individual differences in functioning of the endocrine systems
ave proven to be reliably associated with social rank. The HPA
nd HPG axes exhibit mutually inhibitory functional interactions
17) with apparently opposite effects upon social dominance.
lthough aggressive episodes are accompanied by HPA-initiated
hasic cortisol increases (47), a profile of low testosterone and
hronically high cortisol is related to social submissiveness and
ow aggression in a range of species (19,48). In agreement,
revious research has shown that various measures of affective
esponses to angry facial expressions in human volunteers are
redicted by high levels of anger, dominance, drive, and testos-
erone levels (30,31,46,49), and are oppositely related to social
nxiety and cortisol levels (32,46). Moreover, recent evidence
ndicates that cortisol mediates the relation between testosterone
nd aggression: a positive linear relation between overt aggres-
ion and testosterone was found in adolescent delinquents with
ow cortisol levels only (20). Hence, in our study correlations
ere calculated between BOLD responses within the activated
reas and the (standardized) testosterone:cortisol ratio. In line
ith predictions, results show that individuals with a high

estosterone:cortisol ratio respond more to angry (vs. happy)
aces in the amygdala, hypothalamus, and brainstem areas. Note
hat this finding is at odds with an interpretation of activity in
ubcortical defense circuits solely in terms of fear because both
nimal (50) and human research (38,51) has shown that testos-
erone has fear-reducing properties.

able 2. Summary of Rank Order Correlations between Endocrine Paramet
acial Expressions in Activated Clusters during the First Session

egion

Cort

rho p

mygdala �.32 .308
eft �.31 .319
ight �.28 .379
rbitofrontal Cortex (BA47) �.20 .527

eft �.10 .746
ight �.26 .417
ypothalamus �.58a .048
rainstem �.30 .342
uperior (/post- hippocampus) �.32 .308
ons �.21 .513

nferior Temporal Gyrus (BA20) .08 .795

BA, Brodmann’s area; Cort, cortisol; T, testosterone.
aP � .05.
bP � .01

able 3. Summary of Nonparametric Cross-Correlations between Suprathr

egion

1)

rho p

) Bil. amygdala
) Bil. OFC (BA47) �.05 .88
) Hypothalamus .60a .04
) Brainstem .76b .004
) Inferior Temporal Gyrus (BA20) .36 .26

BA, Brodmann’s area; Bil, bilateral; OFC, orbitofrontal cortex.
ap � .05.

bp � .01.

ww.sobp.org/journal
Results from the second and third sessions of this study
support this interpretation by showing that responses in amyg-
dalar–hypothalamic regions persist more strongly after testoster-
one administration. This finding is consistent with research on
rodents demonstrating that testosterone interacts with AVP in
these regions to regulate aggression (15,16,52). As suggested by
Figure 6, responses in these regions appear to habituate more
strongly in the placebo condition, which is consistent with
well-known habituation effects of amygdalar responding (53).
Note that although the peak location of the drug interaction
effect in the amygdala appears to lie medial with respect to the
main effect, the underlying resolution of the statistical maps does
not warrant inferences about amygdalar subnuclei.

In addition to interaction effects in subcortical areas, small
clusters of increased activity to angry (vs. happy) facial expres-
sions were found in the lateral OFC (BA47). Other than subcor-
tical reactive aggression circuits, the role of the OFC in human
social aggression appears to be inhibitory (34). Our data replicate
earlier findings of responses in this area to angry facial expres-
sions (25). Because the angry facial expression signals conspe-
cifics to amend current behaviors, it has been argued that
responding to angry faces recruits processes that are also impli-
cated in response reversal and behavioral extinction, functions
that have been ascribed to the OFC (34,54). These notions are
supported by neuropsychologic observations of patients with
OFC lesions. Often these result in impulsively aggressive, aber-
rant behavior (21,55). In agreement, neuroimaging studies have
shown that impulsively aggressive individuals exhibit OFC hy-

d Blood Oxygen Level–Dependent Responses to Angry versus Happy

T T/Cort Ratio

rho p rho p

.12 .721 .68a .015
�.09 .787 .51 .090

.22 .498 .69a .013
�.13 .688 .03 .914
�.34 .285 �.17 .587

.14 .664 .27 .391

.27 .397 .83b .001

.27 .397 .70a .011

.22 .498 .56 .059

.09 .787 .50 .101

.80b .002 .67a .017

d Clusters in the First Session

2) 3) 4)

p rho p rho p

3 .91
8 .57 .57a .05
3 .30 .21 .51 �.07 .83
ers an
eshol

rho
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�.1
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oactivity (56,57). Moreover, studies that used procedures to
nhance emotional states in BPD found augmented amygdalar
esponding (58) in addition to reduced OFC activity (59), which
its into a picture of subcortical preeminence due to malfunction-
ng OFC impulse control. This OFC malfunctioning is associated
ith reduced serotonergic (5HT) neurotransmission (4). In
greement, selective serotonin reuptake inhibitors reduce impul-
iveness in personality disorders (60), and reduce OFC hypome-
abolism (24). Consistent with findings of heightened testoster-
ne in personality-disordered patients (10 –13), testosterone has
een shown to suppress 5HT systems (61– 63). These effects,
owever, likely take place on a longer timescale. In our study, a
ubtle acute effect of testosterone on OFC reactivity was found.
his effect may be taken to reflect an increased effort for

nhibitory control over increased subcortical activation. In agree-
ent, it has been argued that testosterone interferes with cortico–

ubcortical communication, thus reducing efficacy of OFC im-
ulse control (64). Further research is needed to resolve this

ssue.
In conclusion, by showing a more persistent response to

ocial threat conveyed through facial expressions after adminis-
ration of testosterone, our findings shed light on the neural
athways through which gonadal steroids regulate social aggres-
ion in humans. Our findings are consistent with rodent models
f reactive aggression but also with neuroanatomic models of
uman aggression regulation that imply an important role for the
ateral OFC in impulse control. Moreover, these data suggest that

igure 6. Bar graphs showing averaged contrast estimates for the angry
ersus happy facial expression comparison (with standard errors of the
ean) in the testosterone and placebo sessions. Separate graphs depict the

able 4. Summary of Suprathreshold Clusters for Expression Main Effects a

egion Side

xpression Main Effect: Activations
Orbitofrontal Cortex (BA47/10) L
Orbitofrontal Cortex (BA47) R
Amygdala R

xpression Main Effect: Deactivations
Parahippocampal gyrus (BA28) R
Brainstem (Pons) L

rug by Expression Interaction: Testosterone Activations
Amygdala R
Hypothalamus R
Brainstem (Pons) L
Orbitofrontal Cortex (BA47/46) L
Orbitofrontal Cortex (BA47) R

Coordinates are defined in MNI space. BA, Brodmann’s area.
aActivation significant at a p � .001 uncorrected threshold (one-sided a
bActivation significant at a p � .05 whole brain Bonferroni-corrected

ncorrected.
ve regions that exhibit a significant drug interaction effect.
testosterone plays a causal role in disorders of impulsive aggres-
sion. More research on this topic is warranted.
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