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Fig. 4. Immunoprecip- 
itation of T cell recep- 
tors of IEL from germ- 200- 

free mice. Cell surface 
proteins of IEL isolated 
from germ-free mice were 68- 
125I-labeled by the iodo- 
gen method (30). Precipi- 43- 
tation by anti-CD3 was 
carried out essentially as 
described (31) with the 
use of anti-CD3 coupled 
to Sepharose 4B. For 25.7- 
antibody to y chain pre- 
cipitation, the anti-CD3 
precipitates were disrupt- 
ed by boiling in the pres- 
ence of 1% SDS and 10 18.4- 
mM dithiothreitol as the 
reducing agent. The re- 
duced proteins were then 
alkylated by incubation 
with 30 mM iodoaceta- 
mide. The samples were 1 2 3 
diluted with buffer con- 
taining 10 mM triethanolamine, 0.15M NaCl (pH 
7.8), 0.5% NP-40, 1 mM phenylmethylsuLfbnyl 
fluoride, 1 mM EDTA, and 1 png of leupeptin per 
milliliter. Rabbit antiserum against the y chain (9) 
was added with protein A coupled to Sepharose 4B, 
and the mixture was incubated for 2 hours at 4PC 
with mixng. The precipitates were washed six times 
with the above buffer and analyzed by SDS-12% 
polyacrylamide gel electrophoresis. Lane 1, anti- 
CD3; lane 2, antiserum to y chain; and lane 3, 
control antibody. 

case. The normal mice used in these studies 
were free of antibody to virus but we cannot 
rule out low levels of inapparent viral infec- 
tion. This is not to imply that IEL are not 
capable of responding to viral antigens, only 
that their repertoire may be skewed toward 
recognition of bacterially derived determi- 
nants. The primordial immune system would 
require protection against invasion of a primi- 
tive digestive tract prior to developing a 
surveillance system of the internal milieu, 
and thus TCR--yb may have been the earliest 
TCRs, as has been previously proposed (26, 
27). CD8' T cells have been implicated in 
the immune response to pathogenic intracel- 
lular bacteria but the TCR status of these 
cells has not been analyzed (28). Although 
the TCRs of CD8' IEL could be specific for 
bacterially derived antigens, the nature of 
these antigens and the antigen-processing 
mechanisms required for recognition by 
IEL will require further study. The pheno- 
typic and functional characteristics of IEL 
coupled with their highly restricted anatom- 
ical distribution should allow a detailed 
analysis of the in vivo function of T cells 
expressing TCR-yb. 
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Defensive Behaviors in Infant Rhesus Monkeys: 
Environmental Cues and Neurochemical Regulation 

NED H. KALIN AND STEVEN E. SHELTON 

To survive, primates must detect danger in time to activate appropriate defensive 
behaviors. In this study, the defensive behaviors of infant rhesus monkeys exposed to 
humans were characterized. It was observed that the direction of the human's gaze is a 
potent cue for the infant. Infants separated from their mothers were active and emitted 
frequent distress vocalizations. When a human entered the room but did not look at 
the infant, it became silent and froze in one position. If the human stared at the infant, 
it responded with aggressive barking. Alterations of the opiate system aWected the 
frequency of the infant's distress calls without affecting barking and freezing, whereas 
benzodiazepine administration selectively reduced barking and freezing. This suggests 
that opiate and benzodiazepine systems regulate specific defensive behaviors in 
primates and that these systems work together to mediate behavioral responses 
important for survival. 

T 0 SURVIVE, PRIMATES MUST DETECT 

potentially dangerous situations and 
then activate appropriate defensive 

behaviors. These behaviors appear to origi- 
nate from genetic programs (1, 2) and may 
be similar in rhesus monkeys and human 
infants (3, 4). For example, rhesus infants 
begin to respond to fearful visual stimuli at 2 
to 4 months of age (1). Human infants 
experience a similar period of fearfulness 
toward strangers beginning between 7 and 9 
months of age (5). Through experience (6) 
and maturation, infants acquire a more re- 
fined understanding of what is dangerous. 
Consequently, the circumstances that elicit 
fear-related behaviors become more specific. 

Eyes receive and communicate informa- 
tion important for survival. Staring is fre- 
quently associated with aggression and may 
predict or prevent an attack (7). The impli- 
cations of staring have been exploited by 
various species through the evolution of 
protective "eyespot" markings (8). Initially, 
we observed that infant rhesus monkeys 

(Macaca mulatta) briefly separated from their 
mothers dramatically alter their behavior 
when they detect a human intruder and that 
their behavioral responses differ greatly, de- 
pending on whether the intruder stares at 
the infant or averts his gaze. We then found 
selective regulation of these different behav- 
ioral patterns by the infant's opiate and 
benzodiazepine systems. 

To characterize these behaviors, we tested 
11 infant monkeys (8 females and 3 males, 6 
to 11 months-old) twice, During the first 
test, the infant was separated from its moth- 
er and placed in a cage in a different room. It 
remained alone (Al) for 10 min, while its 
behavior was recorded on videotape. A hu- 
man then entered the room and remained 
motionless 2.5 m from the cage, gazing at 
the wall and presenting his profile to the 
infant. At no time did the human engage the 
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infant in eye contact (NEC). After 10 min, 
the human left the room and the infant 
remained alone (A2) for another 10 min. It 
was then returned to its mother. 

The second test occurred 1 week later and 
was identical to the first, except that when 
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Fig. 1. Behavioral response (mean of three 3-mi 
periods t SE) of 11 infant rhesus monkeys brief- 
ly separated from their mothers (Al and A2), and 
the effects of a human entering and staring at the 
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the human entered the room, he faced the 
cage and continuously stared (ST) at the 
infant. The infant's behavior during each 
10-min test condition was recorded in three 
3-min periods and scored from the video- 
tapes by expert observers (9). As expected, 
when the infants were separated from their 
mothers (Al), they were very active and 
emitted frequent species-specific distress 
calls ("coo" vocalizations). The presence of a 
human and the direction of his gaze made an 
important difference. During ST, the infants 
increased their frequency of cooing 
[F(2,20) = 9.41; P < 0.001] (Fig. 1). Bark- 
ing, an aggressive vocalization, was induced 
by ST but rarely occurred with NEC or 
when the infant was alone [F(2,20) = 9.91; 
P < 0.001]. NEC elicited an insignificant 
increase in crouching (Al, 1.0 ? 0.6 s versus 
NEC, 10.4 ? 7.3 s), but a significant in- 
crease in freezing (remaining motionless, 
except for slow head movements, for at least 
3 s) [F(2,20) = 14.43; P < 0.0002]. These 
behaviors occurred at extremely low levels 
during the Al, A2, and ST periods, although 
during ST there was a general reduction in 
activity. 

The quality of the infant's responses dur- 
ing NEC deserves elaboration. When the 
human entered the room, the infant stopped 
cooing and froze for a time period character- 
istic for each animal. Some animals froze 
almost continuously throughout the 10-min 
exposure. When freezing ceased, the infant 
remained crouched in the same position. 
Eventually it began to locomote-very slow- 
ly at first, its face constantly oriented to the 
intruder; then more rapidly, with less atten- 
tion to the intruder, until it moved freely 

around the cage. It then resumed cooing. 
An infants tendency to freeze appears to 

be a stable characteristic. We tested 12 addi- 
tional rhesus infants (10 males and 2 fe- 
males, 5 to 7 months old) twice in the NEC 
condition with 32 days between tests. There 
was a strong linear relation between the 
amount of freezing in the two tests (slope 
? SE = 1.06 ? 0.11) (Fig. 2). We fol- 
lowed eight of these animals and found that 
this relation persisted 5.5 months later, even 
after eight intervening experiences with the 
paradigm (slope ? SE = 0.91 + 0.22). 

These findings are important because they 
characterize different patterns of defensive 
behavior in the rhesus infant and establish 
features of the intruder to which the animal 
selectively responds. Cooing is activated by 
attachment bond disruption, serving as a 
signal to the mother to help her locate her 
lost infant (4, 10). Barking connotes aggres- 
sion and is specific to the ST condition (11). 
Aggressive displays in the face of inescapable 
danger occur in many species and sometimes 
discourage the attacker (12). The character- 
istic behavior elicited by NEC is freezing. 
This is a comnion response to threatening 
conditions and reduces the likelihood of 
attack in the animal's natural environment. 
This is partially because movement is a 
powerful stimulus for predatory attack (12, 
13). Likewise, behavioral inhibition is a 
typical response of human children con- 
fronted by a stranger. This appears to be a 
stable trait in both species (14). Activation 
of these behaviors in the appropriate context 
is adaptive. However, fearfulness and defen- 
sive responses in the absence of real threat is 
maladaptive and may result in behavioral, 
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Fig. 3. Effects of opiate system alterations on defensive behaviors in 12 infant rhesus monkeys. (A) and 
(B) demonstrate the effects of the NEC condition on freezing (mean ? SE) and the ST condition on 
barking (mean ? SE). Neither morphine (0.1 mg/kg) nor naloxone (1.0 mg/kg) significantly affected 
these behaviors. (C) and (D) show main effects of one drug or the other on the frequency of coos 
(mean + SE) emitted across all test conditions. Morphine reduced the frequency of coos, whereas 
naloxone increased their frequency. **P < 0.01. 
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social, and physiological dysfunction in hu- 
mans. This may begin early in life, since 
children who exhibit extreme behavioral in- 
hibition at 2 years of age are at risk to 
develop fear-related psychopathology (14). 

We next performed neuropharmacologi- 
cal experiments to assess which neurobio- 
logical systems mediate the defensive behav- 
iors induced by the A, NEC, and ST condi- 
tions. Since previous studies suggested that 
opiates play a role in regulating distress 
vocalizations (15, 16), we examined the ef- 
fects of morphine. Either saline (0.9%) or 
morphine sulfate (0.1 mg/kg) was adminis- 
tered intramuscularly to 12 rhesus infants (7 
male, 5 female) immediately after maternal 
separation (17). The infants were tested 
twice with 1 week between tests, counter- 
balancing the order of drug administration. 
The design was modified by including NEC 
and ST conditions in one test. Therefore, 
each infant experienced a 10-min isolation 
pcriod (Al) followed by successive 10-min 
periods of NEC, ST, and A2. 

The effects of this paradigm were similar 
to those in the first experiment: NEC elicit- 
ed freezing, whereas ST induced barking 
and increased the frequency of coos. How- 
ever, we were now able to observe the 
infants' ability to rapidly change behavioral 
patterns. The effects of morphine werc high- 
ly selective, since it reduced cooing 
[F(l, 1 ) = 9.91; P < 0.009] without sig- 
nificantly affecting barking, freezing, or lo- 
comotion (Fig. 3). 

We then administered the opiate antago- 
nist naloxone (1 mg/kg) and observed in- 
creased cooing [F(1,11) = 8.77; P < 0.01) 
without significant change in the other de- 
fensive behaviors (Fig. 3). 

We next assessed the effects of the benzo- 
diazepine diazepam (1.0 mg/kg) on the de- 
fensive behaviors (18, 19). Unlike morphine 
and naloxone, diazepam did not significant- 
ly alter coos. However, it decreased the 
duration of freezing [F(3,33) = 4.10; 
P < 0.01] and crouching [F(3,33) = 3.01; 
P < 0.04] during NEC and reduced the 
amount of slow locomotion that occurred in 
all conditions [F(1,1 1) =8.07; P < 0.02]. 
Barking induced by ST was also decreased 
by diazepam [F(3,33) = 5.17; P < 0.005] 
(Fig. 4). 

These studies demonstrate that infant rhe- 
sus monkeys dramatically change their be- 
havior when a human intrudes into their 
environment. When the human averts his 
gaze, the infant freezes. In contrast, when 
the human stares at the infant, it engages in 
aggressive gestures and vocalizations. Such 
behaviors are associated with fear in other 
species; thus, it is likely that these actions by 
infant rhesus monkeys are defensive and 
represent attempts by the infant to protect 
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itself in a threatening situation. It is note- 
worthy that the infant monitors the direc- 
tion of the intruder's gaze, which it takes as a 
cue to direct its response. 

Interestingly, these different behaviors ap- 
pear to be controlled by different neuro- 
transmitter systems. Thus, manipulations of 
the opiate system affected coo frequency 
without affecting barking induced by ST or 
freezing induced by NEC. If the effects of 
altering the opiate system were mediated 
simply by changes in the infant monkey's 
level of arousal, then barking and freezing 
would decrease with morphine and increase 
with naloxone. This was not the case. Con- 
versely, diazepam reduced barking and 
freezing without significantly affecting coo- 
ing. 

During a period of threat, an animal must 
rapidly alter its defensive strategy as the 
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Fg. 4. The effects of diazepam (1 mg/kg) were 
quite different from those of morphine and nalox- 
one. Diazcpam had no statistically significant 
effect on (A) coos (mean ? SE) but significantly 
reduced the frequency of (B) barks (mean ? SE) 
under ST conditions. D~iazepam also significantly 
reduced behaviors elicited by the NEC condition: 
(C) freezing (mean ? SE) and (0) crouching 
(mean + SE) **1)< 0.01 

parameters of the threat change (20). Our 
findings suggest selective involvement of 
opiate and benzodiazepine systems in medi- 
ating different defensive responses. When a 
primate is threatened, the opiate and benzo- 
diazepine systems may work together to 
orchestrate patterns of defensive behavior 
necessary for survival. Opiate and benzodi- 
azepine systems may also mediate the devel- 
opment of human psychopathology charac- 
terized by excessive or inappropriate fear 
responses. 
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Ethanol Inhibits NMDA-Activated Ion Current in 
Hippocampal Neurons 

DAVID M. LOVINGER,* GEOFFREY WHITE, FORREST F. WEIGHT 

The ion current induced by the glutamate receptor agonist N-methyl-D-aspartate 
(NMDA) in voltage-clamped hippocampal neurons was inhibited by ethanol (EtOH). 
Inhibition increased in a concentration-dependent manner over the range 5 to 50 mM, 
a range that also produces intoxication. The amplitude of the NMDA-activated current 
was reduced 61 percent by 50 mM EtOH; in contrast, this concentration of EtOH 
reduced the amplitude of current activated by the glutamate receptor agonists kainate 
and quisqualate by only 18 and 15 percent, respectively. The potency for inhibition of 
the NMDA-activated current by several alcohols is linearly related to their intoxicating 
potency, suggesting that alcohol-induced inhibition of responses to NMDA receptor 
activation may contribute to the neural and cognitive impairments associated with 
intoxication. 

A LTHOUGH THE COGNITIVE AND BE- 

havioral manifestations of EtOH in- 
toxication are well known, the cellu- 

lar and molecular mechanisms through 
which EtOH produces its actions are poor- 
ly understood. Electrophysiological experi- 
ments have shown that EtOH can alter the 
firing rate or excitability of several types of 
central nervous system (CNS) neurons (1); 
however, voltage-clamp experiments on 
mammalian neurons have not revealed a 
specific membrane ion current that is affect- 
ed by intoxicating concentrations of EtOH. 

Ethanol could produce its effects by alter- 
ing neural excitation. Glutamate appears to 
be the major excitatory neurotransmitter in 
the mammalian CNS (2). Glutamate pro- 
duces its excitatory action through the acti- 
vation of at least three receptor subtypes 
distinguished on the basis of their response 
to the agonists kainate, quisqualate, and N- 
methyl-D-aspartate (2). The NMDA recep- 
tor is thought to be involved in excitatory 
neural phenomena (3), neural plasticity (4), 
cognitive function (5), and certain forms of 
behavior (6). Kainate and quisqualate recep- 
tors, on the other hand, appear to mediate 
fast excitatory synaptic transmission (7). 

We have examined the effect of EtOH on 
ion currents activated by glutamate receptor 
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agonists in voltage-clamped hippocampal 
neurons (8). The effect of EtOH on the ion 
currents induced by the application of 
NMDA, kainate, and quisqualate in voltage- 
clamped hippocampal neurons (9) is illus- 
trated in Fig. 1. The amplitude of the 
NMDA-activated current was greatly re- 
duced in the presence of 50 mM EtOH (Fig. 
1A). Over the concentration range 5 to 100 
mM, EtOH inhibited the response to 
NMDA. The average inhibition by 50 mM 
EtOH was 61 ? 3% (n = 14), and the con- 
centration that produced 50% inhibition 
(IC50) was -30 mM (10). (Reported values 
are mean ? SEM.) The average inhibition 
produced by 100 mM EtOH was 69 ? 6% 
(n = 5), which was not significantly greater 
than the inhibition by 50 mM EtOH 
(P > 0.10, unpaired t test). Inhibition of the 
NMDA-activated current was not observed 
with 2.5 mM EtOH; however, in some 
neurons this concentration increased current 
amplitude. The percent reduction of kain- 
ate- and quisqualate-activated current ampli- 
tude by 50 mM EtOH was considerably less 
than the reduction of NMDA-induced cur- 
rent amplitude at the same EtOH concentra- 
tion (compare Fig. 1, B and C, to Fig. 1A). 
The average inhibition by 50 mM EtOH of 
the kainate-activated current was 18 ? 2% 

(n = 5) and of the quisqualate-activated cur- 
rent was 18 + 2% (n = 5) and of the quis- 
qualate-activated current was 15 ? 2% 
(n = 5). EtOH was less potent in inhibiting 
kainate- and quisqualate-activated currents 
than in inhibiting the NMDA-induced cur- 
rent over a range of EtOH concentrations 
(Fig. 1, B and C). 

Because different alcohols have different 
potencies for producing intoxication (11- 
13), we examined the effect of several alco- 
hols on the NMDA-activated current. 
Methanol (200 mM) (Fig. 2A), 1-butanol 
(10 ml) (Fig. 2B), and isopentanol (0.5 
mM) (Fig. 2C) produced an inhibition of 
the NMDA-activated current comparable to 
the inhibition by 50 mM EtOH (Fig. 1A). 
These data suggest that the alcohols differ in 
their potency for inhibiting the response to 
NMDA. The potency of the alcohols for 
inhibiting the NMDA-activated current was 
further evaluated by examining the effect of 
different concentrations of each of the three 
alcohols on the response to NMDA. Inhibi- 
tion of the NMDA-activated current in- 
creased with increasing concentrations of 
each alcohol, but the threshold for inhibi- 
tion and the IC50 differed among the alco- 
hols (Fig. 2). Methanol (Fig. 2A) was less 
potent than EtOH in inhibiting the 
NMDA-activated current (compare to Fig. 
1A). The threshold for methanol inhibition 
was -25 mM and the IC50 was -117 mM. 
Both 1-butanol and isopentanol were more 
potent than EtOH in their inhibition of the 
NMDA-activated current. The threshold for 
1-butanol (Fig. 2B) inhibition was -0.01 
mM and the IC50 was -1.14 mM. Isopen- 
tanol (Fig. 2C) was the most potent of the 
four alcohols tested, inhibiting the response 
to NMDA with a threshold of -0.001 mAM 
and an IC50 of - 0.32 mM. 
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The Role of the Central Nucleus of the Amygdala in
Mediating Fear and Anxiety in the Primate

Ned H. Kalin,1,2Steven E. Shelton,1and Richard J. Davidson1,2

Departments of1Psychiatry and2Psychology, University of Wisconsin, Madison, Wisconsin 53719

Numerous studies demonstrate that the rhesus monkey is an excellent species with which to investigate mechanisms underlying human
emotion and psychopathology. To examine the role of the central nucleus of the amygdala (CeA) in mediating the behavioral and
physiological responses associated with fear and anxiety, we used rhesus monkeys to assess the effects of excitotoxic lesions of the CeA.
Behavioralandphysiological responsesofninemonkeyswithbilateralCeAdestruction(ranging from46to98%)werecomparedwith five
animals with asymmetric lesions (42Ð86.5% destruction on the most affected side) and with 16 unoperated controls. Results suggest that
similar to rodent species, the primate CeA plays a role in mediating fear- and anxiety-related behavioral and endocrine responses.
Comparedwithcontrolsand theasymmetric-lesiongroup,bilaterally lesionedmonkeysdisplayedsignificantly less fear-relatedbehavior
when exposed to a snake and less freezing behavior when confronted by a human intruder. In addition, bilaterally lesioned monkeys had
decreased levels of CSF corticotrophin-releasing factor (CRF), and both lesioned groups had decreased plasma ACTH concentrations. In
contrast to these findings, patterns of asymmetric frontal brain electrical activity, as assessed by regional scalp EEG, did not significantly
differ between control and lesioned monkeys. These findings suggest that in primates, the CeA is involved in mediating fear- and
anxiety-related behavioral and pituitaryÐadrenal responses as well as in modulating brain CRF activity.

Key words:amygdala; anxiety; corticotropin; fear; primates; central nucleus

Introduction
Rhesus monkeys are an excellent species with which to investigate
mechanisms relevant to human emotion and psychopathology.
Rhesus monkeys and humans share similarities in social and
emotional behavior, and rhesus monkeys express psychopathol-
ogy similar to that observed in humans (Kalin, 1993; Bakshi and
Kalin, 2000). Importantly, both species have a well developed
prefrontal cortex that is highly and reciprocally interconnected
with the amygdala (Amaral et al., 1992; Fuster, 1997), and evi-
dence suggests that these structures are an important part of the
circuitry involved in regulation of emotion in humans (Davidson
et al., 2000). For these reasons, we have been using rhesus mon-
keys to characterize fear- and anxiety-related behavior and phys-
iological responses and to elucidate the brain mechanisms under-
lying these responses.

Numerous studies in rodents, primates, and humans demon-
strate involvement of the amygdala in mediating the emotional,
behavioral, and physiological responses associated with fear and
anxiety (Blanchard and Blanchard, 1972; Aggleton and Passing-
ham, 1981; Meunier et al., 1999; Davis, 2000; LeDoux, 2000;
Davis and Whalen, 2001; Kalin et al., 2001; Amaral, 2002; David-

son, 2002). In addition, altered amygdala activity has been impli-
cated in some types of psychopathology (Drevets and Raichle,
1995; Davidson, 2002; Schwartz et al., 2003a). The amygdala is a
complex structure consisting of numerous subnuclei (Amaral et
al., 1992). Within the amygdala, the central nucleus of the amyg-
dala (CeA) is in a strategic position to mediate many aspects of
fear and anxiety, because CeA neurons project to sites involved in
mediating different aspects of the stress response, including the
hypothalamus, basal forebrain, and brainstem (Amaral et al.,
1992; Davis, 1992). The CeA also receives input from many of
these structures (Amaral et al., 1992). In contrast to the CeA, the
basolateral regions of the amygdala are bidirectionally connected
to the cortex, including orbitofrontal and ventromedial regions
(Amaral et al., 1992). Extensive studies in rodents have examined
the functional contributions of specific amygdala nuclei and
demonstrate a role of the CeA in mediating various behavioral
and physiological responses elicited by exposure to conditioned
and unconditioned stimuli (Davis, 1992). However, very few
studies have been performed in primates that have attempted to
parse the functions of the amygdala subnuclei (Aggleton and
Passingham, 1981). Until recently, amygdala lesion studies in
nonhuman primates that have assessed effects on emotion have
used large nonselective lesions (Kluver and Bucy, 1939) or meth-
ods that have destroyed neurons as well as fibers of passage
(Weiskrantz, 1956; Aggleton and Passingham, 1981; Zola-
Morgan et al., 1991; Kling and Brothers, 1992). More recent stud-
ies using excitotoxic lesions demonstrate a more subtle role of the
primate amygdala in mediating emotion, learning, and behavior
(Murray and Mishkin, 1998; Meunier et al., 1999; Emery et al.,
2001; Kalin et al., 2001).

Received Jan. 26, 2004; revised April 29, 2004; accepted May 3, 2004.
This work was supported by The HealthEmotions Research Institute and Meriter Hospital Grants MH46729,

MH52354,andMH61083.WethankH.VanValkenberg,K.Lee,K.Tietz,J.Droster,M.Grimes,T.Johnson,J.King,and
the staff at the Harlow Center for Biological Psychology and the National Primate Research Center at the University
of Wisconsin for their technical support and Dr. David Amaral for providing his expertise in defining the CeA.

Correspondence should be addressed to Ned H. Kalin, University of Wisconsin, Department of Psychiatry, 6001
Research Park Boulevard, Madison, WI 53719. E-mail: nkalin@wisc.edu.

DOI:10.1523/JNEUROSCI.0292-04.2004
Copyright © 2004 Society for Neuroscience 0270-6474/04/245506-10$15.00/0

5506¥The Journal of Neuroscience, June 16, 2004¥24(24):5506Ð5515



In previous work, we described the adaptive behavioral and
physiological responses that are associated with fear and anxiety
in rhesus monkeys (Kalin, 1993; Kalin et al., 1998). We found that
dispositionally anxious monkeys not only engage in more intense
anxiety-like behavior but also have increased basal plasma levels
of the stress hormone cortisol (Kalin et al., 1998), increased CSF
concentrations of the anxiogenic peptide CRF (Kalin et al., 2000),
and extreme asymmetric right frontal brain electrical activity as
assessed by EEG (Kalin et al., 1998). We suggested that when
extreme, these characteristics define an anxious endophenotype,
which we propose is analogous to the description of extremely
shy and inhibited children that are at risk to develop anxiety
disorders (Kagan et al., 1988; Kalin and Shelton, 1989; Biederman
et al., 1993; Schwartz et al., 2003b). In an initial study in rhesus
monkeys, we assessed the effects of large ibotenic acid lesions of
the amygdala on the behavioral and physiological parameters
relevant to the anxious endophenotype (Kalin et al., 2001). The
current study extends our previous work by making small selec-
tive lesions in the CeA region of adolescent monkeys to examine
the extent to which the CeA mediates many of these responses.
We focused on adolescence, because in humans it is a period of
emergence of affective and anxiety disorders and our ultimate
goal is to provide insight into the developmental issues related to
the onset of these disorders.

Materials and Methods
Experimental subjects.Rhesus monkeys (Macaca mulatta) were used as
experimental subjects. The animals were housed at the Harlow Primate
Laboratory and at the Wisconsin National Primate Research Center.
Animal housing and experimental procedures were in accordance with
institutional guidelines. Eighteen males underwent lesioning procedures
at an average age of 34.9 months. Sixteen unoperated male controls were
used for comparison and at the beginning of the study were on average
34.6 months of age.

Central nucleus amygdala lesions.Because of the large variability in
skull and brain size in rhesus monkeys, attempts to produce stereotaxic
lesions in monkeys with no guidance other than standard atlases were
subject to substantial inaccuracy. The method for producing CeA lesions
was adapted from methods described previously (Amaral and Price,
1983; Murray and Mishkin, 1998). All surgical procedures were per-
formed under strict aseptic conditions and deep anesthesia. Landmarks
were established by stereotactically implanting two 3 mm glass beads
filled with a 3% solution of copper sulfate [which is hyperintense in T1
(timing one)-weighted magnetic resonance imagings (MRIs)] into shal-
low indentations in the skull. The beads were placed 8 and 12 mm lateral
to the midline and 12 and 16 mm anterior to the intra-aural line. This
placed them in an area above the amygdala. The beads were held in place
with dental acrylic. At least 2 d after the beads were implanted, the subject
was brought to the magnetic resonance (MR) imager. Under anesthesia
(15 mg/kg ketamine and 0.1 mg/kg xylazine, i.m.), the monkey was
placed in a plastic replica of a David Kopf Instruments (Tujunga, CA)
stereotaxic apparatus that was positioned in the head coil. Using a 1.5
tesla GE Signa (Waukesha, WI) scanner, the brain was initially imaged in
the coronal plane to verify its symmetric alignment to the stereotaxic
apparatus and the scanner. The animal was then scanned in the sagittal
plane to show the relationship of the beads to each coronal slice. For the
coronal scan, a three-dimensional (3D) fast-spoiled gradient pulse
(FSPG) sequence (3D/FSPGR/20) was used with a repetition rate of 9.4,
a fractional echo time of 2.1/fractional, one echo, a receiver bandwidth of
15.6 kHz, an inversion time of 400, and a 20� 15 field of view, using
256 � 224/4 excitations to create 60 contiguous 1 mm coronal brain
images.

Measurements of the amygdala were made by laying a 1 mmmatrix
over the coronal MR image and centering it on the midline of the brain.
The mediolateral, dorsoventral, and anteroposterior location of the CeA
in relation to the bead was determined from the MR images. These mea-

surements were used to plan the stereotactic coordinates for the ibotenic
acid injections.

Animals were returned to the surgical suite for the lesioning proce-
dure. Prophylactic doses of the antibiotic cefazolin (20 mg/kg, i.m.) were
given before surgery. The animals were preanesthetized with ketamine
HCl (10 mg/kg), fitted with an endotracheal tube, and placed on isoflu-
orane gas anesthesia. Heart rate, electrocardiogram, SPO2, rectal temper-
ature, SPCO2, and respiration were monitored throughout the surgical
procedure. Using standard aseptic surgical techniques, the animals were
mounted in a stereotaxic apparatus (David Kopf Instruments). The skull
was exposed, and the skull opening was made above the intended lesion
site as determined from the MRI procedure.

Between 2 and 10 injections of 1� l ibotenic acid (1 mg of ibotenic acid
hydrate/100� l of PBS) were made to lesion the CeA. Ibotenic acid is a
neurotoxin derived fromAmanita (BioSearch Technologies, San Ra-
phael, CA). Injections were made simultaneously bilaterally using a 10� l
syringe (Hamilton, Reno, NV) at a rate of 0.2� l/min. A similar technique
has been used previously to completely eliminate the amygdaloid com-
plex while producing little damage to surrounding structures (Kalin et
al., 2001). To control brain swelling, mannitol (1.5–2.0 gm/kg) was ad-
ministered intravenously over 30 min during surgery.

After the ibotenic acid injections were made, the midline wound was
sutured and the animal recovered from anesthesia. To ease postsurgical
discomfort, a 0.01 mg/kg intramuscular dose of buprenorphine was
given. After surgery, a 2 mg/kg intramuscular injection of dexametha-
sone was given as needed to control brain swelling. Antibiotics, steroids,
and analgesics were administered after surgery as needed.

Lesion verification.Lesioned animals were humanely killed using
methods consistent with the recommendations of the Panel on Euthana-
sia of the American Veterinary Medical Association. An overdose of pen-
tobarbital was given intravenously, and the animals were perfused with
heparinized PBS followed by 4% paraformaldehyde. The brains were
removed and histologically processed. The brain slab containing the vol-
ume of interest was cryoprotected in 2% DMSO and 20% glycerol for
12–18 hr, encased in a gelatin matrix after hardening in 10% buffered
formalin, and then freeze-sectioned at 40� m. Every sixth section (240
� m) was collected in standard phosphate-buffered 10% formalin. These
sections were mounted on 2� 3 inch glass slides, air dried, and stained
for Nissl substance with thionine. To assess lesion-induced glial infiltra-
tion and to help define the boundaries of the CeA lesion, a matched set of
coronal slices was stained with glial fibrillary acidic protein (GFAP).
From an unoperated animal, Dr. David Amaral (University of California
Davis, Davis, CA), a leading expert in macaque amygdala anatomy, de-
fined the boundaries of the CeA in the 14 consecutive sections containing
the CeA (Amaral et al., 1992). Figure 1b shows 2 of the 14 coronal slices
defining the boundaries of the CeA. The 14 sections throughout the
extent of the CeA were used as templates on which the damage observed
in matched sections from each lesioned animal was superimposed. Using
NIH Image 1.63, the pixels shared by the lesion and the control CeA
template were used to calculate the percentage of CeA destruction. To
assess damage collateral to the CeA, sections were examined anteriorly
and posteriorly to the region containing the CeA throughout the tempo-
ral lobe. On the basis of this examination, the amount of damage to the
medial amygdala nuclei (medial and cortical nuclei); lateral, basal, and
accessory basal nuclei; and basal forebrain (substantia innominata and
nucleus basalis) was estimated.

Threat-related anxiety and defensive behaviors.To assess threat-related
anxiety and different defensive behaviors, animals were first placed alone
in an isolated cage, 79 cm wide� 76 cm high� 71 cm deep. The alone
(A) condition lasted for the first 9 min during which the animal was
placed in a cage by itself. During the next 9 min, a human entered the
room and presented her profile to the animal, standing 2.5 m from the
cage while avoiding any eye contact with the animal [no eye contact
(NEC) condition]. The human then left the room for 3 min, reentered
the room, and for 9 min remained motionless 2.5 m from the cage while
staring, with a neutral face, directly at the animal [stare (ST) condition].
Behavior and vocalizations were recorded on videotape (Kalin and
Shelton, 1989).

The behavioral ratings were encoded into the computer from video-
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tapes by an experienced rater who was unaware of the treatment condi-
tions. Using a computer-based behavioral scoring system, operationally
defined behavior categories were entered as they occurred. Frequency
and duration of individual behaviors were then calculated (Kalin et al.,
2001). Definitions of the key behaviors are asfollows: locomotion, ambu-
lation of one or more full steps at any speed; freezing, a period of at least 3 sec
characterized by tense body posture without vocalizations and movement,
other thanslowmovementsof thehead;experimenterorient,anynonhostile
orienting behavior to the experimenter; experimenter hostility, any hostile
behaviors directed at the intruder, such as barking, head bobbing, and ear
flapping; coo, vocalization made by rounding and pursing the lips with an
increase and then a decrease in frequency and intensity; bark, vocalization
made by forcing air through vocal chords from the abdomen, producing a
short, rasping, low-frequency sound.

Assessing snake fear.This method has been used previously to detect
snake fear (Kalin et al., 2001; Nelson et al., 2003). Subjects were adapted
to the Wisconsin General Testing Apparatus (WGTA) test cage for 1 hr
on the first day. During the next 3 consecutive days of adaptation, ani-
mals were given seven each of the following food items: chocolate chips,
small candy-coated chocolate pieces, loop-shaped fruit-flavored cereal,
cocktail peanut halves, and raisins. These food items were placed ran-
domly on top of the clear plastic stimulus presentation box (57.2 cm
wide � 22.1 cm long� 6.5 cm high). Subjects remained in the test
environment until either all 35 rewards were consumed or 1 hr had
elapsed. If animals failed to retrieve a food, a new food item was substi-
tuted the following day. The order of retrieval of each food item was
recorded to determine the two most preferred for each subject. These
preferred items were used as rewards during subsequent testing.

On day 5 of adaptation, monkeys were presented with their two most
preferred foods on top of the stimulus presentation box. This was done
by opening the WGTA window for 60 sec (24 times, with a 45 sec interval
between presentations). Food choices were presented in a random order,
with each subject’s preferred food randomly alternating between the left
and right side of the stimulus presentation box. Each subject was required
to choose at least one food item from the top of the stimulus presentation
box within the allotted 60 sec. This criterion had to be met on at least 20
of the 24 presentations. If necessary, the number of adaptation days was
increased until this criterion was achieved.

For testing, subjects were randomly presented with their two most
preferred foods placed in the center on the left and right side of the clear
plastic stimulus presentation box. The box contained one of four stimuli:
(1) nothing (i.e., the box was empty), (2) tape (an 8.8-cm-diameter roll of
blue masking tape), (3) fake snake (a curled black rubber snake 120 cm in
length), and (4) live snake [a northern pine snake (Pithucus melanoleu-
cusi)]. Each stimulus was presented six times during the test in a pseudo-
random order. The real snake stimulus wasneverpresentedduring the first
five trials of the first testing day, and no item from either the snake or the
nonsnake stimulus category was presented for more than three consecutive
trials.The tapeandrubbersnakewerealwayspositioned in thesame location
inside the box; the live snake was free to move. Each monkey received the
same pseudo-random order of stimuli. Each trial lasted 60 sec, regardless of
the subject’s response, and the intertrial interval was 45 sec. Latency for the
animal’s first treat retrieval was used for analysis.

Hormonal sampling and stress exposure.Basal hormonal status and
response to stress were evaluated for each animal twice, at least 1 week
apart. This was accomplished by obtaining a 7 mlblood sample imme-
diately before and after 30 min of stress exposure, which consisted of 10
min of restraint followed by 20 min of confinement in a transport cage.
All samples were collected between 8:00 and 9:30 A.M. to control for
circadian variability of the hormones. CSF was immediately collected
after the second stress blood sample was obtained. After administration
of ketamine HCl (15 mg/kg, i.m.), 3 ml of CSF were obtained by percu-
taneously puncturing the cisterna magna. CSF samples were immediately
frozen on dry ice, maintained at� 70°C, and then analyzed for concen-
tration of CRF.

Cortisol, ACTH, and CRF measurement.Plasma was immediately sep-
arated from whole blood by centrifugation at 4°C and frozen at� 70°C
until assayed. Cortisol was measured in plasma samples using an enzyme
immunoassay kit (Diagnostic Systems Laboratories, Webster, TX). The

intra-assay coefficient of variation (CV)% is 6.1%, and the interassay
CV% is 6.3%. The detection limit for this assay is 0.125 ng. ACTH was
measured using a radioimmunoassay (RIA; Nichols Institute Diagnos-
tics, San Clemente, CA). The intra-assay CV% is 2.2%, and the interassay
CV% is 7.2%. The detection limit of the assay is 1.0 pg.

Assays for CRF were accomplished by RIA using an antiserum (IgG
Corp., Nashville, TN) developed inrabbits against CRF coupled to human
� -globulins with bisdiazotized benzidine. The antiserum is directed against
the N-terminal portion of the intact peptide and has the following molar
cross-reactivities: hCRF[1–41], 100%; hCRF[Met(o)21,38], 100%;
hCRF[6–33], 1%; hCRF[21–41], 0.1%; hCRF[28–41], � 0.1%; and
hCRF[38–41],� 0.1%. It does not cross-react with ACTH,� -MSH,� -lipo-
tropin, � -lipotropin, or � -endorphin. The detection limit was 0.89 pg. The
intra-assay and interassay CV% were 6.1 and 10.2%.

Frontal brain electrical asymmetry assessed with EEG.While the animals
were manually restrained, 10 mm gold disk electrodes for recording EEG
were attached to the central, left frontal, and right frontal sites, as well as
left and right parietal sites according to the international 10/20 system.
Additional electrodes were placed on the left and right mastoids (A1, A2).
All EEG electrodes and A2 were recorded with reference to A1, although
EEG signals were analyzed after being rereferenced to a computed aver-
aged mastoid value. All electrode impedances were� 5 k� . EEG was
amplified using bioamplifiers (James Long Co., Caroga Lake, NY).

Electrodes were attached to the shaved skin after cleaning and abrad-
ing with a mild abrasive skin-prepping paste. A drop of conductive cream
was added to the electrodes, and this cream also held the electrodes in
place. All EEG measures were recorded and stored digitally according to
methods described previously (Davidson et al., 1992).

Twenty-five and 50 mV sine waves were digitized on each channel
both before and after data acquisition to calibrate the recorded EEG.
Power spectral analysis was performed using Welch’s method (Welch,
1967) on all of the data selected in overlapping (50%) 1 sec chunks that
were passed through a Hamming window to minimize end effects. Spec-
tral power estimates (� V2/Hz) for the five bands (1–4, 4–8, 8–12, and
13–30 Hz) were averaged across chunks within stages of vigilance. The
4–8 Hz band was chosen because robust lateralized changes have been
seen in rhesus monkeys given diazepam (Davidson et al., 1992). Power
density measurements were normalized by log transformation. The di-
rection and magnitude of asymmetry were expressed as the log-
transformed power density of an electrode position on the right side of
the head minus the log-transformed power density of the corresponding
electrode on the left side of the head. Positive asymmetry scores mean
greater left-sided activation. ANOVAs were performed on frontal and
parietal asymmetry scores, comparing different treatments.

Statistical analysis.Repeated-measures ANOVA was used to compare
the two CeA-lesioned and control groups. Allpost hoccomparisons were
made using Duncan multiple range tests. Data that were not normally
distributed were transformed by using a square root transformation for
frequency data and a log (X � 1) transformation for duration data.

Results
Extent of the lesions in the CeA region
Figure 1,a andb, displays thionine- and GFAP-stained sections
from one of the lesioned animals. On the basis of lesion size and
the extent to which the lesions were unilateral or bilateral, the
animals were divided into a bilateral (Fig. 2a) and an asymmetric,
predominantly unilateral (Fig. 2b) group. Nine animals were
placed in the bilateral group, having bilateral CeA destruction
ranging from 46 to 98% with a mean of 68.7% total damage. Five
animals constituted the asymmetric group. These animals had a
mean of 63.8% destruction on the most affected side (range,
42–86.5%) with at least two times as much destruction on the
most compared with the least affected side. The mean volume of
bilateral CeA damage in the asymmetric group was 36.7%. Two
of the operated animals had minimal amounts of CeA damage on
either side and therefore were dropped from the analyses.

All 14 animals had some damage that was collateral to the
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Figure 1. a, Coronal sections through the amygdala demonstrating the boundaries of the CeA. The CeA is located in the dorsal amygdala and is outlined to the left.b, Coronal sections from an
intact and an ibotenic acid-lesioned animal demonstrate the boundaries of the CeA and the extent of a lesion. The top row displays coronal sections from the left hemisphere through the middle of
the amygdala. The hemisected brain at the far left shows the region, in blue, from which the magnified coronal sections were taken. The CeA is depicted in yellow. The first two magnified coronal
sections are Nissl stained, and the last two sections are stained with GFAP. The CeA is outlined in the intact sections, whereas in the lesioned sections, arrows indicate the boundaries of the lesion.
The middle row displays comparable sections through the posterior amygdala. The bottom row of the figure shows the neuronal loss and glial infiltration in the lesioned compared with the intact
CeA (400� magnification). At the far left, the CeA is depicted in yellow, and the area from which the magnified sections were selected is displayed in red.
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CeA. Very limited amounts of damage occurred in the lateral,
basal, and accessory basal nuclei, and almost no damage was
found posterior to the CeA. The range and mean amount of
damage for lateral, basal, and accessory basal nuclei were as fol-
lows: lateral (mean, 10.4%; range, 0–30%), basal (mean, 14.6%;
range, 0–50%), and accessory basal (mean, 3.9%; range, 0–10%).
However, greater amounts of damage occurred in the basal fore-
brain (substantia innominata and nucleus basalis of Meynert)
and the medial amygdala nuclei (medial and cortical). As shown
in Figure 2,a and b, and as described in Table 1, three of nine
animals in the bilateral CeA group had� 25% bilateral damage to
the medial nuclei, and seven of nine animals in this group had
� 25% bilateral damage to the basal forebrain. Four of these an-
imals had� 50% bilateral damage to the basal forebrain. In the
five asymmetric CeA-lesioned animals, two of five animals had

� 25% unilateral damage to the medial nuclei, and four of five
animals had� 25% damage to the basal forebrain. In two of
these animals, the damage was bilateral. Correlational analyses
were performed within animals to assess the relationships
among amounts of damage in the CeA, basal forebrain, and
medial nuclei. Results revealed that CeA and basal forebrain
damage was significantly correlated (r � 0.69;p � 0.005), CeA
and medial nuclei damage was not significantly correlated
(r � 0.30;p � 0.05), and basal forebrain and medial nuclei
damage was significantly correlated (r � 0.71;p � 0.005).

Behavioral effects of the lesions
Threat-related anxiety and defensive behaviors
Using the human intruder paradigm with three different condi-
tions (A, NEC, and ST) that elicit different anxiety-related defen-

Figure2. Fourcoronalsectionsthroughtheanterior toposteriorextentof theCeAaredisplayedshowingtheamountofCeAdamageinbilateral-lesion(a)andasymmetric-lesion(b)groups.The
intactCeAisdepicted inblue, theareaof the total lesion isdisplayed inyellow,andtheCeAregion that is lesioned isdepicted ingreen.Thesesectionsareasubsetof the14coronalslices thatcontain
the CeA and that were used to define the percentage of CeA damage. The percentage destruction of CeA in each hemisphere and the total amount of CeA destruction are noted for each animal.
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sive responses, we examined the effects of the lesions on coo and
bark vocalizations, freezing behavior, experimenter orient, and
defensive hostility. These behaviors were selected because they
are the predominant adaptive responses that occur in the A (coo),
NEC (freezing, experimenter orient), and ST (bark, defensive
hostility) conditions. Using a between-group (control, asymmet-
ric, and bilateral lesion) ANOVA with condition (A, NEC, and
ST) as the repeated measure, we found significant main effects for
condition for all of these behaviors. As expected, compared with
the other conditions, significantly more coos occurred during A
(F � 9.751; df 2, 54;p � 0.0002) and significantly more barks
occurred during ST (F � 11.697; df 2, 54;p � 0.0001). The NEC
condition was associated with significantly more freezing (F �
64.024; df 2, 54;p � 0.0001) and experimenter orient (F� 16.90;
df 1, 27;p � 0.0003). Significantly more defensive hostility oc-
curred during ST (F � 94.49; df 1, 27;p � 0.0001). Defensive

hostility and experimenter orient were an-
alyzed only for the conditions during which
the intruder was present (NEC and ST).

The lesions were found to only signifi-
cantly affect coo vocalizations and freezing
duration. Compared with the controls,
coos were increased in the bilateral- and
asymmetric-lesion groups (F� 3.635; df 2,
27;p � 0.04). Figure 3 demonstrates that
the bilateral-lesion group engaged in signif-
icantly less freezing behavior compared
with the controls and the asymmetric-
lesion group (F � 4.330; df 2, 27;p �
0.023). The mean level of freezing across all
conditions was 60.8� 8.96 and 37.2� 7.87
sec in the control and asymmetric groups,
respectively compared with 24.2� 4.93 sec
in the bilateral group. No significant condi-
tion by lesion effects were observed for
these behaviors.

Snake fear
The magnitude of snake fear was assessed
using the monkeys’ latency to reach for a
treat in the presence of the snake, with
longer latencies being associated with in-
creased fearfulness. This analysis compared
16 control, 8 bilateral, and 5 asymmetric
animals. Only eight animals were in the bi-
lateral group, because one animal was killed
before snake-fear testing to verify the le-
sioning method. Using a between-groups
(control, bilateral, and asymmetric lesion)
ANOVA with object (snake, fake snake,
tape, and nothing) and trial (1–6) as the
repeated measures, a main effect of object
was observed, such that across all groups
the longest latency to reach occurred in the
real-snake condition followed by the fake-
snake condition, the tape condition, and
the nothing condition (F � 21.41; df 3,78;
p� 0.0001). Figure 4 demonstrates a signif-
icant object by lesion interaction (F� 2.88;
df 6, 78;p � 0.014). The latencies to reach
in the real-snake condition were signifi-
cantly less in the bilateral compared with
the control and asymmetric groups. In the
fake-snake condition, the latency to reach

for the bilateral lesion group was significantly less than that for
the control group. In contrast to the control and asymmetric
lesion groups, in the bilateral lesion group the latency to reach
during the snake conditions was not significantly greater than the
tape and nothing conditions. The latency to reach in the presence
of the tape and when no object was present did not significantly
differ among the groups.

Effects of the lesions on the pituitary–adrenal system, CSF
CRF, and EEG asymmetry
Using a between-groups (control, bilateral, and asymmetric le-
sion) ANOVA with test (1 and 2) and condition (baseline, stress)
as the repeated measures, main effects of stress were observed for
plasma cortisol (F � 311.95; df 1, 27;p � 0.0001) and ACTH
concentrations (F � 76.20; df 1, 27;p � 0.0001), with stress

Figure 2. Continued.
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inducing large increases in the concentrations of these hormones.
Although no lesion or stress by lesion interactions were found for
cortisol, a regression analysis revealed that the mean amount of
amygdala damage was negatively correlated with baseline (r �
� 0.55;p � 0.025) and stress-induced (r � � 0.58;p � 0.025)
cortisol concentrations in the 14 lesioned animals. Analysis of the
ACTH data revealed a main effect of lesion and no stress by lesion
interaction. Figure 5a demonstrates that comparedwith con-
trols, ACTH concentrations were decreased in the bilateral-
and asymmetric-lesion groups (F � 3.629; df 2, 27;p � 0.04).

A main effect of lesion was also observed for CSF CRF con-
centrations (F � 3.30; df 2, 27;p � 0.052). As can be seen in
Figure 5b, CSF CRF concentrations were reduced in the bilateral-
lesion group compared with the asymmetric-lesion and control
groups.

ANOVA of the asymmetric frontal EEG activity revealed no

significant differences among the groups. The mean asymmetry
score for the bilateral group was� 0.09, the asymmetric group
was� 0.03, and the control group was� 0.01 (F � 1.27; df 2,26;
p � 0.297).

Discussion
These findings demonstrate involvement of the primate CeA re-
gion in mediating threat-related anxiety and acute fear-related
behavioral and hormonal responses. In addition to reducing
snake fear and pituitary–adrenal activity, the CeA lesions resulted
in decreased expression of threat-induced freezing and reduced
CSF CRF concentrations. It appears that some of the character-
istics that we previously considered to be part of the anxious
endophenotype (Kalin and Shelton, 1989; Kalin et al., 1998,
2000) are modulated by the CeA. Because it was impossible to
lesion the CeA without affecting the basal forebrain and medial

Figure 2. Continued.
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amygdala nuclei, it is feasible that the damage to these regions
could be contributing to the effects. Subjects 7 and 8 in the bilat-
eral group had little basal forebrain damage (Table 1). Compared
with the other bilaterally lesioned animals with more extensive
basal forebrain damage, these two animals had the second and
fifth lowest freezing scores and had similarly low fear responses to
the snake. This suggests that the blunted fear responses observed
in the bilateral animals are likely caused by CeA damage and not
damage to the basal forebrain. It is important to keep in mind
that the findings from this study were obtained from adolescent
monkeys. Although there is no apparent reason to believe that
these findings are not generalizable to adult monkeys, the possi-
bility exists and should be considered.

Neuroanatomical studies in rodents and primates demon-
strate that the CeA is connected to other key brain regions that
allow it to mediate many aspects of the stress response as well as of
fear and anxiety (Amaral et al., 1992; Davis, 2000). Within the
amygdala, the CeA receives input from the basolateral regions
and sends efferents to several subcortical sites involved in medi-
ating the stress response; many of these sites then send projec-
tions back to the CeA. These include the ventral tegmental area,
locus ceruleus, parabrachial nucleus, trigeminal nucleus, periaq-
ueductal gray, paraventricular nucleus (PVN), lateral hypothala-

mus, substantia innominata, bed nucleus of the stria terminalis,
and nucleus basalis of Meynert (LeDoux et al., 1988; Amaral et al.,
1992; Davis, 2000). Numerous studies in rodents and other
subprimate species using CeA lesions and reversible inactivation
strategies demonstrate involvement of the CeA in innate and
learned behavioral and physiological responses to aversive stim-
uli (Kapp et al., 1979; Beaulieu et al., 1987; Davis et al., 1994;
Campeau and Davis, 1995; Walker and Davis, 1997; Davis, 2000;
LeDoux, 2000). Despite the wealth of knowledge from these stud-
ies, there are no reports assessing the effects of selective CeA
lesions in primates.

In the present study, we found that bilaterally lesioning the
CeA region resulted in a reduction in freezing behavior occurring
in the human intruder paradigm. This is of interest because freez-
ing is an adaptive defensive response that reflects an underlying
state of anxiety, and we have suggested previously that freezing in
monkeys is similar to human behavioral inhibition (Kalin and
Shelton, 1989). Many (Davis, 2000) but not all (Killcross et al.,
1997) studies in rodents also demonstrate that CeA lesions de-
crease freezing behavior. Also, in a previous study we failed to
demonstrate an effect of large, near total, ibotenic acid amygdala
lesions on monkeys’ freezing behavior (Kalin et al., 2001). The
difference between this finding in our initial and current study
cannot be explained by differences in the amount of CeA damage,
because most of the monkeys in the first study had CeA damage
comparable with that of the monkeys in the present study. Also,

Figure 3. Effects of CeA lesions on freezing duration in the human intruder paradigm. For
analysis, the data were transformed to achieve normality (F� 4.330; df 2, 27;p� 0.023).
Duncanpost hoctest: **p� 0.01 differs from all groups.

Figure4. EffectsofCeAlesionsonsnakefearasdeterminedbythemonkeysÕlatencytoreach
for a treat in the presence of snake stimuli compared with a neutral stimulus and no stimulus.
Theobjectby lesion interactionwassignificant (F� 2.88;df6,78;p� 0.014).Duncanposthoc
test: **p� 0.01 differs from bilateral group.

Figure5. EffectsofCeAlesionsonplasmaACTHconcentrations(a) (F� 3.629;df2,27;p�
0.04) and CSF CRF concentrations (b) (F� 3.30; df 2, 27;p� 0.052). Duncanpost hoctest:
*p� 0.05, bilateral group differs from control group; **p� 0.01, control differs from other
groups.

Table 1. Percentage of destruction of the CeA, medial nuclei (MN), and basal
forebrain (BF) for the 14 lesioned animals

Percentageofdestruction foreachregion is indicatedasfollows:� ,nodestruction;� ,up to25%;�� ,26Ð50%;
��� , 51Ð75%;���� , 76Ð100%.
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in both studies, there were similar amounts of damage dorsal to
the amygdala in basal forebrain structures. One difference be-
tween the studies is that in the large lesion study, monkeys were
pretested in the human intruder paradigm before surgery. Pre-
testing did not occur in the present study. In the past, we observed
a small reduction in freezing duration from the first to subse-
quent exposures to the human intruder paradigm. Therefore, it is
possible that pre-exposure resulted in some degree of habitua-
tion. Because the amygdala robustly responds to novelty
(Whalen, 1998; Davis and Whalen, 2001; Schwartz et al., 2003a)
and because its activity has been shown to rapidly habituate (Bre-
iter et al., 1996; Fischer et al., 2003), it is possible that the amyg-
dala mediates the novel component of freezing behavior that
rapidly habituates. Thus, in the first study, if the novel compo-
nent of freezing had habituated before lesioning, an effect of the
lesion might not have been detected. It is also possible that selec-
tive CeA lesions have effects other than those of larger amygdala
lesions that, in addition to the CeA, involve the basal, accessory
basal, and lateral nuclei. If this were the case, it would suggest that
a much more complicated functional relationship exists among
the CeA, other amygdala nuclei, and extra-amygdala sites that are
involved in mediating freezing behavior.

In addition to freezing behavior, the CeA lesions affected coo
calls such that an increase in cooing occurred across all human
intruder conditions in both the asymmetric- and bilateral-lesion
groups. Coos function as a call for help and occur with greatest
frequency in the alone and stare conditions (Kalin and Shelton,
1989). In contrast to the effect on coos, the lesions were without
significant effects on bark vocalizations. Barks are aggressive and
occur with greatest frequency in the stare condition. The lesions
also did not significantly affect the amount of time the monkeys
engaged in defensive hostility or orienting behavior directed to-
ward the intruder. However, because of the incomplete nature of
the lesions, caution should be used in interpreting these negative
findings.

Consistent with our previous large amygdala lesion study and
with findings from other laboratories (Meunier et al., 1999; Kalin
et al., 2001), we found that bilateral CeA lesions decreased snake
fear. Compared with control and asymmetrically lesioned mon-
keys, monkeys with bilateral CeA lesions demonstrated a de-
creased latency to reach for a treat in the presence of the real and
fake snake. Latencies to reach for the treat in the presence of the
roll of tape or in the nothing condition did not significantly differ
in monkeys with bilateral lesions compared with controls and
asymmetrically lesioned animals.

The data also revealed that the lesions affected the pituitary–
adrenal system. Although group effects were not observed for
cortisol, there were significant negative correlations between CeA
lesion size and basal and stress-induced cortisol concentrations.
ACTH concentrations were significantly decreased in both the
bilaterally and the asymmetrically lesioned animals. Because
ACTH concentrations were reduced across both baseline and
stress conditions, it is likely that the lesions resulted in an overall
reduction in pituitary–adrenal activity. Studies in rodents also
demonstrate that CeA lesions blunt stress-induced ACTH secre-
tion (Beaulieu et al., 1987; Prewitt and Herman, 1994). To be
confident in the apparent lack of group effect of the lesions on
cortisol concentrations, more frequent blood sampling should be
performed, because the pituitary–adrenal system is dynamic and
ACTH and cortisol concentrations can rapidly fluctuate.

CRF is a peptide that is found in the PVN of the hypothalamus
and plays a major role in regulating activity of the pituitary–
adrenal system. CRF is also found in extrahypothalamic brain

regions, including the cortex, limbic structures, and brainstem
(Sawchenko et al., 1993). In these regions, CRF has been impli-
cated in mediating the behavioral, emotional, and autonomic
aspects of the stress response. A wealth of preclinical data dem-
onstrate that CRF is anxiogenic and that some of its effects are
mediated in the amygdala (Bakshi et al., 2002). Furthermore,
studies from depressed humans demonstrate increased CSF CRF
concentrations, implicating overactivity of the CRF system in
mediating affective psychopathology (Arborelius et al., 1999).
Studies in nonhuman primates demonstrate that higher levels of
CSF CRF are associated with increased anxiety, as indexed by
increased freezing behavior (Kalin et al., 2000), and we have sug-
gested previously that increased CSF CRF concentrations occur
as part of the anxious endophenotype (Kalin et al., 2000). In the
present study, we found that the bilateral lesions resulted in de-
creased CSF CRF concentrations. The dynamics affecting CSF
CRF concentrations have been studied extensively. Work from
our laboratory, in monkeys, suggested that the origin of CRF in
CSF is not from the PVN but rather from other extrahypotha-
lamic sites (Kalin et al., 1987). Because CRF is found in the CeA,
the possibility exists that the reduced CSF concentrations occur-
ring in the bilateral-lesion group are directly attributable to
lesion-induced death of CRF-containing neurons. Alternatively,
overall reductions in anxiety and decreased activation of CeA
projection sites containing CRF could account for the finding.

Finally, consistent with our previous large amygdala lesion
study, the CeA lesions were without significant effect on patterns
of asymmetric frontal brain electrical activity (Kalin et al., 2001).
Because asymmetric right frontal activity is associated with neg-
ative affect and increased cortisol in humans (Davidson et al.,
2000; Buss et al., 2003) and increased anxiety-related responses,
increased pituitary–adrenal activity, and increased CSF CRF con-
centrations in monkeys (Kalin et al., 1998, 2000), it might be
expected that amygdala lesions would shift the activity from the
right to the left hemisphere. Furthermore, we demonstrated pre-
viously in monkeys that administration of the anxiolytic agent
diazepam results in a shift in activity from right to left frontal
asymmetry (Davidson et al., 1992). The finding of a lack of effect
of the lesions suggests that this electrophysiological indicator of
prefrontal activity and emotional disposition is not dependent on
amygdala activity. In summary, the present study demonstrates a
role for the primate CeA in mediating anxiety-related defensive
responses, acute fear responses, pituitary–adrenal activity, and
brain CRF systems. Overactivity of the amygdala has been hy-
pothesized to play a role in mediating the pathophysiology of
some affective and anxiety disorders (Drevets and Raichle, 1995;
Davidson, 2002; Schwartz et al., 2003b) and as a mechanism un-
derlying extreme behavioral inhibition in children (Schwartz et
al., 2003b) that is a risk factor for the later development of anxiety
disorders. We have suggested that the anxious endophenotype in
rhesus monkeys models human anxiety, and in this regard we
believe that the data support a mechanistic role for the CeA.
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Abstract

Early theorists (Freud and Darwin) speculated that extremely shy children, or those with anxious temperament, were likely
to have anxiety problems as adults. More recent studies demonstrate that these children have heightened responses to
potentially threatening situations reacting with intense defensive responses that are characterized by behavioral inhibition
(BI) (inhibited motor behavior and decreased vocalizations) and physiological arousal. Confirming the earlier impressions,
data now demonstrate that children with this disposition are at increased risk to develop anxiety, depression, and comorbid
substance abuse. Additional key features of anxious temperament are that it appears at a young age, it is a stable
characteristic of individuals, and even in non-threatening environments it is associated with increased psychic anxiety and
somatic tension. To understand the neural underpinnings of anxious temperament, we performed imaging studies with 18-
fluoro-deoxyglucose (FDG) high-resolution Positron Emission Tomography (PET) in young rhesus monkeys. Rhesus monkeys
were used because they provide a well validated model of anxious temperament for studies that cannot be performed in
human children. Imaging the same animal in stressful and secure contexts, we examined the relation between regional
metabolic brain activity and a trait-like measure of anxious temperament that encompasses measures of BI and pituitary-
adrenal reactivity. Regardless of context, results demonstrated a trait-like pattern of brain activity (amygdala, bed nucleus of
stria terminalis, hippocampus, and periaqueductal gray) that is predictive of individual phenotypic differences. Importantly,
individuals with extreme anxious temperament also displayed increased activity of this circuit when assessed in the security
of their home environment. These findings suggest that increased activity of this circuit early in life mediates the childhood
temperamental risk to develop anxiety and depression. In addition, the findings provide an explanation for why individuals
with anxious temperament have difficulty relaxing in environments that others perceive as non-stressful.
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Introduction

Early in life, the expression of extreme BI, characterized by
excessively inhibited responses to strangers or novel situations is a
considerable risk-factor for the development of anxiety and
depression [1–3]. Additionally, some children with extreme BI
have increased pituitary-adrenal and autonomic activity suggesting
that these individuals have a dispositional tendency to activate
stress-related systems [3]. Youth with this disposition are
considered to have an ‘‘anxious temperament’’, in part because
they have excessive activation of behaviors and physiological
responses that are associated with stress and anxiety and also
because they are more likely to develop anxiety disorders and
depression later in life. Since anxious temperament can be
identified early in childhood and it is a risk factor for the
development of anxiety and depression, it is important to
understand the mechanisms in the developing brain that underlie
its expression. An important feature of anxious temperament is
that it is a stable behavioral and emotional style that is apparent
across different environments. For example, children with anxious
temperament are extremely inhibited when confronted by
unfamiliar individuals and in less threatening situations appear

to have increased levels of anxiety, worry, and physical tension.
While it is normal to show increased levels of anxiety in highly
novel and unfamiliar situations, it is maladaptive to express anxiety
in a highly familiar context [4]. Therefore, to understand the
mechanisms underlying anxious temperament it is critical to
identify the relations between brain function and anxious
temperament that are stable over time and invariant across both
stressful and secure environments. Such studies are not feasible in
children but can be performed in a well established rhesus monkey
model of anxious temperament.

In a prospective longitudinal study, we assessed neural activity
and its relation to the behavioral and physiological markers of
anxious temperament in young rhesus monkeys that varied in their
degree of trait-like anxiety. To achieve this, the monkeys were
studied in different stressful environments involving relocation and
exposure to a potential-threat, as well as in the security of their
home cage. Young rhesus monkeys are ideal for this work because
numerous studies validate their use in modeling childhood anxious
temperament [5]. The different stressful contexts were selected
because they evoke different types of coping responses that are in
part modulated by different neurochemical systems [6]. Because of
the importance of assessing brain function that occurs in
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naturalistic and relevant settings, we administered 18-fluoro-
deoxyglucose (FDG) to the monkeys in the environment of interest
and later, with high-resolution Positron Emission Tomography
(PET), imaged the regional uptake of FDG that occurred during
that period (Fig. 1). We predicted that early in life, the amygdala, a
region with the capacity to activate multiple systems underlying
the adaptive behavioral and physiological responses to stress,
would be associated with the behavioral and physiological
components of anxious temperament. Such a finding would be
consistent with an fMRI study demonstrating increased amygdala
reactivity in human adults who at 2 years of age were
characterized as behaviorally inhibited [7]. In addition research
in non-human primates demonstrates that selective amygdala
lesions alter stress and anxiety-related behavior and physiological
responses [8,9]. We further hypothesized that this relation between
temperament and brain metabolic activity would be evident across
different contexts that varied in their type and degree of
stressfulness, including the subjects’ home environment. To assess
anxious temperament we used a composite measure that reflects

the activation of stress-related behavioral and physiological
responses. In contrast to using a single behavioral or hormonal
measure, a composite measure of behavior and physiology more
broadly reflects individual differences across the multiple systems
that are involved in the stress response.

Results

To ensure variability in the anxious temperament of the animals
that were used, we screened 116 periadolescent monkeys selecting
36 animals with the most stable high (n = 12, 9 female and 3 male),
middle (n = 12, 8 female and 4 male) and low (n = 12, 9 female and
3 male) levels of threat-induced BI or freezing behavior (average
age+SEM at screening = 2.3+.09 yrs.; range = 1.5–3.4 yrs; puberty
onset in rhesus monkeys is approximately 3 yrs). Although more
females than males were selected for further study, the overall
stability in freezing behavior, as measured by the change in the
amount of freezing between the two screening days, did not
significantly differ between males and females (t(114) =2 1.601,
p = .112). For initial selection and categorization, freezing was
assessed by separating the monkey from its cage mate and relocating
it to a test cage in which for 10 minutes it was exposed to the
potential threat of a human intruder presenting her facial profile to
the monkey [no eye contact condition (NEC) of the human intruder
paradigm] (Fig. 1a). Although freezing in response to NEC is
considered adaptive, excessive freezing is analogous to extreme
childhood BI [5,6]. In addition to measuring freezing behavior,
individual differences in spontaneous coo vocalizations were assessed
for 10 minutes immediately prior to the NEC condition while
separating the monkey from its cage mate and relocating it to the test
cage [alone condition (ALN) of the human intruder paradigm]
(Fig. 1a). The ALN condition typically elicits separation induced coo
vocalizations, which can be likened to calls for help. Less coo calling
is associated with increased anxiety and increased amygdala activity
[10]. In addition to the behavioral measurements, each animal had
blood drawn on two separate occasions following exposure to
restraint stress, to assess stress-induced plasma cortisol levels.

On an average of 4.3 months later, brain activity was measured
on 2 separate occasions with FDG-PET in 35 of the 36 monkeys
during 30-minutes of exposure to the NEC and ALN conditions
(one monkey that displayed high levels of freezing during screening
was not scanned because she refused to leave her cage). The 30-
minute period of stress exposure was selected because FDG enters
active brain cells during a 30-minute uptake period, and remains
stably detectable within these regions for prolonged periods (due to
its 110-minute half-life) [11,12]. This time course also allows for
later anesthesia administration and imaging of the brain activity
that occurred during the preceding period of stress exposure
(Fig. 1b). During the period of FDG uptake, NEC-induced
freezing and ALN-induced cooing were assessed as increased BI,
and decreased spontaneous vocalizations that are characteristic
features of children with anxious temperament. Blood was
collected at the end of these conditions to assess stress-induced
cortisol levels. To create a composite measure of anxious
temperament, we first z-scored each measure of stress responsivity
(increased freezing during NEC, increased cortisol levels in
response to NEC, decreased cooing during ALN, and increased
cortisol levels in response to ALN; controlling for any age effects
across all animals) across subjects and then computed the mean of
the four z-scored measures for each subject. To understand the
extent of the relation between the individual measures comprising
the composite score, correlations between the individual variables
(after being age-residualized and z-scored) were performed.
Freezing during NEC and cooing during ALN were marginally

Figure 1. Animals were tested two times: screening (a) and
FDG-PET (b). Behavioral and physiological screening were performed
on separate days. During each behavioral screening animals were left
alone in the test cage (ALN, blue) for 10-minutes, followed by a 10-
minute exposure to a human intruder presenting her profile to the
monkey while making No Eye Contact (NEC, pink) (a-1). To obtain a
physiological measure of stress, plasma cortisol was collected after
exposure to 30 minutes of restraint stress (a-2). Approximately 4
months later, animals were assessed on separate days with four FDG-
PET scans, two in stressful conditions (ALN & NEC) and two conditions in
the security of their home-cage (seen in orange); one condition in
which they were alone (H-ALN) and one condition where their cage-
mate was present (H-CM). On each test day, animals were injected with
FDG (b-1) and exposed to 30-minutes of the behavioral paradigm.
During stressful conditions, behavior was monitored (b-2) and plasma
cortisol was collected after the cessation of the stress (b-3). FDG-uptake
associated with in condition brain metabolism was assessed after
completion of the behavioral paradigm, (b-4).
doi:10.1371/journal.pone.0002570.g001
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negatively associated (r(33) =2 .332, p = .052); all other pairs of
variables were not significantly correlated (r’s(33), .253,
p’s. .143). Because the distribution of the composite measurement
of anxious temperament did not differ from a normal distribution
(Kolmogorov-Smirnov one-sample test against a normal distribu-
tion (KS)(n = 35) = .602, p = .861) and revealed no discernable
subgroups, we treated anxious temperament as a continuous
measure in all subsequent analyses.

Since anxious temperament in children is relatively stable, we
examined the extent to which this composite measure of stress
responsivity was correlated with the 35 monkeys’ composite
measure of stress-related behavior and physiology that was
collected 4.3 months earlier during their initial assessment
[3,13]. Consistent with the trait-like qualities of anxious temper-
ament, results demonstrated that this composite measure was
stable (r(33) = .533, p, .001) (Fig. 2). In a subsequent study
involving 24 of these animals, the same parameters were assessed
at 3.8 years of age or 1.5 years later. Results revealed that
individual differences in stress responsivity remained stable as the
animals matured (r(22) = .460, p = .027). We observed no gender
differences (t’s(33), 1.045, p. .304) or evidence of non-normal
distributions (KS’s(n = 35), .923, p’s. .361) within any of the
composite measures of anxious temperament. These data
demonstrate that a composite assessment of stress-related behav-
ioral and physiological measurements reflecting anxious temper-
ament is stable over development in non-human primates.

To assess the relation between individual differences in anxious
temperament and brain metabolism, we performed, separately for
the NEC and ALN conditions, voxelwise correlations between
monkeys’ anxious temperament scores and brain metabolism,

while controlling for age. To account for anatomical differences
and any small errors in inter-subject registration that could
masquerade as stable functional effects, the voxelwise analyses
were co-varied for the probability of gray-matter at each voxel in
the brain [14]. Results represent the relation between anxious
temperament and brain metabolism that cannot be explained by
gross anatomical differences or registration error. In the NEC
condition, significant (p, .05 two-tailed, multi-FDR corrected)
correlations between anxious temperament and brain activity were
detected in the left and right amygdala, left hippocampus, and the
left brain stem (pontine nuclei region) (Fig. 3, pink; Table 1) [15].
Analyses of the brain activity during the ALN condition revealed
that anxious temperament was significantly (p, .05 two-tailed,
multi-FDR corrected) related to activity in the right amygdala, and
right hippocampus (Fig. 3, blue; Table 1). Although some regions
only reached statistical significance in one hemisphere, tests of
hemispheric asymmetry revealed no significant differences
(t’s(32), 1.719, p’s. .095), suggesting that hemispheric differences
were an artifact of statistical thresholding.

We next used a logical AND conjunction analysis to identify the
brain regions that across the different stressful contexts predicted
individual differences in anxious temperament. Here we assessed
the overlap between the brain regions that were correlated with
anxious temperament in NEC with those that were correlated with
anxious temperament in ALN. Analysis of the correlations in the
NEC and ALN conditions revealed that the same regions of the
right amygdala were significantly correlated with anxious
temperament (p, .05, two-tailed multi-FDR corrected in both
NEC and ALN) (Fig. 3, purple; Table 1) [16]. Thus, activity in a
region of the right amygdala assessed in 2 different stressful

Figure 2. Anxious temperament, defined as increased freezing during NEC, decreased cooing during ALN and increased stress-
induced cortisol, assessed during screening was significantly correlated with a similar measure taken 4-months later during FDG-
PET testing.
doi:10.1371/journal.pone.0002570.g002
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contexts is consistently related to behavioral and physiological
measures of stress responsivity assessed in those contexts. Notably,
hierarchical linear regressions revealed the composite measure of
anxious temperament to explain significant variance in amygdala
activation beyond any one individual measure of stress (R2-
Change’s. .191, F-Change’s(1,32). 10.742, p’s, .003 Further-
more, there was only one voxel within the amygdala (as defined
by our whole-amygdala ROI) that showed a significantly greater
correlation with an individual measure of stress (cooing) than the
composite measure of anxious temperament (R2-Chage = .081, F-
Change(1,32) = 4.739, p = .031; other p’s. .05). We also found
that individual differences in metabolic activity in this overlapping
amygdala region assessed during NEC or ALN were positively
correlated with individual differences in the screening measures of
anxious temperament that were determined 4.3 months prior to
the FDG studies (early temperament vs. later NEC amygdala
activity, r(33) = .335, p = .049; early temperament vs. later ALN
amygdala activity, r(33) = .372, p = .028). This result suggests that
the relation between anxious temperament and amygdala
activation reflects the stable components of anxious temperament.

Although we predicted that amygdala activation is fundamental
to anxious temperament, we were also interested in identifying the
brain systems that interact with the amygdala to produce the
behavioral and physiological changes. We further investigated
additional regions that consistently demonstrated significant
(p, .005, two-tailed, uncorrected) correlations between brain
activity and anxious temperament in both the NEC and ALN
conditions using a logical AND conjunction analysis [17]. This
analysis revealed overlapping regions in bilateral amygdala,
bilateral Bed Nucleus of Stria Terminalis (BNST), bilateral

hippocampus, and periaqueductal gray (PAG) to be significantly
related to anxious temperament (Fig. 4, purple; Table S1). Follow-
up paired t-tests comparing the stressful (NEC and ALN)
conditions to the home-cage conditions (H-ALN and H-CM)
revealed that each of these regions, including the amygdala, had
significantly greater activity during the stressful conditions
(t’s(34). 2.223, p’s, .033). These results suggest that anxious
temperament involves a neural circuit that is consistent with that
previously characterized in preclinical mechanistic studies of stress
and anxiety [18,19].

Because we were interested in the stable neural circuitry of
anxious temperament that we hypothesized would persist in non
stressful environments, we examined whether individuals with
anxious temperament would still display increased amygdala
activation when assessed in the security of their home cage. Thus,
the relation between anxious temperament and brain activation
was assessed while the monkeys were in their home cages with
their cage mates (H-CM) and when in their home cages without
their cage mates (H-ALN). The H-ALN condition was studied to
assess brain activity in a familiar environment in the absence of
social interaction. Overall, activity from the overlapping amygdala
region defined from the NEC and ALN conditions (Fig. 3, purple)
was significantly less in the home cage conditions compared to the
stressful conditions (t(34) = 2.626, p’s, .013). To investigate the
stability of the relationship between brain activation and anxious
temperament across both stressful and secure contexts, we
searched for regions where anxious temperament was significantly
correlated with brain metabolism in each of the four conditions
(NEC, ALN, H-CM, H-ALN). This logical AND conjunction
analysis revealed that anxious temperament was significantly

Figure 3. a) Significant (p, .05, two-tailed multi-FDR corrected) relationships between regions of the amygdala (outlined in blue) and anxious
temperament (Time 2) during the ALN (cyan) and NEC (pink) conditions are overlaid on coronal (green-border) and axial (yellow-border) slices of the
study-specific MRI template (see Supplementary Methods). The areas of the brain demonstrating significant correlations in both the NEC and ALN
conditions are shown in purple. b) Scatter-plots show anxious temperament (Time 2) to be correlated with z-scored residual metabolism in this
overlapping region of the amygdala (after accounting for age and gray-matter probability) in both the NEC (pink, left) and ALN (cyan, right)
conditions. Coordinates are in millimeters relative to the anterior commisure.
doi:10.1371/journal.pone.0002570.g003
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(p, .005 two-tailed, uncorrected) associated with activity in
bilateral amygdala, bilateral hippocampus, and PAG in all four
conditions (Fig. 4, orange; Table 2). Because cortisol samples were
not always taken at the same time of day, we verified these results
while statistically controlling for the time of the cortisol sampling.
Controlling for time of day did not affect the highly significant
(r’s(31). .493, p’s, .004) relationships between anxious tempera-
ment and brain activity within the amygdala and the identified
stress network. Importantly, the entire overlapping amygdala
region identified from the NEC and ALN conditions (Fig. 1,
purple) was significantly (p, .05 two-tailed, small-volume FDR-
corrected within the amygdala) related to anxious temperament in
the H-CM and H-ALN conditions. Moreover, the correlation
between anxious temperament and this overlapping amygdala
region was not significantly higher in the stressful conditions when
compared to the secure conditions (t’s(32), 1.313, p’s. .19). We
used an additional approach to further examine the relationship
between anxious temperament and context dependent amygdala
metabolism. Specifically, we correlated our measure of anxious
temperament with the change in brain metabolism between each
pair of conditions, as well as with the variability across all

conditions within the amygdala and the identified stress network.
These results revealed no significant correlations between anxious
temperament and either the change between conditions
(|r|’s(33), .175, p’s. .316) or the variability across conditions
(|r|’s(33), .179, p’s. .304) within any of the regions tested. These
results suggest our measure of anxious temperament in relation to
individual differences in amygdala activity is not state related, but is
stable across contexts. Overall, these results demonstrate that the
relationship between anxious temperament and the amygdala, along
with an extended stress network, is not restricted to the NEC and
ALN conditions but extends to secure, non threatening, settings.

Discussion

The current study defines a region of the amygdala that is
consistently related to anxious temperament in young developing
primates. Individual differences in activity of this amygdala region,
assessed in four different contexts, predicted an individual’s
dispositional tendency to have anxious temperament. Consistent
with the nature of temperament, longitudinal assessments of stress-
related behavior and physiology revealed that the individual

Table 1. Brain Areas During Stressful Contexts Predict Anxious Temperament

Condition Cluster Local Maxima
Location relative to anterior
commisure (in mm)

+/2 Area
Volume
(in mm3)

Cluster
Hemisphere Area

Peak
Hemisphere

Max t-
value x y z

ALN + Amygdala/
Hippocampus

64.45 R Amygdala/
Hippocampus

R 5.6 7.53 2 3.15 2 9.35

(p, .05, two-tailed,
multi-FDR corrected)

+ Hippocampus 24.41 R Hippocampus R 4.68 14.43 2 12.45 2 9.35

+ Anterior Temporal
Pole*

18.55 R Anterior Temporal
Pole*

R 4.89 16.23 8.75 2 8.15

+ Bed Nucleus of Stria
Terminalis Region

7.81 R Bed Nucleus of Stria
Terminalis

R 4.46 5.03 0.65 2 0.65

NEC + Amygdala/Anterior
Temporal Pole*/
Hippocampus

364.26 R Anterior Temporal
Pole*

R 7.69 14.43 7.55 2 8.15

(p, .05, two-tailed,
multi-FDR corrected)

+ Amygdala R 4.64 7.53 2 0.65 2 9.35

+ Amygdala/ Anterior
Temporal Pole*/
Hippocampus

314.94 L Anterior Temporal
Pole*

L 5.64 2 17.48 9.35 2 11.85

Amygdala/
Hippocampus

L 5.32 2 8.08 2 4.35 2 7.45

Amygdala L 4.83 2 7.48 2 1.85 2 9.35

+ Anterior
Hypothalamus

17.82 L/R Anterior
Hypothalamus

R 5.12 1.23 1.85 2 3.75

+ Pontine Nuclei 16.60 L Pontine Nuclei L 4.71 2 6.88 2 14.95 2 12.45

+ Hippocampus 9.52 L Hippocampus L 4.31 2 14.98 2 11.85 2 9.35

+ Pontine Nuclei 8.30 R Pontine Nuclei R 4.76 8.73 2 17.45 2 15.65

ALN and NEC + Anterior Temporal
Pole*

18.55 R Anterior Temporal
Pole*

R 4.89 16.23 8.75 2 8.15

(p, .05, two-tailed,
multi-FDR corrected)

+ Amygdala 11.72 R Amygdala R 4.62 7.53 2 1.25 2 9.35

Regions where anxious temperament was significantly (p, .05, two-tailed multi-FDR corrected) correlated with regional brain metabolism in the Alone (ALN) and No-
Eye-Contact (NEC) conditions separately, and in both the ALN and NEC conditions combined with a logical AND conjunction analysis (ALN and NEC). Regions are
presented with the direction of the correlation, brain regions involved, volume and hemisphere of cluster. We also report the local maxima for each anatomical region
within the statistical cluster with its corresponding t-value and location (in millimeters relative to the anterior commisure).* Although the Anterior Temporal Pole may
be important for the understanding of anxious temperament, we do not interpret these findings because there are highly metabolic muscles that border this portion of
the brain that may influence the measures of brain metabolism. Therefore, in accordance with Drevets et al.,[34], we report but refrain from interpreting this finding.
doi:10.1371/journal.pone.0002570.t001
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differences in stress reactivity were stable over time [13]. Along
with the amygdala, the findings demonstrate an association
between anxious temperament and an extended neural network
previously associated with stress and emotion processing [18,19].
Specific regions that are involved include hippocampus, a region
of the basal forebrain that contains the BNST, and a region of
brain stem that encompasses the PAG [20–23]. Importantly, all of
these regions are highly interconnected with the amygdala, and
likely work together to mediate stress-related behavior and
physiological responses. The hippocampus is involved in memory
and hypothalamic-pituitary regulation [21,22], the BNST, con-
sidered part of the extended amygdala, mediates anxiety and is
involved in autonomic and HPA regulation [20,21], and the PAG
mediates defensive behaviors including BI or freezing [23].

Although it has been suggested that increased childhood
amygdala activity underlies the anxious disposition that increases
children’s risk to develop anxiety and depression, this is the first
study to demonstrate this relationship using concomitant behav-
ioral, physiological and functional brain measures assessed early in
the life of a primate. This study shows that individuals with
anxious temperament have increased amygdala reactivity across
contexts varying in their degree of security and stressfulness and
that it is not just amygdala activity that is elevated but also activity
in an extended neural network downstream of the amygdala. The
extended circuit uncovered in this study likely mediates the specific
behavioral, emotional, pituitary-adrenal, and autonomic responses
reported in children with anxious temperament. It is important to
emphasize that the relation between individual differences in
anxious temperament and brain activity was maintained even
when brain activity was assessed in the security of an individual’s

highly familiar home environment. This finding suggests that
individuals with anxious temperament have heightened activity in
stress-related brain systems in a secure and therefore inappropriate
context. Unlike other research on BI that has measured the
phenotype in novel and unfamiliar contexts where it is normative
to display anxiety, our findings suggest that the activation of neural
activity in a stress-relevant circuit when in a safe and familiar
context may be particularly significant in determining vulnerability
to psychopathology in affected individuals. The readiness of these
brain systems to respond could mediate the difficulty these
individuals have in being able to relax in environments that
others perceive as non stressful. Because increased amygdala
reactivity is associated with a variety of conditions, it is possible
that individuals with trait-like increased amygdala activity may be
prone to develop various disorders depending on the influence of
environmental and genetic factors. For these reasons, researchers
should be careful not to interchange increased amygdala activity
with ‘‘anxiety’’ or ‘‘anxious temperament’’. Related to this, it is
important to note that ‘‘anxiety’’ or ‘‘anxious temperament’’ are
complex multi-dimensional constructs [24]. It is possible that the
relationship between amygdala activation and anxious tempera-
ment reported here is unique to the specific conditions that were
tested. However, we believe this to be unlikely since monkeys were
tested in 4 different paradigms that differed considerably in
context, degree of stressfulness, and adaptive response elicited.
Despite these caveats, we believe that the findings presented here
provide compelling evidence that trait-like over-activity of the
amygdala and its accompanying neural circuit underlies the
neurobiological substrate for the temperamental risk to develop
anxiety and depression.

Figure 4. Regions where anxious temperament (Time 2) was significantly (p , .005, two-tailed uncorrected, two-condition logical
AND conjunction) related to metabolism in both of the two stressful conditions [Alone (ALN) and No Eye Contact (NEC)] are shown
overlaid on coronal slices of the study-specific MRI template in purple. Regions where anxious temperament (Time 2) was significantly
(p, .005, two-tailed uncorrected, four-condition logical AND conjunction) related with brain metabolism in the stressful conditions as well as while
animals were in the security of their home-cage [Home Alone (H-ALN) and Home with their Cage Mate (H-CM)] are shown in orange. Coordinates are
in millimeters relative to the anterior commisure.
doi:10.1371/journal.pone.0002570.g004
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Methods

Subjects
One hundred and sixteen rhesus monkeys (Macaca mulatta )

underwent behavioral testing (Screening, Time 1), and 36 (26
females) monkeys were selected to undergo a brain imaging
experiment (FDG-PET, Time 2). Of these animals, 23 animals
were selected to undergo another behavioral test approximately
1.5 years later (Time 3: Follow-up). All animals were pair-housed
at the Harlow Primate Laboratory and the Wisconsin National
Primate Research Center. These subjects were also part of a study
that focused on genotype and brain function (Molecular
Psychiatry, In Press). The average age was 2.7 (+/ 2 .09 SEM)
at the time of FDG-PET. Animal housing and experimental
procedures were in accordance with institutional guidelines.

FDG-PET Testing Paradigm
Each monkey was injected with FDG immediately preceding

two stressful and two secure conditions. During exposure to the
stressful conditions, FDG-uptake occurred and behaviors were
monitored non-invasively using a video-recorder. Following 30-
minutes of exposure to the experimental conditions, animals were
anesthetized and cortisol samples were taken. The first stressful
condition consisted of a separation in which the animal was
relocated to a test-cage and remained alone for 30-minutes (ALN).
The second stressful condition was the no eye contact (NEC)
condition of the extended human intruder paradigm [6,25], in
which the animals are placed in the test-cage and a human
intruder enters the room and stood still at a distance of 2.5 meters
presenting their profile to the animal for 10 minutes. After the
initial 10 minutes of NEC, the intruder left the room for five
minutes, re-entered for five additional minutes of NEC, left the
room again for five minutes, and re-entered for the last five
minutes of NEC. This prevented habituation to the NEC
condition over the 30 minutes of behavior testing. For cortisol
measurements, plasma samples were taken approximately 4 min-
utes after behavioral testing (median: 4 min; range: 2–9 min). To
measure FDG uptake during secure contexts, we assessed animals
in their home-cage. This prevented observation of behaviors
during the secure conditions. Each monkey underwent two 30-
minute secure-condition scans in their home-cage, one in which
the animals’ cage-mate was removed and they were alone (H-
ALN), and another when their cage-mate was present in the cage
(H-CM). Scans we performed at least 1 week apart, and the order
of conditions was counterbalanced.

Behavioral Assessment
During each exposure to the NEC and ALN conditions

behavior was assessed using standard methods by trained raters
using a closed circuit television system [6]. Freezing was defined as
a period of at least three seconds characterized by tense body
posture, no vocalizations and no movement other than slow
movements of the head. The frequency of coo vocalizations, were
also assessed and are defined as being made by rounding and
pursing the lips with an increase then decrease in frequency and
intensity. To ensure that behavioral data were normally
distributed, the duration of freezing behavior was log-transformed
and frequency of coo vocalizations was square-root transformed.

Cortisol
We assessed individual differences in plasma cortisol following

stress exposure. Plasma was immediately separated from whole blood
by centrifugation at 4uC and frozen at2 70uC until assayed. Cortisol
was measured in plasma samples using an enzyme immunoassay kit
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(Diagnostic Systems Laboratories, Webster, TX). The intraassay
Coefficient of Variation (CV)% is 5.0% and interassay CV% is 8.0%.
The detection limit for this assay is 0.5mg/dL.

MRI
MRI data were collected using a GE Signa 3T scanner (General

Electric Medical Systems, Milwaukee, WI) with a standard
quadrature birdcage headcoil using an axial 3D T1-weighted
inversion prepared fast gradient echo sequence (TR = 8.648 ms,
TE 1.888 ms, FOV = 140 cm, flip angle = 10u, NEX = 2, ma-
trix = 5126 512, voxel size = 0.2734 mm, 248 slices, slice thick-
ness = 1 mm, slice gap =2 .05 mm, prep time = 600, band-
width = 15.63, freq = 256, phase = 224). Before undergoing MRI
acquisition, the monkeys were anesthetized with ketamine
(15 mg/kg) intramuscularly.

FDG-PET Aquisition
Animals received intravenous (IV) injections into the saphenous

vein of 10 mCi [18F]-flouro-2-deoxyglucose (FDG) (approximately
.98 ml; median: .08 ml; range: .03 ml–2.4 ml) immediately before
exposure to each of the 30-minute behavioral paradigms, during
which FDG-uptake occurred. To minimize the effects of handling
and injection, animals were adapted to all procedures associated
with the handling and injection (with the exception of inserting the
syringe) 5-days a week for up to 21 days prior to scanning. After
the behavioral paradigm cotisol samples were taken and animals
were anesthetized with 15 mg/kg of ketamine intramuscularly.
Approximately 30 minutes after the cortisol sampling (median: 28;
range: 20–57 min), subjects were fitted with an endotracheal tube
and positioned in a sterotaxic head holder, and given isoflurane
gas anesthesia (1–2%) for the duration of the 60-minute scanning
procedure, during which integrated FDG-uptake from the
behavioral paradigm was measured. Scanning was performed
using the microPET P4 scanner (Concorde Microsystems, Inc.,
Knoxville, TN), which has an approximate resolution of 2 mm3

[26–28]. FDG-PET images were collected with a transmission
scan, and reconstructed using filtered backprojection with
attenuation and scatter correction.

Pre-Processing
Each subject’s anatomical image was transformed to the

standard space of Paxinos, Huang & Toga [29] after the creation
of a study-specific template. First each subject’s T1-MRI image
was manually stripped of non-brain tissue (extraction was
performed by ASF using SPAMALIZE, http://brainimaging.
waisman.wisc.edu/, oakes/spam/spam_frames.htm). Brain ex-
tracted MRI images were registered to a 6-brain template (c.f.
[10,25]) in the standard space, using a 9-parameter linear
transformation using FMRIB Software Library’s ‘‘flirt’’ tool
(FSL; http://www.fmrib.ox.ac.uk/fsl/) [30]. Images were manu-
ally verified, and averaged to create a study-specific template in
standard space. The brain-extracted MRI images in original space
were then transformed to match this study-specific template using
both linear 12-parameter affine, and 5th order non-linear
transformation using Automated Image Registration (AIR;
http://bishopw.loni.ucla.edu/air5/) [31]. Images in standard
space were segmented into the probability of gray-matter, white-
matter and CSF using FSL-fast [32]. In addition to a study-specific
template, this procedure resulted in both transformations from
each subject’s original T1-MRI to standard space, and a subject
specific probability map, in which each point represented the
probability of gray-matter at each voxel in standard space. Gray-
matter probability maps were smoothed using a 4 mm Full Width

Half Max (FWHM) Gaussian smoothing kernel to facilitate across
subject statistical comparisons.

FDG-PET images were transformed into standard space based
on the transformations derived from their anatomical data. In
order to align each subject’s FDG-PET to their T1-MRI image,
we first created an FDG-PET template for each subject. Each
subject’s FDG-PET images was registered using a 6-parameter
rigid body transform to the match the first FDG-PET image
collected for that subject, using FSL [30]. Resulting images were
averaged to create subject-specific FDG-PET templates. Original
FDG-PET scans were then re-registered to match the subject-
specific template using a 6-parameter rigid-body transformation
with AIR [31]. These images were in-turn averaged, and the
average image was transformed to match the subject’s original
space T1-MRI using a 6-parameter rigid-body transformation.
The transformations to the FDG-PET-template were combined
with the transformation to the original-space T1-MRI and the
study-specific template. These transformations were then applied
to the original FDG-PET images, and produced FDG-PET images
in standard space. Standard-space FDG-PET images were scaled
to correct for global intensity differences based on the mean FDG
concentration across the whole brain. Globally scaled images were
then smoothed using a 4 mm FWHM Gaussian smoothing kernel.
All images were visually inspected to ensure accurate pre-
processing before statistical analyses were performed.

Statistical Analyses
Across subject statistical analyses were performed using an

adapted version of Fmristat [33,34] (http://www.math.mcgill.ca/
keith/fmristat/; http://brainimaging.waisman.wisc.edu/, fox/
multistatic/). All FDG-PET analyses were performed across the
whole-brain while controlling for both age and the probability of
gray-matter on a voxelwise basis, using a multiple regression
framework [14]. Conjunction analyses were performed across
conditions using a logical AND conjunction analysis and a
minimum statistic [16]. This test was chosen because it remains
a valid test under violations of independence assumptions. This
test allowed us to combine statistical parametric maps and identify
regions of the brain that reach statistical significance in all of the
individual test that compose the conjunction analysis. This test is
equivalent to finding the intersection of voxelwise significance
maps. Correction for multiple comparisons was performed using
the multFDR threshold program written by Tom Nichols (http://
www.sph.umich.edu/, nichols/FDR/). This correction allowed
us to correct for the False Detection Rate (FDR), or number of
false positives, across multiple brain scans from the ALN and NEC
conditions. Results from this test are reported as ‘‘p, .05, multi-
FDR two-tailed corrected,’’ and represent areas that survived the
multiple brain FDR threshold computed based on the ALN and
NEC conditions. In order to investigate areas that were significant
across both stressful and secure conditions, we used an
uncorrected threshold of p, .005 (reported as, ‘‘p, .005, two-
tailed uncorrected’’) and computed a logical AND conjunction of
the significant regions [16]. This result revealed regions that were
significantly (p, .005, two-tailed uncorrected) correlated with
anxious temperament (Time 2) when the monkey was exposed
to both stressful and secure experimental conditions. Under
assumptions of independence this would reflect a p-value of our
reported threshold to the power of the number of conjunction
tests, i.e. p, .005^4 or .000000000625.

Follow-up analyses were performed by extracting the mean values
of clusters of interest, and residualizing them for both the mean
probability of gray-matter and age. Because the units of the
residualized variables became meaningless, we also z-scored these
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variables before further analyses. Therefore, all follow-up analyses
were performed on z-scored residualzed mean FDG values. Results
are reported for correlations between the variables of interest; the
difference between correlations, performed using a r to z transform,
and comparing z-scores; as well as hierarchical linear regressions, in
which we examine the unique variance accounted for by the
variables of interest using the R2-Change statistic.

Supporting Information

Table S1 Brain Areas Across Stressful Contexts Predict Anxious
Temperament at Reduced Thresholds.
Found at: doi:10.1371/journal.pone.0002570.s001 (0.10 MB
DOC)
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Brief Communications

Serotonin Transporter Availability in the Amygdala and
Bed Nucleus of the Stria Terminalis Predicts Anxious
Temperament and Brain Glucose Metabolic Activity

Jonathan A. Oler,1,4Andrew S. Fox,2,5Steven E. Shelton,1,4Bradley T. Christian,1,3,5Dhanabalan Murali,3,5

Terrence R. Oakes,5Richard J. Davidson,1,2,4,5and Ned H. Kalin1,2,4,5

Departments of1Psychiatry,2Psychology, and3Medical Physics,4HealthEmotions Research Institute, and5Waisman Laboratory for Brain Imaging and
Behavior, University of WisconsinÐMadison, Madison, Wisconsin 53719

Theserotonintransporter(5-HTT)playsacritical role inregulatingserotonergicneurotransmissionandis implicatedinthepathophysiologyof
anxiety and affective disorders. Positron emission tomography scans using [11C]DASB [11C]-3-amino-4-(2-dimethylaminomethylphenylsulfanyl)-
benzonitrile] tomeasure 5-HTT availability (an index of receptor density and binding) were performed in 34 rhesus monkeys in which the
relationship between regional brain glucose metabolism and anxious temperament was previously established. 5-HTT availability in the
amygdalohippocampal area and bed nucleus of the stria terminalis correlated positively with individual differences in a behavioral and
neuroendocrine composite of anxious temperament. 5-HTT availability also correlated positively with stress-induced metabolic activity
within these regions. Collectively, these findings suggest that serotonergic modulation of neuronal excitability in the neural circuitry
associated with anxiety mediates the developmental risk for affect-related psychopathology.

Introduction
Extreme anxious temperament early in life is a prominent risk
factor for the development of anxiety disorders (Biederman et
al., 2001), and previous work suggests that amygdala activity
in adult humans reflects a history of early anxious tempera-
ment (Schwartz et al., 2003). The nonhuman primate provides
an excellentmodel to study the mechanisms underlying human
anxiety (Kalin and Shelton, 2003), and we defined an anxious
temperament phenotype in young rhesus monkeys using behav-
ioral and neuroendocrine measures that include the following:
threat-induced freezing, separation-induced vocalizations, and
stress-induced changes in cortisol levels (Fox et al., 2008). Using
this model, high-resolution fluoro-18-deoxyglucose (FDG) positron
emission tomography (PET) revealed that individual differences in
anxious temperament were positively correlated with individual dif-
ferences in brain metabolism within the amygdala, bed nucleus of
the stria terminalis (BNST), periaqueductal gray, and hippocampus,
suggesting involvement of a wider circuit in mediating the risk for
developing anxiety and depression (Fox et al., 2008).

Examining the role of specific neurotransmitter systems in
modulating the activity of this circuit as it relates to anxious

temperament is a critical next step and the serotonergic system is
particularly interesting in this regard. The serotonergic system
modulates amygdala-frontal circuits implicated in the regulation
of emotion, and altered function of the serotonin transporter
(5-HTT) is hypothesized to play a role in affect and anxiety-
related psychopathology (Holmes, 2008). Anatomical studies in
primates demonstrate that 5-HTT distribution and density re-
flect the magnitude of regional brain serotonergic innervation
(Smith and Porrino, 2008), and by clearing serotonin from the
synapse, 5-HTT regulates serotonin signaling. 5-HTT is also the
target of the most commonly used antidepressant and anxiolytic
drugs [selective serotonin reuptake inhibitors (SSRIs)].Further-
more, a polymorphism in the gene encoding 5-HTT (5-HTTLPR) is
associatedwithamygdala (Hariri et al., 2002)andBNST(Kalinetal.,
2008) reactivity, as well as the vulnerability to develop stress-related
psychopathology (Hariri and Holmes, 2006).

The aim of the present study was to assess the extent to
which variation in regional 5-HTT availability, an index of
5-HTT receptor density and ligand–protein binding, is predic-
tive of individual differences in anxioustemperament. To this
end, high-resolution PET scans were performed using [11C]-3-
amino-4-(2-dimethylaminomethylphenylsulfanyl)-benzonitrile
([ 11C]DASB), a high-affinity tracer of 5-HTT, in 34 monkeys
(mean age, 4.4 years; 12 males, 22 females) in which the relation-
ship between regional brain glucose metabolism and anxious
temperament was previously established (Fox et al., 2008). We
selectively focused on structures in which metabolic activity was
associated with anxious temperament, and performed voxelwise
regression analyses to examine the relationship between 5-HTT
availability and anxious temperament within the a priori defined
brain regions of interest. Within these brain regions, we hypoth-
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esized that individual differences in 5-HTT availability would
predict individual differences in anxious temperament.

Materials and Methods
We used the same sample described by Fox et al. (2008). The methods
for behavioral and neuroendocrine assessment of anxious tempera-
ment and for FDG-PET are detailed in that study and are only briefly
described here.

Subjects.Thirty-six rhesus monkeys (Macaca mulatta) underwent be-
havioral testing and FDG-PET scans when they were juveniles (age,
mean� SEM, 2.7� 0.09 years). Thirty-four (22 females) underwent
[ 11C]DASB-PET scans� 2 years later. Animals were mother-reared, and
pair-housed at theHarlow Primate Laboratory and the Wisconsin
National Primate Research Center in accordance with institutional
guidelines.

Fluoro-18-deoxyglucose PET acquisition and behavioral testing para-
digm.Animals received intravenous injections of 10 mCi of FDG imme-
diately before exposure to the experimental paradigm. Behaviors were
monitored noninvasively using a video recorder during each of several
experimental conditions. The first stressful condition consisted of a sep-
aration in which the animal was relocated to a test cage and remained
alone for 30 min (ALN). The second stressful condition was the no eye
contact (NEC) component of the human intruder paradigm (Kalin and
Shelton, 1989), in which the animals were placed in the test cage and a
human entered the room and stood still at a distance of 2.5 m while
presenting only their profile to the animal. Data were also collected dur-
ing nonstressful home cage conditions. After 30 min of exposure to the
experimental conditions, animals were anesthetized with 15 mg/kg ket-
amine and blood samples were taken. Subjects were then positioned in a
sterotaxic head holder and given isoflurane gas anesthesia (1–2%) for the
duration of the 60 min scanning procedure, during which FDG uptake
was measured. Scanning was performed using the microPET P4 scanner
(Concorde Microsystems).

Behavioral assessment.Freezing was defined as a period of at least 3 s
characterized by tense body posture, no vocalizations, and no movement
other than slow movements of the head. The frequency of coo vocaliza-
tions was also assessed. To ensure that behavioral data were normally
distributed, the duration of freezing behavior was log-transformed and
the frequency of coo vocalizations was square root transformed. Cortisol
was measured in plasma samples using an enzyme immunoassay kit
(Diagnostic Systems Laboratories). To create a composite measure of
anxious temperament, we first calculated the inverse of cooing fre-
quency, thenz-scored each measure (freezing, cortisol, and cooing)
while controlling for any age effects across all animals, and computed the
mean of thez-scored measures for each subject.

Magnetic resonance imaging scanning.Magnetic resonance imaging
(MRI) data were collected using a GE Signa 3T scanner (General Electric
Medical Systems) with a standard quadrature birdcage headcoil using an
axial three-dimensional T1-weighted inversion-recovery fast gradient
echo sequence (repetition time, 9.4 ms; echo time, 2.1 ms; field of view,
14 cm; flip angle, 10°; number of excitations, 2; in-plane resolution,
0.2734 mm; number of slices, 248; slice thickness, 1 mm;� 0.05 mm
interslice gap). Before undergoing MRI acquisition, the monkeys were
anesthetized with an intramuscular injection of ketamine (15 mg/kg).

FDG-PET preprocessing.Each subject’sanatomical image was trans-
formed to the standard space of Paxinos et al. (2000) after the creation
of a study-specific template. First, each subject’s T1-MRI image was
manually skull-stripped of nonbrain tissue using SPAMALIZE(http://
brainimaging.waisman.wisc.edu/� oakes/spam/spam_frames.htm). Brain-
extracted MRI images were registered to an in-house six-brain template in
the standard space, using a nine-parameter linear transformation using the
“flirt” tool of FMRIB Software Library (FSL) (Jenkinson et al., 2002). The
brain-extracted MRI images in original space were then transformed
to match this study-specific template using both linear12-parameter
affine, and fifth-order nonlinear transformation using Automated Image
Registration (Woods et al., 1998). Images in standard space were seg-
mented into specific tissue types, and voxelwise probabilities were calcu-
lated for gray matter, white matter, and CSF using FSL-fast (Zhang et al.,
2001). FDG-PET images were transformed into standard space based on

the transformations derived from the anatomical data. FDG-PET images
and gray-matter probability maps were smoothed using a 4 mmfull
width at half-maximum Gaussian smoothing kernel to facilitate across-
subject statistical comparisons.

[11C]DASB-PET scanning.The DASB-PET methods are detailed in the
study by Christian et al. (2009) and are briefly described here. The11C for
the radiolabeling was produced with a National Electrostatics 9SDH 6
MeV Van de Graff tandem accelerator. PET data were acquired using a
Concorde microPET P4 scanner (Tai et al., 2001). The monkeys were
initially anesthetized with ketamine (15 mg/kg, i.m.) att � 55.4� 17.3
min before injection and maintained on 0.75–1.5% isoflurane for the
duration of the entire imaging session. The animals were also adminis-
tered atropine sulfate (0.27 mg, i.m.) to minimize secretions during the
course of the experiment, and positioned head down in the prone posi-
tion. [ 11C]DASB was administered with injected mean activity of 4.9�
1.1 mCi. After the transmission scan, the radioligand was injected and
dynamic data were acquired over 90 min. Corrections were made for
scatter (direct calculation), attenuation, and normalization during
reconstruction.

Data analysis.The dynamic PET time series were transformed into
parametric images with each voxel representing the distribution volume
ratio (DVR) serving as an index of receptor binding (Innis et al., 2007).
Cerebellar washout was estimated using the MRTM model as described
by Ichise et al. (2003). The cerebellum was used as a reference region, and
all voxels were divided by the mean cerebellar binding values (Christian
et al., 2009). To reduce noise at the voxel-based level, the images from
each time frame were spatially smoothed using a 3� 3 (in-plane) voxel
median filter, similar to techniques proposed by Zhou et al. (2003). Each
subject’s DVR image was transformed into a standard space based on the
corresponding MRI transformation.

Statistical analyses.Statistical analyses were performed using an
adapted version of fmristat (Friston et al., 1995; Worsley et al., 1997).
Voxelwise regression analyses were performed to examine the rela-
tionships between 5-HTT availability and anxious temperament
while controlling for the effects of age, DASB-injected mass, and gray
matter probability (Oakes et al., 2007). Voxelwise tests were performed
only in regions in which FDG metabolism correlated significantly with
the anxious temperament composite in both the NEC and ALN condi-
tions [Fox et al. (2008), their Fig. 4, purple clusters]. Within these pre-
defined clusters, the regression results were thresholded atp � 0.005
(uncorrected), and the DASB and FDG values were extracted from voxels
within each cluster that survived the threshold. The DASB data were then
residualized for the effects of age, gray matter probability, and injection
mass in order to match the results produced by the voxelwise regression
analysis; the FDG data were residualized for the effects of age and gray
matter probability. Bivariate correlations between FDG and DASB were
performed on the mean values from regions in which both FDG and
DASB were significantly correlated with anxious temperament. The FDG
values were taken from the NEC component of the behavioral paradigm
and therefore represent glucose metabolism in response to a potential
threat. [Analyses examining the relationships between anxious tempera-
ment, 5-HTT availability, and glucose metabolism from the social sepa-
ration condition (ALN) can be seen in supplemental Tables S2 and S3,
available at www.jneurosci.org as supplemental material.] Hierarchical
linear regression was used to determine the unique and shared variance
in anxious temperament accounted for by the mean DASB and FDG
values within each cluster.

Results
Voxelwise regression analysis demonstrated several significant
correlations between anxious temperament and 5-HTT availabil-
ity in components of the a priori defined circuit of anxious tem-
perament (e.g., right amygdalohippocampal area,r � 0.536; left
amygdalohippocampal area,r � 0.493; right BNST,r � 0.489;
left BNST,r � 0.5; allp � 0.01) (Table 1, Fig. 1). (Results from an
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exploratory whole-brain voxelwise analysis can be seen in supple-
mental Table S1, available at www.jneurosci.org as supplemental
material.) Furthermore, glucose metabolism in response to a po-
tential threat and 5-HTT availability were significantly positively
correlated in the right amygdalohippocampal area (r � 0.479;
p � 0.004) and the right BNST region (r � 0.377;p � 0.028)
(Table 2). Using multiple linear regression, it was found that
individual differences in glucose metabolism and 5-HTT avail-
ability together predicted 36–43% of the variance in anxious
temperament within bilateral amygdalohippocampal area and
BNST regions (Table 3). Hierarchical linear regression revealed
that, in addition to some shared variance, glucose metabolism
and 5-HTT availability each uniquely explained significant pro-
portions of the variance in anxious temperament within the left
amygdalohippocampal area and bilateral BNST regions; a similar
pattern was observed in the right amygdalohippocampal area
(Table 3). No significant sex differences were observed in the
reported correlations (all values ofp � 0.1).

Discussion
The present results demonstrate that 5-HTT availability in the
BNST and amygdalohippocampal area predicts the behavioral
and neuroendocrine components of anxious temperament as
well as threat-related metabolic activity in these regions. The
BNST, along with the CeA (central nucleus of the amygdala), is a
majorcomponentof theextendedamygdala,andakeyoutputchan-
nel for limbic forebrain control of the hypothalamic-pituitary-
adrenal axis-mediated stress response (Heimer and Van Hoesen,
2006). Anatomical studies using 5-HTT as a marker demonstrate
heavy serotonergic innervation of the macaque extended amygdala
(Smith et al., 1999; Freedman and Shi, 2001; O’Rourke and Fudge,
2006). Likewise, regions of the primate amygdalohippocampal area
receivedenseserotonergic input (SadikotandParent,1990;Bauman
and Amaral, 2005; O’Rourke and Fudge, 2006), and tract-tracing
studies in the rat demonstrate reciprocal connectivity between the
amygdalohippocampal area and BNST (Pitkänen, 2000).

Table 1. Statistically significant bivariate correlations between mean 5-HTT binding values and the anxious temperament composite

5-HTT availability correlations with
anxious temperament (n� 34) Coordinates (relative to AC)

Brain region Hemisphere PearsonÕsr p(two-tailed) x y z

Amygdalohippocampal area Left 0.493 0.003 � 8.75 � 3.75 � 9.375
BNST Left 0.500 0.003 � 3.75 � 0.625 1.875
Hippocampus Left 0.468 0.005 � 14.375 � 7.5 � 10
Genu of corpus callosum Midline 0.472 0.005 0 10.625 6.875
Amygdalohippocampal area Right 0.536 0.001 7.5� 3.75 � 11.25
BNST Right 0.489 0.003 3.75 0.625 0.625
Hippocampus Right 0.479 0.004 13.75 � 6.875 � 11.25

Mean 5-HTT values were extracted from each brain region of interest and residualized for the effects of age, gray matter probability, and DASB injection mass. AC, Anterior commissure.

Figure1. Availabilityof5-HTTintheamygdalohippocampalareaandbednucleusof thestria terminalis ispositivelycorrelatedwith individualdifferences in theanxioustemperamentcomposite
(red). Outlined in purple are the functionally derived regions of interest from a previous study in the same animals in which metabolic activity correlated with the anxious temperament composite
(Fox et al., 2008).
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Studies imaging 5-HTT availability in humans in relation to
affect and anxiety have produced inconsistent results (Meyer,
2007). Two studies in depressed patients report decreases in
5-HTT availability in the amygdala (Parsey et al., 2006; Oquendo
et al., 2007), and one study found that state anxiety in depressed
patients was negatively correlated with amygdala 5-HTT avail-
ability (Reimold et al., 2008). Also, Rhodes et al. (2007) reported
an inverse relationship between 5-HTT availability and amygdala
responsivity measured with functional MRI in normal adult hu-
mans. Other studies find elevated 5-HTT availability in the amyg-
dala of patients with major depression (Cannon et al., 2007).

Since 5-HTT availability as assessed with PET is not a direct
measure of function, we can only provide possible mechanistic
explanations for how alterations in 5-HTT availability may influ-
ence brain activity and anxious temperament. Increased 5-HTT
availability could be associated with lower synaptic serotonin lev-
els, as the function of the transporter is to clear serotonin from
the synapse. Insupport of this hypothesis, Heinz et al. (1998) used
single-photon emission-computed tomography imaging in rhesus
monkeys with � -CIT (�I123	methyl 3� -(4-iodophenyl)tropane-2-
carboxylate) (a ligand that binds to both the dopamine and seroto-
nin transporters) to demonstrate that reduced cerebrospinal fluid
concentrations of the serotonin metabolite 5-hydroxyindoleacetic
acid were associated with increased brainstem transporter binding.
Alternatively, increased 5-HTT availability could be a sign of in-
creased (not decreased) synaptic serotonin, as neuroanatomical
studies demonstrate that the magnitude of 5-HTT expression re-
flects theamountof serotonergic input toa region (Wayetal., 2007).
The degree to which these factors interact in determining postsyn-
aptic serotonin levels remains unknown.

A lack of clarity regarding the actions of serotonin on amyg-
dala and BNST function further complicates mechanistic inter-
pretations. Preclinical studies provide evidence that serotonin
reduces anxiety (Zangrossi et al., 2001; Burghardt et al., 2004)

putatively by decreasing activity in the amygdala and BNST
(Wang and Aghajanian, 1977; Stutzmann and LeDoux, 1999;
Levita et al., 2004). This anxiolytic role of serotonin is consistent
with results from long-term SSRI administration studies in hu-
mans demonstrating reduced anxiety (Kent et al., 1998) and a
reduction in amygdala reactivity (Sheline et al., 2001; Harmer et
al., 2006; Arce et al., 2008). Results from tryptophan depletion
studies are also consistent, as they demonstrate that acute de-
creases in serotonin levels are accompanied by increased amyg-
dala reactivity (Cools et al., 2005; van der Veen et al., 2007).
However, other studies suggest opposite effects of serotonin
(Anderson et al., 2008). For example, the acute administration of
SSRIs results in increased amygdala reactivity (Bigos et al., 2008).
In addition, decreased dorsal raphe 5-HT1Aautoreceptor expres-
sion, which is associated with increased forebrain serotonin re-
lease, is also associated with increased amygdala reactivity (Fisher
et al., 2006). Finally, genetic differences associated with decreased
5-HT1A autoreceptor expression, and presumably increased se-
rotonin signaling, is associated with greater threat-related amyg-
dala reactivity and increased trait anxiety (Fakra et al., 2009).

It is also possible that the relationship observed between
5-HTT availability and anxious temperament reflects functional
changes that occurred early in development (Holmes et al., 2005).
This is supported by studies in mice demonstrating that pharma-
cological blockade of 5-HTT in neonates increases anxiety and
stress reactivity in adulthood (Ansorge et al., 2004). These onto-
genetic effects have been hypothesized as a mechanism underly-
ing the influences of 5-HTTLPR genetic variability on amygdala
activity (Hariri et al., 2005), as well as the development of stress-
related psychopathology (Caspi et al., 2003). This developmental
hypothesis is particularly attractive for explaining the effects of
the 5-HTTLPR, since numerous human imaging studies fail to
demonstrate 5-HTT differences insversusl allele adults (Shioe et
al., 2003) (but see Praschak-Rieder et al., 2007). To further un-

Table 2. Bivariate correlations between mean 5-HTT binding and FDG-PET values

5-HTT availability correlations with NEC
glucose metabolism (n� 34) Coordinates (relative to AC)

Brain region Hemisphere PearsonÕsr p(two-tailed) x y z

Amygdalohippocampal area Left 0.292 0.094 � 8.75 � 3.75 � 9.375
BNST Left 0.195 0.270 � 3.75 � 0.625 1.875
Hippocampus Left 0.254 0.147 � 14.375 � 7.5 � 10
Genu of corpus callosum Midline 0.447 0.008 0 10.625 6.875
Amygdalohippocampal area Right 0.479 0.004 7.5� 3.75 � 11.25
BNST Right 0.377 0.028 3.75 0.625 0.625
Hippocampus Right 0.067 0.707 13.75 � 6.875 � 11.25

Mean 5-HTT values were extracted from each brain region of interest and residualized for the effects of age, gray matter probability, and DASB injection mass. Mean FDG values were extracted from each brain region of interest and
residualized for the effects of age and gray matter probability. The FDG values were taken from the NEC component of the behavioral paradigm and therefore represent glucose metabolism in response to a potential threat. AC, Anterior
commissure.

Table 3. Results of a hierarchical linear regression used to determine the unique and shared variance in anxious temperament accounted for by the mean 5-HTT availability
and FDG metabolism within each cluster

Total variance in anxious
temperament accounted
for by FDG(NEC)and 5-HTT 5-HTT unique variance FDG(NEC)unique variance Shared variance

Brain region HemisphereR2 F p 
 R2 F p 
 R2 F p R2� 
 R2

Amygdalohippocampal area Left 0.434 11.890 0.0002 0.118 6.489 0.016 0.191 10.459 0.003 0.125
BNST Left 0.369 9.078 0.001 0.179 8.804 0.006 0.119 5.868 0.021 0.071
Hippocampus Left 0.348 8.259 0.001 0.130 6.187 0.018 0.129 6.131 0.019 0.089
Genu of corpus callosum Midline 0.346 8.208 0.001 0.070 3.325 0.078 0.124 5.868 0.021 0.152
Amygdalohippocampal area Right 0.362 8.783 0.001 0.116 5.635 0.024 0.074 3.588 0.068 0.172
BNST Right 0.369 9.077 0.001 0.101 4.943 0.034 0.130 6.385 0.017 0.138
Hippocampus Right 0.453 12.857 0.0001 0.199 11.305 0.002 0.224 12.693 0.001 0.030

The FDG values were taken from the NEC component of the behavioral paradigm and therefore represent glucose metabolism in response to a potential threat.
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derstand the developmental influences of neonatal 5-HTT avail-
ability on adult anxiety and brain function, it will be important to
perform additional studies manipulating primate 5-HTT func-
tion early in life.

Although future studies are necessary to fully elucidate the
role of serotonin in modulating anxious temperament, the
present results demonstrate that 5-HTT availability in the BNST
and amygdalohippocampal area predicts the behavioral and neu-
roendocrine components of anxious temperament. Moreover,
the data suggest that the relationship between 5-HTT availability
and anxious temperament is in part mediated by the effects of
serotonin on stress-related glucose metabolism within these re-
gions. Therefore, based on the present data, we believe that al-
tered serotonergic modulation in the amygdalohippocampal area
and BNST may be an important factor in the development of the
risk for anxiety and affect-related psychopathology.
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Brief Communications

Orbitofrontal Cortex Lesions Alter Anxiety-Related Activity
in the Primate Bed Nucleus of Stria Terminalis

Andrew S. Fox,1,3Steven E. Shelton,2Terrence R. Oakes,3,4Alexander K. Converse,3Richard J. Davidson,1,2,3

and Ned H. Kalin1,2,3

Departments of1Psychology and2Psychiatry and the3Waisman Laboratory for Brain Imaging and Behavior at the University of WisconsinÐMadison,
Madison, Wisconsin 53719, and4Uniformed Services University of the Health Sciences, Bethesda, Maryland 20814

In children, behavioral inhibition (BI) in response to potential threat predicts the development of anxiety and affective disorders, and
primate lesion studies suggest involvement of the orbitofrontal cortex (OFC) in mediating BI. Lesion studies are essential for establishing
causality in brainÐbehavior relationships, but should be interpreted cautiously because the impact of a discrete lesion on a complex
neural circuit extends beyond the lesion location. Complementary functional imaging methods assessing how lesions influence other
parts of the circuit can aid in precisely understanding how lesions affect behavior. Using this combination of approaches in monkeys, we
found that OFC lesions concomitantly alter BI and metabolism in the bed nucleus of stria terminalis (BNST) region and that individual
differences in BNST activity predict BI. Thus it appears that an important function of the OFC in response to threat is to modulate the
BNST, which may more directly influence the expression of BI.

Introduction
In human children, laboratory-based measures of behavioral inhibi-
tion (BI) in response to unfamiliar individuals and/or novelty are
markers of anxious temperament and are early predictors of the
subsequent development of anxiety and affective disorders (N. A.
Fox et al., 2005). Because mechanistic studies cannot be performed
inchildren,wedevelopedandvalidatedananimalmodelof trait-like
BI inyoungrhesusmonkeys (KalinandShelton,2003). Inaprevious
study, we demonstrated that orbitofrontal cortex (OFC) lesions de-
creased the expression of BI (Kalin et al., 2007). To understand the
specific role the OFC plays in the neural circuit that underlies BI, we
assessed regional brain metabolic activity in freely behaving OFC-
lesioned animals and cage-mate controls using high-resolution
positron emission tomography (PET).

The OFC is part of the neural circuit involved with emotion
processing and appears critical for guiding and maintaining emo-
tional responses (Milad and Rauch, 2007; Wallis, 2007). Recent
work has shown OFC neurons to encode and store the relative
value of different choices, and to be required for reversing the
value of a cue (Wallis, 2007). Additionally, the OFC is bidirec-
tionally connected with the subcortical components of the circuit
that mediates fear and anxiety, and is thought to play an impor-
tant role in the pathophysiology of anxiety and affective disorders

(Kalin and Shelton, 2003; Milad and Rauch, 2007). Studies in
both OFC- and amygdala-lesioned monkeys exposed to the no-
eye-contact condition (NEC) of the human intruder paradigm
have demonstrated replicable reductions in threat-induced freez-
ing, which is a measure of BI (Kalin et al., 2004, 2007; Murray and
Izquierdo, 2007; Machado and Bachevalier, 2008) (but see Izqui-
erdo et al., 2005). The results of functional imaging studies in
monkeys in relation to BI have not been entirely consistent with
the results from the lesion studies. For example, [F-18]fluoro-
deoxyglucose (FDG) PET imaging in intact animals failed to find
a significant correlation between OFC metabolism and either
NEC-associated freezing behavior or anxious temperament, a
composite measure such that individuals with higher levels of
anxious temperament have increased freezing behavior, de-
creased vocalizations, and increased cortisol (Kalin et al., 2005;
A. S. Fox et al., 2008). Instead, these functional imaging studies
highlighted subcortical stress circuits, in which the amygdala and
a region encompassing the bed nucleus of stria terminalis (BNST;
a part of the extended amygdala) predicted individual differences
in the duration of monkeys’ threat-associated freezing behavior
and anxious temperament (Kalin et al., 2005; A. S. Fox et al.,
2008). These data suggest that the influences of the OFC on
anxiety-related behavior may be indirect, as OFC lesions alter
freezing, but in intact animals, brain activity in this region does
not predict individual differences in freezing. The imaging data
suggest that the BNST and amygdala are the proximate regions
that mediate freezing. Based on these data, we hypothesized that
lesions of the OFC alter freezing and BI by modulating the func-
tion of the amygdala and BNST, regions that more directly me-
diate anxiety and fear.

Materials and Methods
Subjects.Six male rhesus monkeys (Macaca mulatta) that received bilat-
eral� 60% OFC aspiration lesions (which included areas 11, 12, 13, and

Received Nov. 12, 2009; revised Feb. 22, 2010; accepted April 5, 2010.
ThisworkwassupportedbyNational InstitutesofHealth (NIH)GrantsMH46729andMH69315,TheHealthEmo-

tionsResearch Institute,MeriterHospital,andNIHTrainingGrantT32-MH018931toA.S.F.Wearegrateful toJ.Oler,
H. Van Valkenberg, T. Johnson, J. King, S. Mansavage, J. Droster, L. Greischar, A. Jahn, T. Johnstone, A. Shackman,
and the staff at the Harlow Center for Biological Psychology and the National Primate Research Center at the
University of Wisconsin for their technical support and Drs. Elisabeth Murray and Jocelyne Bachevalier for their
neurosurgical advice.

Correspondenceshouldbeaddressed toDr.NedKalin,UWPsychiatric InstituteandClinics,UniversityofWiscon-
sinÐMadison, 6001 Research Park Boulevard, Madison, WI 53719. E-mail: nkalin@facstaff.wisc.edu.

DOI:10.1523/JNEUROSCI.5952-09.2010
Copyright © 2010 the authors 0270-6474/10/307023-05$15.00/0

The Journal of Neuroscience, May 19, 2010¥30(20):7023Ð7027 ¥7023



14) discussed in Kalin et al. (2007) and six un-
operated cage-mate controls were the focus of
this study. Further characterizations of lesion
extent based on Walker areas are not presented
due to concerns about the reliability of using
MRIs after lesion to specifically quantitate
damage to subregions of OFC. Each animal was
injected with FDG, exposed to the NEC condi-
tion, anesthetized, and PET scanned at both
time 1, where all animals were unoperated, and
at time 2, which was after lesion for the exper-
imental group (Kalin et al., 2007). Of the six
pairs of animals, one pair was excluded because
we were unable to obtain quality FDG-PET
data for the OFC-lesioned animal at time 1.
The 10 animals included in the analysis (age:
mean� 2.86 years) were matched for age, and
were housed as pairs with each experimental
animal living with a control animal. All testing
was done in accordance with institutional
guidelines.

Positron emission tomography and behavioral
measurements.The six lesioned animals and
their age-matched cage-mate controls were ex-
amined twice with FDG-PET (time 1, before
lesion for experimental subjects and time 2, af-
ter lesion for experimental subjects) during ex-
posure to the NEC condition of the human
intruder paradigm. Individual animals were
injected with FDG intravenously and placed in
a testcage,where theywereexposed toamodified
version of the NEC condition of the human
intruder paradigm. In the modified human in-
truder paradigm, a human experimenter en-
tered the room and stood with their profile to
the monkey, making no eye contact with the
animal 2.5 m from the test cage. To prevent
habituation during the 30 min of FDG uptake, the human remained in
the test room for 10 min, left the test room for 5 min, returned for 5 min,
left for 5 min, and returned for the remaining 5 min. Behavior was
recorded on closed circuit video, scored by trained raters blind to condi-
tion, and aggregated across the three periods of the NEC condition.
Freezing was defined as a period of at least 3 s characterized by tense body
posture without vocalizations and movement other than slow move-
ments of the head. Cooing was defined as a vocalization made by round-
ing and pursing the lips with an increase then decrease in frequency and
intensity. Locomotion was coded as of one or more full steps at any speed.
The freezing results presented here are a subset of the results presented in
Kalin et al. (2007). After the 30 min of FDG uptake, animals were anes-
thetized with ketamine (15 mg/kg) and were administered intramuscular
atropine sulfate (0.27 mg). They were then fitted with an endotracheal
tube, to administer 1–2% isoflurane gas anesthesia. The animal was then
placed in the microPET P4 scanner (Concorde Microsystems) (Tai et al.,
2001). Sixty-minute emission PET scans were reconstructed using fil-
tered back projection and reflect the integrated brain metabolism that
occurred during the� 30 min of FDG uptake.

Preprocessing.Time-2 (postsurgical for the experimental group) PET
scans were masked to exclude prefrontal regions where anatomy may
have changed in the experimental group, and posterior brain regions that
were misplaced outside of the PET scanner field of view in some of the
presurgery images [see Kalin et al. (2005) for additional information].
Each animal’s time-2 masked images were transformed using a six-
parameter rigid-body transformation to match their prelesion PET scan.
Transformations were applied to the unmasked time-2 PET scans and
manually inspected by A.S.F. to ensure that each subject’s time-2 PET
scans was accurately aligned to the time-1 PET image. Nonlinear trans-
formations based on the time-1 images (computed using AIR5) were
applied to the time-2 images, resulting in time-2 images in the standard
space of Paxinos, Huang, and Toga (Woods et al., 1998; Paxinos et al.,

1999). Additional details on this registration can be found in Kalin et al.
(2005). To facilitate interscan comparisons, images were globally scaled
by adjusting the mean, based on a partial brain ROI created by intersect-
ing the masked images used for alignment (A. S. Fox et al., 2005; Kalin et
al., 2005). Each globally scaled image was smoothed using a 4 mm3

full-width at half-maximum (FWHM) Gaussian kernel to account for
slight across-subject variation in anatomy and to enforce a normal
distribution.

Statistical analyses.Statistical analyses were performed using standard
voxelwise regression techniques. To verify lesion efficacy in decreasing
OFC metabolism, a region of interest based on the target lesion area was
drawn on an MRI template, and relative glucose metabolism within this
region was extracted for each subject. This effect was highly significant,
suggesting our analysis was sensitive to the effects of the lesion (data not
shown). To assess brain differences in non-OFC regions, analyses were
performed using a voxelwise search within regions where data were ac-
curately aligned to standard space. Posterior visual regions were excluded
from the analyses, since this region was outside of the scanner field of
view in some of the prelesion PET scans (see Kalin et al., 2005), and
anterior regions (anterior to the genu of the corpus callosum) were ex-
cluded because we could not accurately account for lesion-induced de-
formations of brain structure within these regions. Within trusted
regions, we identified regions� 8 mm3 (the FWHM resolution of the
scanner) that showed a significant lesion/no lesion by time-1/time-2 in-
teraction (p � 0.05, two-tailed uncorrected) and a significant time-2
main effect of group (lesion vs no lesion) (p � 0.005, two-tailed uncor-
rected). Follow-up analyses were performed in SPSS, focusing on linear
regressions on the mean values from the clusters identified in the voxel-
wise analysis. To test the effects of laterality, we also extracted mean
values from the opposing hemisphere of significant clusters, and per-
formed a lesion/no lesion by time 1/time 2 by left-hemisphere/right-
hemisphere interaction.

Figure1. OFClesionsalter freezingandmetabolismintheBNSTregion.a,FiveanimalsreceivedlesionstotheOFC[Walkerareas
11,12,13,and14; these lesionsarediscussed indetail inKalinetal. (2007)].b,Barplotwith individualdatapoints representinga
lesion/no lesion by time-1/time-2 interaction for freezing duration assessed in the no-eye-contact condition during FDG uptake
(fordetailsonthisanalysis,seeResultsandsupplementalmaterial,availableatwww.jneurosci.org).Detailsontheextremeoutlier
in thecontrolgroupat time1(circled)canbefound in thesupplementalmaterial (availableatwww.jneurosci.org).c,Results from
acorrespondingvoxelwiseanalysisofbrainactivation, inwhichweobservedalesion/no lesionbytime-1/time-2 interaction(p�
0.05 two-tailed uncorrected)andasignificant difference at time2 (p� 0.05 andp� 0.005, two-taileduncorrected; seen in red
and yellow, respectively). Results are overlaid on a study-specific template discussed in Kalin et al. (2005), and shown next to a
schematic that demonstrates the location of the BNST region according to Paxinos et al. (1999).d, Bar plot with individual data
points representing the lesion/no lesion by time-1/time-2 interaction for the mean FDG values within the BNST-region cluster
(shown in yellow inc).
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Results
We first examined the effects of OFC lesions on freezing behavior
that occurred during the period of FDG uptake. Consistent with
Kalin et al. (2007), we observed that OFC-lesioned animals, com-
pared to intact animals, exhibited significantly less freezing when
tested during the time-2 FDG-uptake period (t(8) � 2.371,p �
0.026) (see supplemental note, available at www.jneurosci.org as
supplemental material; Fig. 1b) (Kalin et al., 2007). Further anal-
yses revealed a significant increase in freezing duration within the
control group (t(4) � 4.848,p� 0.008), with no group differences
at time 1 or any significant decrease in freezing behavior in the
experimental group (p � 0.5) (additional discussion can be
found in supplemental material, available at www.jneurosci.org).

Based on the hypothesis that the OFC indirectly influences
freezing by modulating amygdala and BNST activity, we pre-
dicted that OFC lesions would decrease activity in the amygdala
and BNST. Results of the voxelwise analyses demonstrated that
NEC-exposed OFC-lesioned animals had significantly (p �
0.005, two-tailed uncorrected time-2 effect and ap � 0.05, two-
tailed uncorrected interaction) lower glucose metabolism in a
region that overlapped with the BNST (Fig. 1b) and additionally
in the entorhinal cortex. The analysis also revealed increased ac-
tivation in OFC-lesioned animals in regions of parietal cortex
(LIP), midcingulate gyrus, and motor cortex (for a complete list
of affected regions, see Table 1). Analyses of asymmetry revealed
no group by time by hemisphere interaction in BNST metabolism
(F(4,25)� 1.44,p � 0.25), suggesting no significant differences in
BNST laterality. Although we did not observe significant effects
of the OFC lesions on amygdala metabolism, this null finding
may result from a lack of statistical power as previously published
associations between freezing behavior and amygdala metabo-
lism suggest a relatively low zero-order correlation that gets
stronger when combined with other measures not discussed in
this manuscript (Kalin et al., 2005).

To further examine the role of the BNST region in BI, we
investigated the correlation between brain activity in the BNST
region with freezing behavior at time 2. Because we hypothesized
that OFC lesions were mediated by the BNST, and would not alter
the relationship between BNST and freezing, we predicted that
these data would replicate the previously observed positive cor-
relation between BNST and freezing behavior (Kalin et al., 2005).
Our findings demonstrated that mean metabolic activity in the
BNST region that showed a group difference between lesioned
and nonlesioned animals strongly predicted freezing (Spear-
man’s� � 0.782,p � 0.008; controlling for age in both variables)
(Fig. 2). To determine the specificity of this correlation to freez-
ing behavior, we performed the same analyses correlating indi-

vidual differences in BNST region activity with individual
differences in affiliative vocalizations (coo calls) and locomotion
and found that neither were significantly correlated with BNST
region metabolism (p values� 0.174). To ensure that the BNST
region was accounting for the majority of the variance associated
with freezing behavior, we entered each of the regions affected by
the OFC lesions into a hierarchical linear regression with the
BNST region. This analysis revealed that metabolic activity in no
other region significantly accounted for additional variance in
freezing behavior beyond that accounted for by the BNST
region (F-change values� 2.402,p values� 0.165). These
analyses suggest that the BNST may be the critical brain region
associated with the effect of the OFC lesions on decreasing
freezing behavior. Additionally, this finding is consistent with
previous research suggesting that motor, parietal, and midcin-
gulate regions may be related to specific operations associated
with BI, such as alterations in locomotion and visual attention,
rather than the altered motivation associated with BI itself
(Paus, 2001; Gottlieb, 2007).

Table 1. Control minus experimental postlesionp< 0.005

� /� Cluster region Volume (in mm3) Cluster hemisphere Peak location region
Peaktvalue
(postlesion)

Peak location relative to anterior
commissure (in mm)

x y z

� Entorhinal cortex 28 L Rostral entorhinal cortex 15.32� 7.5 � 0.625 � 14.375
� Postcentral gyrus 9 R Area 3 14.44 25 1.875 4.375
� Bed nucleus of stria terminalis region 8 L Bed nucleus of stria terminalis 7.17� 4.375 1.25 � 0.625
� Parietal 81 R Parietal area PG 16.75 13.125� 23.75 18.125
� ACC 43 Midline Areas 6/32 and 23c 13.69� 0.625 � 5.625 15.625
� Motor 12 R Area 4 29.28 6.875� 3.125 21.25
� White matter near OFC 11 R 10.52 11.875 9.375 5.625
� Motor 10 R Area 6 8.74 13.75� 0.625 18.75

Regionswhereweobservedasignificant interaction(p� 0.05, two-taileduncorrected)andwherecontrolanimalsshowedgreatermetabolismthanOFC-lesionedanimalsat time2(after lesion;p� 0.005, two-taileduncorrected).Regions
arepresentedwith thedirectionof thecorrelation,brain regions involved, volume,andhemisphereof cluster.Wealso report the localmaxima foreachstatistical clusterwith its correspondingtvalueand location (inmillimeters relative to
the anterior commissure). Note that our analyses did not include areas� 20 mm posterior to the anterior commissure or areas anterior to the genu of the corpus callosum (see Materials and Methods for details).

Figure 2. BNST region metabolism predicts freezing. Scatter plot demonstrating that the
relationship between freezing duration (log-scaled, residualized for age, andz-scored) and
mean FDG values at time 2 from the functionally defined BNST region (residualized for age and
z-scored;p� 0.005two-taileduncorrected,yellow inFig.1candbrainoverlay; residualized for
ageandz-scored).Thesevaluesrepresentareplicationof therelationshipbetweenBNSTregion
metabolism and freezing duration previously reported in Kalin et al. (2005) across the OFC-
lesioned animals and their cage-mate controls.
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Discussion
Using a combined lesion and imaging approach in an established
primate model, we demonstrate an interaction between the OFC
and the BNST region that sheds light on how the OFC modulates
trait-like anxiety-related responses in primates. OFC lesions al-
tered freezing, a behavior that is critical and adaptive in helping
an animal remain undiscovered in the face of a potential threat.
The current data demonstrate that OFC lesion-induced changes
in freezing could be accounted for by alterations in BNST activity.

Recent research has highlighted a number of important func-
tions of the OFC that help elucidate its role in anxiety-related
behavior. In particular, electrophysiological recordings in mon-
keys and functional imaging in humans have shown this region to
track the relative value of choices and maintain this representa-
tion over time (Kringelbach and Rolls, 2004; Wallis, 2007). Ad-
ditionally, lesion studies have demonstrated the OFC to be
critical for updating the value of reward-related cues (Wallis,
2007). The OFC may respond similarly to threat-related cues
such that in the NEC paradigm the OFC could be accumulating and
maintaining the emotional representation of the human intruder to
facilitate adaptive behavioral responses. Importantly, this is consis-
tent with structural and functional differentiation of the OFC into
“medial” and “orbital” OFC networks, with the orbital OFC (the
region lesioned in this study) demonstrating more activation to cues
that signal negative outcomes (Kringelbach and Rolls, 2004; Price,
2007). Based on the data from the current study, we further suggest
that the behavioral actions induced by the perception of threat cues
are implemented via the OFC’s influence on the BNST region.

The relation we observed between individual differences in
BNST region metabolism and trait-like anxiety agrees with our
previous work as well as rodent work examining the functional
significance of BNST activity (Walker et al., 2003; Kalin et al.,
2005; A. S. Fox et al., 2008). The BNST is part of the limbic system
and basal forebrain, with the posterior edge near the central nu-
cleus of the amygdala (CeA) and the anterior edge bordering on
the nucleus accumbens (Heimer et al., 1997). The similar devel-
opment, cytoarchitecture, and connectivity of the BNST and CeA
have led researchers to group these regions into the broader con-
struct of the “extended amygdala” (Heimer, 2003). Because the
extended amygdala receives substantial input from other amyg-
dala nuclei and projects to the brainstem and hypothalamic re-
gions required to mount a stress response, the extended amygdala
is ideally situated to be the interface to the motor responses asso-
ciated with emotional reactions (Heimer et al., 1997). More re-
cently, Walker and Davis have suggested a functional dissociation
within the extended amygdala, such that the CeA is necessary for
rapid-onset, short-duration, acute fear responding to specific
threat, and the BNST is associated with slower-onset, longer-
lasting responses associated with anxiety and BI (Walker et al.,
2003). These data are consistent with the interpretation that OFC
lesions alter metabolism in the BNST region, which in turn ini-
tiates BI measured in response to a relatively long (30 min) expo-
sure to the NEC condition. Importantly, our findings are also
highly consistent with ongoing work in rodents demonstrating
the BNST region to mediate individual differences in anxiety, and
our work in monkeys suggesting that serotonin transporter avail-
ability in the BNST may represent a complementary mechanism
for altering BNST activity (Duvarci et al., 2009; Oler et al., 2009).

Interestingly, anatomical tract tracing studies in primates
have not observed the orbital OFC network to be directly con-
nected to the BNST. Retrograde tracing studies measuring the
direct projections to the orbital OFC have failed to label neurons

in the BNST, and the anterograde studies investigating the pro-
jections from the OFC to the BNST have not been published
(Price, 2007). Thus, it remains unclear whether the OFC lesions
are decreasing freezing behavior via direct or indirect connec-
tions to the BNST (e.g., via known thalamic, insular, or amyg-
dalar connections), and highlights the fact that these two regions
represent only a portion of the functional network that underlies
BI (Ghashghaei et al., 2007).

Although this sample size is consistent with that of other stud-
ies investigating the effects of targeted lesions on behavior, it is
substantially underpowered for analyses that attempt to under-
stand the relation between individual differences in lesion extent
with brain activity and behavior. Future work with larger sample
sizes will facilitate an understanding of the relationships among
lesion location, remaining functional activation within the le-
sioned areas, and lesion-induced behavioral alterations.

In conclusion, these data suggest that the OFC does not di-
rectly alter freezing per se, but rather the behavioral effects of
OFC lesions result from the removal of descending modulatory
inputs (direct or indirect) to the BNST region. It follows that
alterations in OFC function may underlie difficulties in the adap-
tive regulation of anxiety, which is thought to be a cardinal fea-
ture of anxiety and affective disorders (Kalin and Shelton, 2003).
In contrast to the strategy of using either selective lesion tech-
niques or functional imaging to understand brain–behavior re-
lations, this study underscores the power of combining these
methods to better understand the complex interactions among
components of relevant neural circuits.
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Abstract
Anxious temperament (AT) in human and non-human primates is a trait-like phenotype evident
early in life that is characterized by increased behavioural and physiological reactivity to mildly
threatening stimuli 1–4. Studies in children demonstrate that AT is an important risk factor for the
later development of anxiety disorders, depression, and comorbid substance abuse 5. Despite its
importance as an early predictor of psychopathology, little is known about the factors that
predispose vulnerable children to develop AT and the brain systems that underlie its expression.
To characterize the neural circuitry associated with AT and the extent to which the function of this
circuit is heritable, we performed a study in a large sample of rhesus monkeys phenotyped for AT.
Using 238 young monkeys from a multigenerational single-family pedigree, we simultaneously
assessed brain metabolic activity and AT while monkeys were exposed to the relevant ethological
condition that elicits the phenotype. High-resolution 18F-deoxyglucose positron emission
tomography (FDG-PET) was selected as the imaging modality since it provides semi-quantitative
indices of absolute glucose metabolic rate, allows for simultaneous measurement of behaviour and
brain activity, and has a time course suited to assess temperament-associated sustained brain
responses. Results demonstrated that the central nucleus region of amygdala and the anterior
hippocampus are key components of the neural circuit predictive of AT. Quantitative genetic
analysis demonstrated significant heritability of the AT phenotype. Additionally, a voxelwise
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analysis revealed significant heritability of metabolic activity in AT-associated hippocampal
regions. However, activity in the amygdala region predictive of AT was not significantly heritable.
Furthermore, the heritabilities of the hippocampal and amygdala regions significantly differed
from each other. Even though these structures are closely linked, the results suggest differential
influences of genes and environment on how these brain regions mediate AT and the ongoing risk
to develop anxiety and depression.

Anxiety disorders are among the most common forms of psychopathology 6, and frequently
begin during childhood and adolescence. While all children experience acute anxiety,
children with AT display extreme behavioural and physiological reactivity to novel stimuli
and in the presence of strangers inhibit their locomotor activity and vocalizations 3.
Furthermore, children with AT are maladaptively shy and chronically suffer from worry and
apprehension. Some children with AT also exhibit increased pituitary-adrenal and
autonomic activity 4. Identifying neural intermediate phenotypes of AT is a critical step in
elaborating how environmental and genetic factors influence the development of anxiety and
affect-related psychopathology. While AT is assumed to be partially heritable, the extent to
which genetic variation influences metabolic activity in the neural circuit that underlies AT
remains to be determined. We previously validated a nonhuman primate model of AT 7 and
demonstrated that brain activity assessed across stressful and non-stressful contexts
predicted AT, revealing the stable trait-like characteristics of brain metabolic activity
associated with this disposition 2.

To characterize the extent to which individual differences in AT-related brain activity are
heritable, we concomitantly assessed AT and regional brain metabolism in 238 young rhesus
monkeys (male = 116, female = 122, mean age = 2.4 years, range = 0.74 – 4.2 years)
belonging to a multigenerational single-family pedigree of more than 1500 individuals. The
statistical power of an extended pedigree approach to quantitative genetic analysis is derived
from the presence of substantial numbers of closely related, more distantly related, and
unrelated pairs that all contribute information concerning the effects of kinship (shared
genes) on phenotypic similarity (see supplementary information).

Similar to AT in children, monkey AT was assessed using measures of threat-induced
freezing behaviour and inhibited vocalizations, as well as plasma cortisol concentrations
(see supplementary information). AT and brain metabolism were assessed when monkeys
freely behaved in a test cage by themselves for 30 minutes in a potentially threatening
situation in which a human “intruder” entered the room and stood 2.5 meters from the cage
8. During this time the intruder presented his profile to the monkey ensuring that he avoided
eye contact with the animal (No Eye Contact; NEC). Animals with the greatest AT froze
longer, vocalized less, and had elevated plasma cortisol levels. The rationale underlying the
use of the NEC paradigm is: 1) it optimally elicits the behaviours associated with the AT
phenotype 8, 2) increased amygdala metabolism occurs during NEC 2, and 3) selective
dorsal amygdala lesions attenuate NEC-induced behavioural and physiological responses 9.

To further understand the relation between regional brain activity and AT, monkeys were
injected with FDG immediately prior to NEC. Following NEC exposure, blood was
collected for cortisol assessment and monkeys were anesthetized and placed in a high-
resolution microPET scanner to measure the FDG uptake that occurred during the NEC
challenge. FDG is glucose analog with a half-life of 110 minutes that is trapped by
metabolically active cells. Since the time course of FDG uptake reflects brain activity over
an approximate 30-minute period, and remains stably detectable in the brain, it is an ideal
radiotracer to simultaneously study behaviour and brain activity elicited by exposure to
ethologically relevant situations. Furthermore, FDG-PET allows for measurement of brain
activity within a single condition, and unlike fMRI does not require a contrast with a
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baseline signal. These features make FDG-PET particularly useful in understanding the
sustained brain responses associated with temperament, which by definition is a persistent
and relatively context-independent disposition.

The results demonstrated highly significant correlations between individual differences in
AT and glucose metabolism within several large clusters (left and right anterior temporal
lobe, midline parietal cortex, left and right visual cortex, right posterior thalamus and right
temporal parietooccipital area; see Table 1). The anterior temporal lobe clusters (Fig 1) are
of particular interest since they contain the amygdala, extended amygdala and anterior
hippocampus, regions consistently implicated in mediating emotional behaviour, fear-related
responses, and anxiety and depressive disorders 1,10–14. Mean glucose metabolism in the
left and right anterior temporal lobe clusters (residualized for age, sex and mean gray matter
probability) accounted for 24.4% and 27.5% of the variance in AT, respectively. Because
these clusters contain anatomically distinct brain structures, we sought to specify the regions
within the anterior temporal lobe clusters that most strongly predicted AT (i.e., the global
maxima of the right and left clusters). The voxels most strongly predictive of AT were
located in the lateral portion of the right dorsal amygdala (r=0.44, p=2.38e-13; Fig 1A and
Fig 2A), which contains the central nucleus of the amygdala (CeA) and the amygdalostriatal
transition zone (ASTZ), and in the left hippocampus (r=0.45, p=8.3e-13; Fig 1E and Fig
2B). No effects of sex or laterality were observed in any of the reported correlations (all p’s
> 0.10), nor were there any significant main effects of sex on the components of AT (all p >
0.10).

The amygdala and hippocampus work in concert in mediating emotion-modulated memory
15, however, it is important to emphasize that these structures uniquely contribute to other
aspects of emotional processing. For example, hippocampal lesions in rats and rhesus
monkeys produce alterations in anxious behavior that are distinct from the effects of
amygdala lesions 16–18. As the dorsal amygdala and anterior hippocampus are adjacent
structures, calculating the spatial confidence intervals around the voxels containing the
maximum t-values further delineated the locations of these peaks. The confidence intervals
represent volumes that with 95% certainty contain the peak correlations between metabolic
activity and AT (see supplementary information). To further demarcate the location of these
peaks the volumes contained within these confidence intervals were superimposed on a
voxelwise map of [11C- DASB] serotonin transporter (5-HTT) binding created from an
independent sample of rhesus monkeys (see supplementary information). This 5-HTT map,
thresholded at 250× background binding, can be used to precisely localize the CeA and
differentiate it from the anterior hippocampus, since compared to surrounding regions the
lateral division of the CeA has the highest density of 5-HTT binding 19. As can be seen in
Fig. 1A–D, the right dorsal amygdala 95% confidence interval encompasses the lateral
region of the right CeA and the laterally adjacent ASTZ. Anatomical studies show that the
ASTZ shares many similarities with the CeA, and may represent a posterior division of the
ventral striatum/extended amygdala 13. The left hippocampal 95% confidence interval does
not overlap with the lateral CeA region as defined by 5-HTT binding, further confirming the
spatial dissociation between the dorsal amygdala and anterior hippocampal regions
predictive of AT (Fig 1E–H).

To estimate the heritability of AT, the pedigree relationships and individual phenotype
measures were used in maximum likelihood variance components analyses computed using
SOLAR (see supplementary information). Consistent with prior findings in rhesus monkeys
20, as well as studies of human anxiety 21, AT was significantly heritable (h2=0.36,
p=0.015). A voxelwise heritability analysis for brain activity was performed using SOLAR
controlling for the potential confounds of age, age2 and sex. Analyses were limited to those
voxels within the FDG clusters that were significantly predictive of AT. Since previous
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studies demonstrated that heritable individual differences in brain structure relate to stress
reactivity 22, gray matter probability was also included as a voxelwise covariate. Glucose
metabolic activity was significantly heritable in voxels in the anterior temporal lobe clusters
(Fig 3) as well as in the other clusters predictive of AT (see supplementary information).
Within the anterior temporal lobe clusters, significantly heritable regions were found in
bilateral hippocampus (right sided maximally significant heritable voxel: h2=0.65,
p=3.83e-05; left sided maximally significant heritable voxel: h2=0.76, p=3.4e-06) and in the
right superior temporal sulcus (maximally significant heritable voxel: h2=0.46, p=5.92e-03).
No significantly heritable voxels were observed in the amygdala regions predictive of AT
(see Fig 3). As with any null finding, the possibility exists that significant heritability of
amygdala metabolic activity could be detected with a larger sample.

The heritability estimates for the peak AT-predictive hippocampal and amygdala voxels
were: h2=0.52 (p=0.001) and h2=0.02 (p=0.454), respectively. To test whether the
heritability of metabolic activity in these hippocampal and amygdala AT-predictive voxels
significantly differed from each other, a model that allowed the two heritability estimates of
these voxels to vary independently was compared with a model that constrained the
heritability estimates to be equal. The observed difference in heritability between the
hippocampal and amygdala peak voxels was 0.518 (95% CI: 0.238 – 0.799). Results
confirmed that the heritability of metabolic activity in the anterior hippocampal voxel was
significantly greater than that in the dorsal amygdala voxel (�$2=6.08, df=1, p<0.0137). A
similar difference in heritability was found for the amygdala and hippocampal regions
defined by the 95% spatial confidence intervals of the most AT-predictive peaks (�$2=6.24,
df=1, p<0.0125). For these regions the observed difference in heritability was 0.508 (95%
CI: 0.218 – 0.798). These results suggest that the heritable risk to develop AT is more likely
to be related to hippocampal, and not amygdala, metabolic activity when assessed during the
NEC condition. Given that the amygdala and anterior hippocampus are anatomically linked,
and are both highly predictive of AT, we did not expect the heritability of these regions to be
dissociable. Demonstrating differential heritability between these two closely related
structures is highly valuable as it provides new insight into the neural circuits underlying
AT. Additionally, it establishes a model system that can be used to further investigate the
genetic and environmental mechanisms that may differentially affect amygdala and
hippocampal function relevant to the development of anxiety-related psychopathology.
Since heritability estimates are influenced by context, environmental variation, and
population characteristics including age 23,24, it is possible that greater heritability of
amygdala function would be detected when examining different phenotypes, other
developmental stages, or when using different paradigms to understand other amygdala-
dependent functions.

The lack of significant additive genetic effects (heritability) observed in the amygdala region
may appear to be inconsistent with the numerous reported effects of single genes, most
notably the repeat length polymorphism in the promoter region of the serotonin transporter
gene (5HTTLPR), on emotion-related amygdala reactivity 25–28. The majority of these
single gene effects are context-dependent, revealed by comparing acute changes in
amygdala reactivity to a baseline state. In a previous study, with a considerably smaller
sample of monkeys, we demonstrated such context-dependent effects of the 5HTTLPR on
amygdala metabolic activity by comparing an activated state to a baseline condition 29. To
further understand similarities between the current paradigm and those demonstrating
influences of single genes on amygdala reactivity, animals were genotyped for the
5HTTLPR and measured genotype analyses, sensitive to effects of single genes, were
performed. Results demonstrated no significant effect of the 5HTTLPR on either AT (p =
0.271) or metabolism in the amygdala and hippocampal regions predictive of AT (FDR q >
0.05). These data are consistent with a recent large-sample human study that failed to
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demonstrate a relation between the 5HTTLPR and resting amygdala activity as measured
with perfusion MRI, which like FDG-PET does not require a comparison condition 30.
These findings emphasize the importance of distinguishing between studies assessing
sustained trait-like brain responses associated with AT from those investigating acute
reactivity of the amygdala in relation to adult anxiety.

While the amygdala and hippocampus have been recognized as important in emotion and
psychopathology, little data exist regarding the role of these regions in the development of
temperamental dispositions such as AT. Recent theories have implicated the amygdala in
mediating acute fear and vigilance 11,12, whereas the hippocampus has primarily been linked
to mechanisms underlying declarative memory 15. Of interest, earlier theorists emphasized
the septo-hippocampal system as being central to anxiety and specifically involved in threat-
related behavioural inhibition 10. The current findings provide support for an important role
of the anterior hippocampus in the development of anxious dispositions 16,17, and suggest
that the highly interconnected regions of the hippocampus and amygdala are differentially
influenced by genetic and environmental factors. These data support a new model
combining measures of metabolic brain activity with ethologically relevant behavioural
challenges to discover genes that mediate the endophenotype underlying the risk to develop
anxiety and depression.

METHODS SUMMARY

Functional and structural (MRI) brain data for each animal were co-registered to a standard
space based on an age-appropriate rhesus monkey brain template. Whole-brain linear
regression analyses examined the relations between FDG uptake and AT. To account for
potential confounds, age and sex were included in the regression model as covariates. Gray
matter probability was also included as a voxelwise covariate to account for the possibility
that structural differences affected the relation between brain metabolic activity and AT. The
resulting 3D t-map was corrected for multiple comparisons using the Šidák equation (1 �P (1
�P �.)1 / n), which is similar to the Bonferroni method and determined the statistical threshold
of p=0.05, corrected (t > 5.47). To estimate the heritability of AT, phenotypic covariance/
correlation amongst pairs of relatives was modeled as a function of expected pairwise
kinship values to estimate the magnitude of additive genetic variance relative to that of the
observed phenotypic variance. Age, age2 and sex were included in the mean effects model
as covariates to control for these potential confounds. The resulting heritability data were
corrected for multiple comparisons based on the total volume of all the clusters correlated
with AT using a False Discovery Rate (FDR; q-value = 0.05). Measured genotype analyses
use the same variance components approach as the heritability analyses, and were
implemented using SOLAR. Measured genotype analyses simultaneously estimate the effect
of specific genotypic differences among animals and the overall effect of pair-wise kinship,
thus testing for the effect of a single polymorphism while accounting for background allele
sharing across the genome due to genealogical relatedness. Full details on methods and any
associated references are presented in the Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Glucose metabolism in the anterior temporal lobes is predictive of AT
a, amygdala and e, hippocampus (significance of correlations - yellow: p < 0.05, light
orange: p < 0.01, dark orange: p < 0.001, corrected). Pink areas represent 95% spatial
confidence intervals of the peak correlations. b and f, corresponding slices adapted from The
Rhesus Monkey Brain in Stereotaxic Coordinates (2009). c, g, 5-HTT binding differentiates
the CeA region from the anterior hippocampus. d, The CeA, defined by the 5-HTT map,
encompasses the amygdala peak. h, The hippocampal peak is distinct and does not overlap
with the 5-HTT map.
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Figure 2. Peak correlations between AT and anterior temporal lobe glucose metabolism
a, Voxel within the amygdala (see Fig 1a) reflecting the peak correlation between
metabolism and AT (r=0.44, p=2.38e-13) and b, voxel within the hippocampus (see Fig 1e)
reflecting the peak correlation between metabolism and AT (r=0.45, p=8.3e-13). 18F-
deoxyglucose values were extracted from each animal, residualized for the effects of age,
sex and gray matter probability, and plotted against individual differences in AT.
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Figure 3. Overlap between regional metabolic activity predictive of AT with regions that are
significantly heritable
a and b, No significantly heritable voxels were observed in the dorsal amygdala region,
although within the same slice significant heritability was detected in the superior temporal
sulcus. c, Glucose metabolism was significantly heritable in both the right hippocampus and
left hippocampus, d, where it overlaps with the left anterior hippocampal region that
correlated with AT. (yellow = regions predictive of AT from Fig 1; dark green to light
green: FDR: q < 0.05, q < 0.01, q < 0.001).
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Table 1
Regions where regression analyses revealed that AT was significantly correlated with brain metabolism during the No-Eye-Contact
challenge

Data are presented with the direction of the correlation, hemisphere, brain regions involved, and the volume of each AT-correlated cluster. The local
maxima for each anatomical region within the statistical cluster with its corresponding t-value (p=0.05, corrected) and location (in millimeters relative to
the anterior commissure) are also reported. CeA; amygdala central nucleus, ASTZ; amygdalostriatal transition zone.

Clusters correlated with Anxious Temperment Local maxima within clusters Location relative to anterior
commisure (in mm)

direction of
correlation Hemisphere Regions within cluster

cluster volume
in mm3) Area

Max
t-value x y z

positive R amygdala/temporal cortex/ 850.8 dorsal amygdala (CeA/ASTZ region) 7.68 12.500�P���������� �P����������

anterior hippocampus ventral putamen 7.40 14.375�P���������� �P����������

superior temporal sulcus (anterior) 7.17 18.750�P���������� �P������������

temporopolar cortex 6.68 19.375 5.000 �P����������

L amygdala/temporal cortex/ 675.1 anterior hippocampus 7.61�P������������ �P���������� �P����������

anterior hippocampus ventral putamen/posterior amygdala 7.38�P������������ �P���������� �P����������

mid hippocampus 6.71 �P������������ �P���������� �P������������

claustrum 6.33 �P������������ 3.125 �P������������

superior temporal sulcus 6.08 �P������������ 0.625 �P����������

hypothalamus 5.75 �P���������� �P���������� �P����������

R posterior thalamus 11.5 pulvinar 5.75 10.625�P������������ 1.250

negative crosses parietal cortex 493.6 intraparietal sulcus (right) �P�������� 4.375 �P������������ 16.875

midline precuneus (left) �P�������� �P���������� �P������������ 15.000

V3 (right) �P�������� 6.250 �P������������ 9.375

L visual cortex 455.8 V2 �P�������� �P������������ �P������������ �P����������

parietooccipital sulcus �P�������� �P���������� �P������������ 1.875

V1 �P�������� �P������������ �P������������ �P����������

R visual cortex 287.1 V2 �P�������� 6.875 �P������������ �P����������

V3 �P�������� 11.250 �P������������ �P����������
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Clusters correlated with Anxious Temperment Local maxima within clusters Location relative to anterior
commisure (in mm)

direction of
correlation Hemisphere Regions within cluster

cluster volume
in mm3) Area

Max
t-value x y z

R primary visual cortex 45.9 V1 �P�������� 3.125 �P������������ �P����������

R temporal parietooccipital area 8.3 superior temporal sulcus (posterior)�P�������� 15.625 �P������������ 8.750

N
ature. A

uthor m
anuscript; available in P

M
C

 2011 F
ebruary 1.


	Article Contents
	p.1718
	p.1719
	p.1720
	p.1721


