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Fig. 4. Immunoprecip-
itaion of T cell recep-
tors of IEL from germ-
free mice. Cell surface
proteins of IEL isolated
from -free mice were
125]-labeled by the iodo-
gen method (30). Precipi-
tation by ant-CD3 was
carried out essentially as
described (31) with the
use of anti-CD3 coupled
to Sepharosc 4B. For
antibody to y chain pre-
cipitation, the anti-CD3
ipitates were disrupt-
ed by boiling in the pres-
ence of 1% SDS and 10
mM dithiothreitol as the
reducing agent. The re-
duced proteins were then
alkylated by incubation
with 30 mM iodoaceta-
mide. The samples were
diluted with buffer con-
10 mM triethanolamine, 0.15M NaCl (pH
7.8), 0.5% NP-40, 1 mM phmyhncd)ylsulfonyl
fluoride, 1 mM EDTA, and 1 pg of leupeptin per
milliliter. Rabbit antiserum against the v chain (9)
was added with protein A coupled to Sepharose 4B,
and the mixture was incubated for 2 hours at 4°C
with mixing. 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.
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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-v3 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-y5.
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Defensive Behaviors in Infant Rhesus Monkeys:
Environmental Cues and Neurochemical Regulation

NEeD 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 affected 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.

O 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 (7). 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 (A;) 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 (A;) 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-min
periods = SE) of 11 infant rhesus monkeys brief-
ly separated from their mothers (A, and A,), and
the effects of a human entering and staring at the
infant (ST) or averting his gaze (NEC).
**p < 0.01.
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Fig. 2. Relation between amount of freezing
elicited by identical conditions in two tests per-
formed 1 month apart (y = —5.7 + 1.05x; SE of
the slope = 0.11). Twelve rhesus monkeys 5 to 7
months old were exposed to a human who main-
tained a constant distance from them, keeping his
gaze averted to avoid eye contact (NEC).
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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 (A;), 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 (A, 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
3s) [F(2,20) = 14.43; P < 0.0002]. These
behaviors occurred at extremely low levels
during the A;, A, 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
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around the cage. It then resumed cooing.
An infant’s 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 common 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-
tects 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
period (A;) followed by successive 10-min
periods of NEC, ST, and A,.

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 were high-
ly selective, since it reduced cooing
[F(1,11) = 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(1,11) = 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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Fig. 4. The effects of diazepam (1 mg/kg) were
quite different from those of morphine and nalox-
one. Diazepam had no statistically significant
effect on (A) coos (mean + SE) but significantly
reduced the frequency of (B) barks (mean * SE)
under ST conditions. Diazepam also significantly
reduced behaviors elicited by the NEC condition:
(C) freezing (mean + SE) and (D) crouching
(mean + SE). ¥*P < 0.01.

parameters of the threat change (20). Our
findings suggest sclective 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

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

The ion current induced by the glutamate receptor agonist N-methyl-p-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.

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-p-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

3I MARCH 1989

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
(ICsp) 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 ¢ 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% (r» = 5) and of the quis-
qualate-activated current was 15 x 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 mM) (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. 14).
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 ICs, 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 ICsg 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 ICso 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 mM
and an ICsy of ~ 0.32 mM.

Section of Electrophysiology, Laboratory of Physiologic
and Pharmacologic gtudics, National Institute on Alco-
hol Abuse and Alcoholism, Rockville, MD 20852.
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The Role of the Central Nucleus of the Amygdala in
Mediating Fear and Anxiety in the Primate

Ned H. Kalirt;2Steven E. Sheltéand Richard J. Davidseh
Departments #fsychiatry aABsychology, University of Wisconsin, Madison, Wisconsin 53719

Numerous studies demonstrate that the rhesus monkey is an excellent species with which to investigate mechanisms underlyir
emotion and psychopathology. To examine the role of the central nucleus of the amygdala (CeA) in mediating the behavic
physiological responses associated with fear and anxiety, we used rhesus monkeys to assess the effects of excitotoxic lesions
Behavioraland physiological responses of nine monkeys with bilateral CeA destruction (ranging from 46 to 98%) were compared
animals with asymmetric lesions (42D 86.5% destruction on the most affected side) and with 16 unoperated controls. Results su
similar to rodent species, the primate CeA plays a role in mediating fear- and anxiety-related behavioral and endocrine res
Compared with controls and the asymmetric-lesion group, bilaterally lesioned monkeys displayed significantly less fear-related |
when exposed to a snake and less freezing behavior when confronted by a human intruder. In addition, bilaterally lesioned monl
decreased levels of CSF corticotrophin-releasing factor (CRF), and both lesioned groups had decreased plasma ACTH concer
contrastto these findings, patterns of asymmetric frontal brain electrical activity, as assessed by regional scalp EEG, did not sig!
differ between control and lesioned monkeys. These findings suggest that in primates, the CeA is involved in mediating fe
anxiety-related behavioral and pituitarybadrenal responses as well as in modulating brain CRF activity.

Key wordsimygdala; anxiety; corticotropin; fear; primates; central nucleus

Introduction son, 2002). In addition, altered amygdala activity has been impli-

Rhesus monkeys are an excellent species with which to investigg@éed in some types of psychopathology (Drevets and Raichle,
mechanisms relevant to human emotion and psychopathology:995; Davidson, 2002; Schwartz et al., 2003a). The amygdala is a
Rhesus monkeys and humans share similarities in social a§@mplex structure consisting of numerous subnuclei (Amaral et
emotional behavior, and rhesus monkeys express psychopath8l- 1992). Within the amygdala, the central nucleus of the amyg-
ogy similar to that observed in humans (Kalin, 1993; Bakshi anflala (CeA) is in a strategic position to mediate many aspects of
Kalin, 2000). Importantly, both species have a well developefﬁar and anxiety, because CeA neurons project to sites involved in
prefrontal cortex that is highly and reciprocally interconnectednediating different aspects of the stress response, including the
with the amygdala (Amaral et al., 1992; Fuster, 1997), and eViypothalamus, basal forebrain, and brainstem (Amaral et al.,
dence suggests that these structures are an important part of th892; Davis, 1992). The CeA also receives input from many of
circuitry involved in regulation of emotion in humans (Davidson these structures (Amaral et al., 1992). In contrast to the CeA, the
et al., 2000). For these reasons, we have been using rhesus msolateral regions of the amygdala are bidirectionally connected
keys to characterize fear- and anxiety-related behavior and phyté-the cortex, including orbitofrontal and ventromedial regions
iological responses and to elucidate the brain mechanisms unddfAmaral etal., 1992). Extensive studies in rodents have examined
lying these responses. the functional contributions of specific amygdala nuclei and
Numerous studies in rodentS, prima‘[eS, and humans demorﬂemonstrate a role of the CeA in mediating various behavioral
strate involvement of the amygdala in mediating the emotiona@nd physiological responses elicited by exposure to conditioned
behavioral, and physiological responses associated with fear afl unconditioned stimuli (Davis, 1992). However, very few
anxiety (Blanchard and Blanchard, 1972; Aggleton and Passirigtidies have been performed in primates that have attempted to
ham, 1981; Meunier et al., 1999; Davis, 2000; LeDoux, 200@arse the functions of the amygdala subnuclei (Aggleton and

Davis and Whalen, 2001; Kalin et al., 2001; Amaral, 2002; Daviassingham, 1981). Until recently, amygdala lesion studies in
nonhuman primates that have assessed effects on emotion have

Received Jan. 26, 2004; revised April 29, 2004; accepted May 3, 2004. used large nonselective lesions (Kluverand BUCY’ 1939) or meth-
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In previous work, we described the adaptive behavioral ansurements were used to plan the stereotactic coordinates for the ibotenic
physiological responses that are associated with fear and anxiaejd injections.
in rhesus monkeys (Kalin, 1993; Kalin etal., 1998). We found that Animals were returned to the surgical suite for the lesioning proce-
dispositionally anxious monkeys not only engage in more intensq-l!'”e' Prophylactic doses oftht_a antibiotic cefazolin (20_mg/kg_, i.m.) were
anxiety-like behavior but also have increased basal plasma le n before surgery. T.he animals were preanesthetized with k.etamlne
of the stress hormone cortisol (Kalin et al., 1998), increased C (10 mg/kg), fitted with an endotracheal tube, and placed on isoflu-

. . . - . rane gas anesthesia. Heart rate, electrocardiogram, 8@l temper
concentrations of the anxiogenic peptide CRF (Kalin etal., 2000 ture, SPCQ and respiration were monitored throughout the surgical

and extreme asymmetric right frontal brain electrical activity a3ocedure. Using standard aseptic surgical techniques, the animals were
assessed by EEG (Kalin et al., 1998). We suggested that Whfinted in a stereotaxic apparatus (David Kopf Instruments). The skull
extreme, these characteristics define an anxious endophenotyp@s exposed, and the skull opening was made above the intended lesion
which we propose is analogous to the description of extremebijte as determined from the MRI procedure.

shy and inhibited children that are at risk to develop anxiety Between 2 and 10 injections of libotenic acid (1 mg of ibotenic acid
disorders (Kagan etal., 1988; Kalin and Shelton, 1989; BiedermByfrate/100 | of PBS) were made to lesion the CeA. Ibotenic acid is a
etal., 1993; Schwartz et al., 2003b). In an initial study in rhesuurotoxin derived fromAmanita (BioSearch Technologies, San Ra-

monkeys, we assessed the effects of large ibotenic acid lesion@ ¢! CAH)' '“jft’aiolgs Weﬁ\'/nade Sim“Itf%”EOU.SIVAb”.a“?Ira"y “ﬁir.‘g 10
the amygdala on the behavioral and physiological parameteﬁ¥“nge( amilton, Reno, NV) atarate of 0.Zmin. Asimilar technique
as been used previously to completely eliminate the amygdaloid com-

relevant to the anxious endophenotype (Kalin Et. al., 2001). Th ex while producing little damage to surrounding structures (Kalin et
(‘furrent. SIUd,y extends our .preVIous work by making small selq 1., 2001). To control brain swelling, mannitol (1.5-2.0 gm/kg) was ad-
tive lesions in the CeA region of adolescent monkeys to examin@nistered intravenously over 30 min during surgery.
the extent to which the CeA mediates many of these responsesaiter the ibotenic acid injections were made, the midline wound was
We focused on adolescence, because in humans it is a periodsafured and the animal recovered from anesthesia. To ease postsurgical
emergence of affective and anxiety disorders and our ultimatéiscomfort, a 0.01 mg/kg intramuscular dose of buprenorphine was
goal is to provide insight into the developmental issues related t@ven. After surgery, a 2 mg/kg intramuscular injection of dexametha-
the onset of these disorders. sone was given as needed to control brain swelling. Antibiotics, steroids,
and analgesics were administered after surgery as needed.

. Lesion verification_esioned animals were humanely killed using
Materials and Methods methods consistent with the recommendations of the Panel on Euthana-
Experimental subjecBhesus monkeydvacaca mulatiawere used as Sia of the American Veterinary Medical Association. An overdose of pen-
experimental subjects. The animals were housed at the Harlow Prima@barbital was given intravenously, and the animals were perfused with
Laboratory and at the Wisconsin National Primate Research Centéfgparinized PBS followed by 4% paraformaldehyde. The brains were
Animal housing and experimental procedures were in accordance witigmoved and histologically processed. The brain slab containing the vol-
institutional guidelines. Eighteen males underwent lesioning proceduresne of interest was cryoprotected in 2% DMSO and 20% glycerol for
at an average age of 34.9 months. Sixteen unoperated male controls wk?e-18 hr, encased in a gelatin matrix after hardening in 10% buffered
used for comparison and at the beginning of the study were on averadermalin, and then freeze-sectioned at 401. Every sixth section (240
34.6 months of age. m) was collected in standard phosphate-buffered 10% formalin. These

Central nucleus amygdala lesi@ecause of the large variability in sections were mounted on 2 3 inch glass slides, air dried, and stained
skull and brain size in rhesus monkeys, attempts to produce stereotaxier Nissl substance with thionine. To assess lesion-induced glial infiltra-
lesions in monkeys with no guidance other than standard atlases welien and to help define the boundaries of the CeA lesion, a matched set of
subject to substantial inaccuracy. The method for producing CeA lesior®ronal slices was stained with glial fibrillary acidic protein (GFAP).
was adapted from methods described previously (Amaral and PricEfom an unoperated animal, Dr. David Amaral (University of California
1983; Murray and Mishkin, 1998). All surgical procedures were perDavis, Davis, CA), a leading expert in macaque amygdala anatomy, de-
formed under strict aseptic conditions and deep anesthesia. Landmarfised the boundaries of the CeAin the 14 consecutive sections containing
were established by stereotactically implanting two 3 mm glass beatie CeA (Amaral et al., 1992). Figureghows 2 of the 14 coronal slices
filled with a 3% solution of copper sulfate [which is hyperintense in T1defining the boundaries of the CeA. The 14 sections throughout the
(timing one)-weighted magnetic resonance imagings (MRIs)] into shalextent of the CeA were used as templates on which the damage observed
low indentations in the skull. The beads were placed 8 and 12 mm lateral matched sections from each lesioned animal was superimposed. Using
to the midline and 12 and 16 mm anterior to the intra-aural line. This NIH Image 1.63, the pixels shared by the lesion and the control CeA
placed them in an area above the amygdala. The beads were held in plteraplate were used to calculate the percentage of CeA destruction. To
with dental acrylic. Atleast 2 d after the beads were implanted, the subjeassess damage collateral to the CeA, sections were examined anteriorly
was brought to the magnetic resonance (MR) imager. Under anesthesiad posteriorly to the region containing the CeA throughout the tempo-
(15 mg/kg ketamine and 0.1 mg/kg xylazine, i.m.), the monkey wagal lobe. On the basis of this examination, the amount of damage to the
placed in a plastic replica of a David Kopf Instruments (Tujunga, CAmedial amygdala nuclei (medial and cortical nuclei); lateral, basal, and
stereotaxic apparatus that was positioned in the head coil. Using a la&cessory basal nuclei; and basal forebrain (substantia innominata and
tesla GE Signa (Waukesha, WI) scanner, the brain was initially imagedtwcleus basalis) was estimated.
the coronal plane to verify its symmetric alignment to the stereotaxic Threat-related anxiety and defensive behaVimessess threat-related
apparatus and the scanner. The animal was then scanned in the sagittakiety and different defensive behaviors, animals were first placed alone
plane to show the relationship of the beads to each coronal slice. For tirean isolated cage, 79 cm wide76 cm high 71 cm deep. The alone
coronal scan, a three-dimensional (3D) fast-spoiled gradient pulsgd) condition lasted for the first 9 min during which the animal was
(FSPG) sequence (3D/FSPGR/20) was used with a repetition rate of Ptgced in a cage by itself. During the next 9 min, a human entered the
afractional echo time of 2.1/fractional, one echo, a receiver bandwidth @dom and presented her profile to the animal, standing 2.5 m from the
15.6 kHz, an inversion time of 400, and a 2015 field of view, using cage while avoiding any eye contact with the animal [no eye contact
256 224/4 excitations to create 60 contiguous 1 mm coronal brair(NEC) condition]. The human then left the room for 3 min, reentered
images. the room, and for 9 min remained motionless 2.5 m from the cage while

Measurements of the amygdala were made by ¢agid mmmatrix ~ staring, with a neutral face, directly at the animal [stare (ST) condition].
over the coronal MR image and centering it on the midline of the brainBehavior and vocalizations were recorded on videotape (Kalin and
The mediolateral, dorsoventral, and anteroposterior location of the CeShelton, 1989).
in relation to the bead was determined from the MR images. These mea- 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 conditra-assay coefficient of variation (CV)% is 6.1%, and the interassay
tions. Using a computer-based behavioral scoring system, operationaliV% is 6.3%. The detection limit for this assay is 0.125 ng. ACTH was
defined behavior categories were entered as they occurred. Frequenugasured using a radioimmunoassay (RIA; Nichols Institute Diagnos-
and duration of individual behaviors were then calculated (Kalin et al.tics, San Clemente, CA). The intra-assay CV% s 2.2%, and the interassay
2001). Definitions of the key behaviors arda®ws: locomotion, ambu- CV% is 7.2%. The detection limit of the assay is 1.0 pg.

lation of one or more full steps at any speed; freezing, a period of at least 3 seé\ssays for CRF were accomplished by RIA using an antiserum (IgG
characterized by tense body posture without vocalizations and movemefprp., Nashville, TN) developed rabbits against CRF coupled to human
other than slow movements of the head; experimenter orient, any nonhostileglobulins with bisdiazotized benzidine. The antiserum is directed against
orienting behavior to the experimenter; experimenter hostility, any hostiléhe N-terminal portion of the intact peptide and has the following molar
behaviors directed at the intruder, such as barking, head bobbing, and eznoss-reactivities: hCRF{#1], 100%; hCRF[Met(0)21,38], 100%;
flapping; coo, vocalization made by rounding and pursing the lips with alCRF[6-33], 1%; hCRF[2441], 0.1%; hCRF[2841], 0.1%; and
increase and then a decrease in frequency and intensity; bark, vocalizatitBRF[38-41], 0.1%. It does not cross-react with ACTHMSH, -lipo-

made by forcing air through vocal chords from the abdomen, producing dropin, -lipotropin, or -endorphin. The detection limit was 0.89 pg. The
short, rasping, low-frequency sound. intra-assay and interassay CV% were 6.1 and 10.2%.

Assessing snake f@nis method has been used previously to detect Frontal brain electrical asymmetry assessed witiEHESthe animals
snake fear (Kalin et al., 2001; Nelson et al., 2003). Subjects were adaptede manually restrained, 10 mm gold disk electrodes for recording EEG
to the Wisconsin General Testing Apparatus (WGTA) test cage for 1 twere attached to the central, left frontal, and right frontal sites, as well as
on the first day. During the next 3 consecutive days of adaptation, anieft and right parietal sites according to the international 10/20 system.
mals were given seven each of the following food items: chocolate chigg]ditional electrodes were placed onthe left and right mastoids (A1, A2).
small candy-coated chocolate pieces, loop-shaped fruit-flavored cerel| EEG electrodes and A2 were recorded with reference to Al, although
cocktail peanut halves, and raisins. These food items were placed rdrEG signals were analyzed after being rereferenced to a computed aver-
domly on top of the clear plastic stimulus presentation box (57.2 cnaged mastoid value. All electrode impedances wese&k . EEG was
wide 22.1 cm long 6.5 cm high). Subjects remained in the testamplified using bioamplifiers (James Long Co., Caroga Lake, NY).
environment until either all 35 rewards were consumed or 1 hr had Electrodes were attached to the shaved skin after cleaning and abrad-
elapsed. If animals failed to retrieve a food, a new food item was substitlg with a mild abrasive skin-prepping paste. A drop of conductive cream
tuted the following day. The order of retrieval of each food item wagvas added to the electrodes, and this cream also held the electrodes in
recorded to determine the two most preferred for each subject. Thegdace. All EEG measures were recorded and stored digitally according to
preferred items were used as rewards during subsequent testing. ~ methods described previously (Davidson et al., 1992).

On day 5 of adaptation, monkeys were presented with their two most Twenty-five and 50 mV sine waves were digitized on each channel
preferred foods on top of the stimulus presentation box. This was dongoth before and after data acquisition to calibrate the recorded EEG.
by opening the WGTA window for 60 sec (24 times, with a 45 sec interv&iower spectral analysis was performed using Welch’s method (Welch,
between presentations). Food choices were presented in arandom ordé967) on all of the data selected in overlapping (50%) 1 sec chunks that
with each subject’s preferred food randomly alternating between the leftere passed through a Hamming window to minimize end effects. Spec-
and right side of the stimulus presentation box. Each subjectwas requirdi! power estimates (V%/Hz) for the five bands (1-4, 4-8, 8-12, and
to choose at least one food item from the top of the stimulus presentatioA3—30 Hz) were averaged across chunks within stages of vigilance. The
box within the allotted 60 sec. This criterion had to be met on at least 2¢—8 Hz band was chosen because robust lateralized changes have been
of the 24 presentations. If necessary, the number of adaptation days weggen in rhesus monkeys given diazepam (Davidson et al., 1992). Power
increased until this criterion was achieved. density measurements were normalized by log transformation. The di-

For testing, subjects were randomly presented with their two mogtection and magnitude of asymmetry were expressed as the log-
preferred foods placed in the center on the left and right side of the cledfansformed power density of an electrode position on the right side of
plastic stimulus presentation box. The box contained one of four stimulithe head minus the log-transformed power density of the corresponding
(1) nothing (i.e., the box was empty), (2) tape (an 8.8-cm-diameter roll ofelectrode on the left side of the head. Positive asymmetry scores mean
blue masking tape), (3) fake snake (a curled black rubber snake 120 cmdfeater left-sided activation. ANOVAs were performed on frontal and
length), and (4) live snake [a northern pine snakitfiucus melanoleu- parietal asymmetry scores, comparing different treatments.
cus)]. Each stimulus was presented six times during the test in a pseudo- Statistical analysiBepeated-measures ANOVA was used to compare
random order. The real snake stimulus waser presented during the first the two CeA-lesioned and control groups. pdist hocomparisons were
five trials of the first testing day, and no item from either the snake or thénade using Duncan multiple range tests. Data that were not normally
nonsnake stimulus category was presented for more than three consecugjgtributed were transformed by using a square root transformation for
trials. The tape and rubber snake were always positioned in the same locatfépduency data and a log( 1) transformation for duration data.
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, regardleswésu Ilts

the subjecs response, and the intertrial interval was 45 sec. Latency forﬂﬁxtent of the lesions in the CeA region
animals first treat retrieval was used for analysis. elesions € Lenregio

Hormonal sampling and stress expofasal hormonal status and Figure 1aandb, displays thionine- and GFAP-stained sections

response to stress were evaluated for each animal twice, at least 1 W@ one of the lesioned animals. On the basis of lesion size and
apart. This was accomplished by obtaigia 7 miblood sample imme-  the extent to which the lesions were unilateral or bilateral, the

diately before and after 30 min of stress exposure, which consisted of @nimals were divided into a bilateral (Fig@)2nd an asymmetric,

min of restraint followed by 20 min of confinement in a transport cage.predominantly unilateral (Fig. 18 group. Nine animals were

All samples were collected between 8:00 and 9:30 A.M. to control fgslaced in the bilateral group, having bilateral CeA destruction
circadian variability of the hormones. CSF was |mmed|ate|y CO”eCt%nging from 46 to 98% with a mean of 68.7% total damage_ Five
after the second stress blood sample was obtained. After administratigfhimals constituted the asymmetric group. These animals had a
ofketamine HCI (15 mg/kg, i.m.), 3 ml of CSF were obtained by perCuinean of 63.8% destruction on the most affected side (range,

taneously puncturing the cisterna magna. CSF sampleswereimmediatﬁli_SG.S%) with at least two times as much destruction on the

frozen on dry ice, maintained at 70°C, and then analyzed for concen- . .
tration of CRyF' y most compared with the least affected side. The mean volume of

Cortisol, ACTH, and CRF measuremBtasma was immediately sep- Pilateral CeA damage in the asymmetric group was 36.7%. Two
arated from whole blood by centrifugation at 4°C and frozen g0°c ~ Of the operated animals had minimal amounts of CeA damage on
until assayed. Cortisol was measured in plasma samples using an enzygifer side and therefore were dropped from the analyses.
immunoassay kit (Diagnostic Systems Laboratories, Webster, TX). The All 14 animals had some damage that was collateral to the
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b Intact Lesion Intact Lesion

Figure 1. a Coronal sections through the amygdala demonstrating the boundaries of the CeA. The CeAis located in the HdCsabaaysptdiares fuosoarline
intactand anibotenic acid-lesioned animal demonstrate the boundaries of the CeA and the extent of alesion. The top row displays coronal sections fror
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 depicte
sections are Nissl stained, and the last two sections are stained with GFAP. The CeAis outlined in the intact sections, whereas in the lesioned sections
The middle row displays comparable sections through the posterior amygdala. The bottom row of the figure shows the neuronal loss and glial infiltratio
CeA (400nagnification). Atthe far left, the CeAis depicted in yellow, and the area from which the magnified sections were selected is displayed in red.
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Figure 2. Four coronal sections through the anteriorto posterior extent ofthe CeA are displayed showing the amg)amicbé SyAmiemiage@doiléterahkesion
intact CeAisdepictedinblue, the area ofthe total lesionis displayed inyellow, and the CeAregionthatislesionedis depictedingreen. These sections ar
the CeAand that were used to define the percentage of CeA damage. The percentage destruction of CeA in each hemisphere and the total amount of €

CeA. Very limited amounts of damage occurred in the lateral, 25% unilateral damage to the medial nuclei, and four of five
basal, and accessory basal nuclei, and almost no damage waBsnals had 25% damage to the basal forebrain. In two of
found posterior to the CeA. The range and mean amount ofhese animals, the damage was bilateral. Correlational analyses
damage for lateral, basal, and accessory basal nuclei were asvi@re performed within animals to assess the relationships
lows: lateral (mean, 10.4%; range, 0—30%), basal (mean, 14.68mong amounts of damage in the CeA, basal forebrain, and
range, 0-50%), and accessory basal (mean, 3.9%; range, 0—10%gdial nuclei. Results revealed that CeA and basal forebrain
However, greater amounts of damage occurred in the basal fordamage was significantly correlated (0.69;p 0.005), CeA
brain (substantia innominata and nucleus basalis of Meynertaind medial nuclei damage was not significantly correlated
and the medial amygdala nuclei (medial and cortical). As show(r 0.30;p 0.05), and basal forebrain and medial nuclei
in Figure 2,aandb, and as described in Table 1, three of ninedamage was significantly correlated (0.71;p  0.005).
animals in the bilateral CeA group had25% bilateral damage to
the medial nuclei, and seven of nine animals in this group hagehavioral effects of the lesions

25% bilateral damage to the basal forebrain. Four of these ahreat-related anxiety and defensive behaviors
imals had 50% bilateral damage to the basal forebrain. In thdJsing the human intruder paradigm with three different condi-
five asymmetric CeAesioned animals, two of five animals hadtions (A, NEC, and ST) that elicit different anxiety-related defen-
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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 group$( 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 E  4.330; df 2, 27p
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 24.24.93 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 & 21.41; df 3,78;
p 0.0001).Figure 4 demonstrates a signif-
icant object by lesion interactiorr( 2.88;
df 6, 78;p 0.014). The latencies to reach
in the real-snake condition were signifi-
Figure 2. Continued. cantly less in the bilateral compared with
the control and asymmetric groups. In the

sive responses, we examined the effects of the lesions on coo ?nrdthe bilateral |eSi;ike;ggakv?/ac;ogidIrglioﬁrc]é:}de Ig:gfgatr? tLeaaﬁr(])r
bark vocalizations, freezing behavior, experimenter orient, an control aroun. In Cgontrgst 1o th% Controlyand asvmmetric
defensive hostility. These behaviors were selected because §}’ group. y

are the predominant adaptive responses that occur in the A (coo), on groups, in the t_n_lateral lesion group the latency 1o reach
NEC (freezing, experimenter orient), and ST (bark, defensiv uring the snake conditions was not significantly greater than the

hostility) conditions. Using a between-group (control, asymmet_tape and nothing conditions. The latency to reach in the presence

ric, and bilateral lesion) ANOVA with condition (A, NEC, and of the tape and when no object was present did not significantly
ST) asthe repeated measure, we found significant main effects %Ffer among the groups.

condition for all of these behaviors. As expected, compared with

the other conditions, significantly more coos occurred during AEffects of the lesions on the pituitary—adrenal system, CSF

(F 9.751; df 2, 54p 0.0002) and significantly more barks CRF, and EEG asymmetry

occurred during STE  11.697;df2,54¢ 0.0001). The NEC Using a between-groups (control, bilateral, and asymmetric le-
condition was associated with significantly more freeziag (  sion) ANOVA with test (1 and 2) and condition (baseline, stress)
64.024;df2,541 0.0001) and experimenter orierfE( 16.90; as the repeated measures, main effects of stress were observed for
df 1, 27;p  0.0003). Significantly more defensive hostility oc-plasma cortisolf ~ 311.95; df 1, 27p  0.0001) and ACTH
curred during STE  94.49; df 1, 27p  0.0001). Defensive concentrations  76.20; df 1, 27p  0.0001), with stress
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Figure 2. Continued.

inducing large increases in the concentrations of these hormonesgnificant differences among the groups. The mean asymmetry
Although no lesion or stress by lesion interactions were found foscore for the bilateral group was0.09, the asymmetric group
cortisol, a regression analysis revealed that the mean amountwés 0.03, and the control group was0.01 & 1.27; df 2,26;
amygdala damage was negatively correlated with baseline (p 0.297).
0.55;p 0.025) and stress-induced (  0.58;p 0.025) ) )
cortisol concentrations in the 14 lesioned animals. Analysis of tH@1SCUSSION
ACTH data revealed a main effect of lesion and no stress by lesidhese findings demonstrate involvement of the primate CeA re-
interaction. Figure & demonstrates that compareadlith con-  gion in mediating threat-related anxiety and acute fear-related
trols, ACTH concentrations were decreased in the bilaterabehavioral and hormonal responses. In addition to reducing
and asymmetric-lesion group&( 3.629;df2,27p 0.04). snake fearand pituitary—adrenal activity, the CeA lesions resulted
A main effect of lesion was also observed for CSF CRF coim decreased expression of threat-induced freezing and reduced
centrations £ 3.30; df 2, 27p  0.052). As can be seen in CSF CRF concentrations. It appears that some of the character-
Figure B, CSF CRF concentrations were reduced in the bilateraistics that we previously considered to be part of the anxious
lesion group compared with the asymmetric-lesion and controendophenotype (Kalin and Shelton, 1989; Kalin et al., 1998,
groups. 2000) are modulated by the CeA. Because it was impossible to
ANOVA of the asymmetric frontal EEG activity revealed ndesion the CeA without affecting the basal forebrain and medial
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Figure5. Effects of CeAlesionson plasma ACTHEnc2i628tiof3R7;

CSF CRF conchrFati®39(df 2, a7; 0.052). Durpast htest:

Figure 3. Effects of CeA lesions on freezing duration in the human intrug'g%arlé‘bgigﬂ& folf
analysis, the data were transformed to achieve i, (7:0.023). .05, Bilateral group differs from conprol @rolipetshtrol differs from other

Duncaost htest: 5 0.01 differs from all groups. groups.

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

] ) ] Percentage of destruction for each regionisindicatedestfatitinsip to 25%; , 26 D50%;
Figure 4. Effects of CeAlesions on snake fearas determined by the monkeysO%atertey,to reatdD100%.

foratreatin the presence of snake stimuli compared with a neutral stimulus and no stimulus.
The objectby lesioninteraction wak sigiieafti({78;0.014). Dummsthoc mys, substantia innominata, bed nucleus of the stria terminalis,
test 0.01differs from bilateral group. and nucleus basalis of Meynert (LeDoux et al., 1988; Amaral etal.,
1992; Davis, 2000). Numerous studies in rodents and other
amygdala nuclei, it is feasible that the damage to these regiosisbprimate species using CeA lesions and reversible inactivation
could be contributing to the effects. Subjects 7 and 8 in the bilatstrategies demonstrate involvement of the CeA in innate and
eral group had little basal forebrain damage (Table 1). Comparddarned behavioral and physiological responses to aversive stim-
with the other bilaterally lesioned animals with more extensivelli (Kapp et al., 1979; Beaulieu et al., 1987; Davis et al., 1994;
basal forebrain damage, these two animals had the second a@dmpeau and Davis, 1995; Walker and Davis, 1997; Davis, 2000;
fifth lowest freezing scores and had similarly low fear responseslteDoux, 2000). Despite the wealth of knowledge from these stud-
the snake. This suggests that the blunted fear responses obseresd there are no reports assessing the effects of selective CeA
in the bilateral animals are likely caused by CeA damage and niesions in primates.
damage to the basal forebrain. It is important to keep in mind In the present study, we found that bilaterally lesioning the
that the findings from this study were obtained from adolescenCeA region resulted in a reduction in freezing behavior occurring
monkeys. Although there is no apparent reason to believe that the human intruder paradigm. This is of interest because freez-
these findings are not generalizable to adult monkeys, the pos#iyg is an adaptive defensive response that reflects an underlying
bility exists and should be considered. state of anxiety, and we have suggested previously that freezing in
Neuroanatomical studies in rodents and primates demonmonkeys is similar to human behavioral inhibition (Kalin and
strate that the CeA is connected to other key brain regions th&helton, 1989). Many (Davis, 2000) but not all (Killcross et al.,
allow itto mediate many aspects of the stress response as well a287) studies in rodents also demonstrate that CeA lesions de-
fear and anxiety (Amaral et al., 1992; Davis, 2000). Within therease freezing behavior. Also, in a previous study we failed to
amygdala, the CeA receives input from the basolateral regiodgmonstrate an effect of large, near total, ibotenic acid amygdala
and sends efferents to several subcortical sites involved in metésions on monkeys’ freezing behavior (Kalin et al., 2001). The
ating the stress response; many of these sites then send projéifference between this finding in our initial and current study
tions back to the CeA. These include the ventral tegmental areegnnot be explained by differences in the amount of CeA damage,
locus ceruleus, parabrachial nucleus, trigeminal nucleus, periajecause most of the monkeys in the first study had CeA damage
ueductal gray, paraventricular nucleus (PVN), lateral hypothalacomparable with that of the monkeys in the present study. Also,
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in both studies, there were similar amounts of damage dorsal tegions, including the cortex, limbic structures, and brainstem
the amygdala in basal forebrain structures. One difference béSawchenko et al., 1993). In these regions, CRF has been impli-
tween the studies is that in the large lesion study, monkeys wegated in mediating the behavioral, emotional, and autonomic
pretested in the human intruder paradigm before surgery. Preaspects of the stress response. A wealth of preclinical data dem-
testing did not occur in the present study. Inthe past, we observeshstrate that CRF is anxiogenic and that some of its effects are
a small reduction in freezing duration from the first to subse-mediated in the amygdala (Bakshi et al., 2002). Furthermore,
quent exposures to the human intruder paradigm. Therefore, itistudies from depressed humans demonstrate increased CSF CRF
possible that pre-exposure resulted in some degree of habitugoncentrations, implicating overactivity of the CRF system in
tion. Because the amygdala robustly responds to novelfpediating affective psychopathology (Arborelius et al., 1999).
(Whalen, 1998; Davis and Whalen, 2001; Schwartz et al., 2003&),djes in nonhuman primates demonstrate that higher levels of
and because its activity has been shown to rapidly habituate (BresF CRF are associated with increased anxiety, as indexed by
iter et al., 1996; Fischer et al., 2003), itis possible that the amygirreased freezing behavior (Kalin et al., 2000), and we have sug-

dala mediates the novel component of freezing behavior thgfasted previously that increased CSF CRF concentrations occur

rapidly habituates. Thus, in the first study, if the novel compo-,4 part of the anxious endophenotype (Kalin et al., 2000). In the

Iner)t of fr_eﬁzing Ead hgbitua(tjted befgre I_esi;)ning, af‘bfffi‘it of tllgresent study, we found that the bilateral lesions resulted in de-
esion might not have been detected. Itis also possible that selegz 5564 cSF CRF concentrations. The dynamics affecting CSF

tivg CeA Iesiqns hayg effects other than those of larger amygdgﬁlz concentrations have been studied extensively. Work from
lesions that, in addition to the CeA, involve the basal, accesso&

. . . r laboratory, in monkeys, hat the origin of CRF in
basal, and lateral nuclei. If this were the case, it would suggest t aboratory onkeys, suggested that the origin of C

X : - . . F is not from the PVN but rather from other extrahypotha-
a much more complicated functional relationship exists amongr, - irec (Kalin et al., 1987). Because CRF is found in the CeA
the CeA, other amygdala nuclei, and extra-amygdala sites that afe oo . N ) . ’
involved in mediating freezing behavior. %Ee possibility exists that the reduced CSF concentrations occur

In addition to freezing behavior, the CeA lesions affected coEn? mirtze bltlja(tjeratlr;le?lgrl;g_rour?t ?r:?n dlr:ectrlynattzﬁutrib[[(iav tcl)
calls such that an increase in cooing occurred across all hum 0 uced death o containing neurons. Alternatively,

intruder conditions in both the asymmetric- and bilateral-lesion ©Verall reductions in anxiety and decreased activation of CeA

groups. Coos function as a call for help and occur with greate&J€Ction sites containing CRF could account for the finding.
frequency in the alone and stare conditions (Kalin and Shelton, Finally, consistent with our previous large amygdala lesion
1989). In contrast to the effect on coos, the lesions were withof{Udy; the CeA lesions were without significant effect on patterns
significant effects on bark vocalizations. Barks are aggressive &i@Symmetric frontal brain electrical activity (Kalin etal., 2001).
occur with greatest frequency in the stare condition. The lesior3&Cause asymmetric right frontal activity is associated with neg-
also did not significantly affect the amount of time the monkeysitive affect and increased cortisol in humans (Davidson et al.,
engaged in defensive hostility or orienting behavior directed to2000; Buss et al., 2003) and increased anxiety-related responses,
ward the intruder. However, because of the incomplete nature dicreased pituitary—adrenal activity, and increased CSF CRF con-
the lesions, caution should be used in interpreting these negatig€ntrations in monkeys (Kalin et al., 1998, 2000), it might be
findings. expected that amygdala lesions would shift the activity from the
Consistent with our previous large amygdala lesion study antdght to the left hemisphere. Furthermore, we demonstrated pre-
with findings from other laboratories (Meunier et al., 1999; Kalinviously in monkeys that administration of the anxiolytic agent
et al., 2001), we found that bilateral CeA lesions decreased snakazepam results in a shift in activity from right to left frontal
fear. Compared with control and asymmetrically lesioned monasymmetry (Davidson et al., 1992). The finding of a lack of effect
keys, monkeys with bilateral CeA lesions demonstrated a def the lesions suggests that this electrophysiological indicator of
creased latency to reach for a treat in the presence of the real apieéfrontal activity and emotional disposition is not dependent on
fake snake. Latencies to reach for the treat in the presence of theygdala activity. In summary, the present study demonstrates a
roll of tape or in the nothing condition did not significantly differ role for the primate CeA in mediating anxiety-related defensive
in monkeys with bilateral lesions compared with controls andesponses, acute fear responses, pituitary—adrenal activity, and
asymmetrically lesioned animals. brain CRF systems. Overactivity of the amygdala has been hy-
The data also revealed that the lesions affected the pituitarysothesized to play a role in mediating the pathophysiology of
adrenal system. Although group effects were not observed fgbme affective and anxiety disorders (Drevets and Raichle, 1995;
cortisol, there were significant negative correlations between Cafavidson, 2002: Schwartz et al., 2003b) and as a mechanism un-
lesion size and basal and stress-induced cortisol concentratiomﬂying extreme behavioral inhibition in children (Schwartz et
ACTH concentrations were significantly decreased in both thg|  2003b) thatis a risk factor for the later development of anxiety
bilaterally and the asymmetrically lesioned animals. Becauggorders. We have suggested that the anxious endophenotype in
ACTH concentrations were reduced across both baseline apfegys monkeys models human anxiety, and in this regard we

stress conditions, itis likely that the lesions resulted in an overgligjieye that the data support a mechanistic role for the CeA.
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 bReferences ‘ _
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Introduction to have increased levels of anxiety, worry, and physical tension.
o ) ) While it is normal to show increased levels of anxiety in highly
Early in life, the expression of extreme BI, characterized bynoye| and unfamiliar situations, it is maladaptive to express anxiety
excessively inhibited responses to strangers or novel situations ig,ag highly familiar context [4]. Therefore, to understand the
considerable risk-factor for the development of anxiety andnechanisms underlying anxious temperament it is critical to
depression [1-3]. Additionally, some children with extreme Blidentify the relations between brain function and anxious
have increased pituitary-adrenal and autonomic activity suggestingmperament that are stable over time and invariant across both
that these individuals have a dispositional tendency to activatgtressful and secure environments. Such studies are not feasible in
stress-related systems [3]. Youth with this disposition arghildren but can be performed in a well established rhesus monkey
considered to have an “anxious temperament”, in part becausenodel of anxious temperament.
they have excessive activation of behaviors and physiological |n a prospective longitudinal study, we assessed neural activity
responses that are associated with stress and anxiety and alggd its relation to the behavioral and physiological markers of
because they are more likely to develop anxiety disorders anghxious temperament in young rhesus monkeys that varied in their
depression later in life. Since anxious temperament can beegree of trait-like anxiety. To achieve this, the monkeys were
identified early in childhood and it is a risk factor for the studied in different stressful environments involving relocation and
development of anxiety and depression, it is important toexposure to a potential-threat, as well as in the security of their
understand the mechanisms in the developing brain that underliéblome cage. Young rhesus monkeys are ideal for this work because
its expression. An important feature of anxious temperament islumerous studies validate their use in modeling childhood anxious
that it is a stable behavioral and emotional style that is apparentemperament [5]. The different stressful contexts were selected
across different environments. For example, children with anxiougecause they evoke different types of coping responses that are in
temperament are extremely inhibited when confronted by part modulated by different neurochemical systems [6]. Because of
unfamiliar individuals and in less threatening situations appeathe importance of assessing brain function that occurs in
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naturalistic and relevant settings, we administered 18-fluorothe activation of stress-related behavioral and physiological
deoxyglucose (FDG) to the monkeys in the environment of interesesponses. In contrast to using a single behavioral or hormonal
and later, with high-resolution Positron Emission Tomographymeasure, a composite measure of behavior and physiology more
(PET), imaged the regional uptake of FDG that occurred duringbroadly reflects individual differences across the multiple systems
that period (Fig. 1). We predicted that early in life, the amygdala, ghat are involved in the stress response.

region with the capacity to activate multiple systems underlying

the adaptive behavioral and physiological responses to strefResults

would be associated with the behavioral and physiological

Components of anxious temperament_ Such a f|nd|ng WOUId be To ensure Val’labl|lty in the anXiOUS temperament Of the anima|S
consistent with an fMRI study demonstrating increased amygdaldhat were used, we screened 116 periadolescent monkeys selecting
reactivity in human adults who at 2 years of age Were36 animals W|th the most Stable hlgh (n = 12, 9 female and 3 male),
characterized as behaviorally inhibited [7]. In addition researchmiddle (n=12, 8 female and 4 male) and low (n=12, 9 female and
in non-human primates demonstrates that selective amygdal@ male) levels of threat-induced BI or freezing behavior (average
lesions alter stress and anxiety-related behavior and physiologici@erSEM at screening = 2:809 yrs.; range = 1.5-3.4 yrs; puberty
responses [8,9]. We further hypothesized that this relation betwee@nset in rhesus monkeys is approximately 3 yrs). Although more
temperament and brain metabolic activity would be evident acroséémales than males were selected for further study, the overall
different contexts that varied in their type and degree ofstability in freezing behavior, as measured by the change in the
stressfulness, including the subjects’ home environment. To ass@§gount of freezing between the two screening days, did not

anxious temperament we used a composite measure that reflectignificantly differ between males and females (t(124).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

E'gg?jé_-r ﬁ)r;'"éa'ﬁ V"_erelteséedhtw_olt'"?esl: screening (a) a”df d (Fig. 1b). During the period of FDG uptake, NEC-induced

- . benhavioral and pnysiological screening were periorme . i . .
on separate days. During each behavioral screening animals were left freezing and ALN-induced cooing were assessed as |ncreaseq Efl’
alone in the test cage (ALN, blue) for 10-minutes, followed by a 10- and decreased_spontan_eous vqcallzatlons that are characteristic
minute exposure to a human intruder presenting her profile to the  features of children with anxious temperament. Blood was
monkey while making No Eye Contact (NEC, pink) (a-1). To obtain a collected at the end of these conditions to assess stress-induced
physiological measure of stress, plasma cortisol was collected after cortisol levels. To create a composite measure of anxious
exposure to 30 minutes of restraint stress (a-2). Approximately 4 o nnerament, we first z-scored each measure of stress responsivity

months later, animals were assessed on separate days with four FDG- ,. d f . duri NEC. i d tisol | s i

PET scans, two in stressful conditions (ALN & NEC) and two conditions in (increased freezing during ! 'ncrease cortiso . evels In

the security of their home-cage (seen in orange); one condition in Fesponse to NEC, decreased cooing dU”nQ ALN, and increased

which they were alone (H-ALN) and one condition where their cage- cortisol levels in response to ALN; controlling for any age effects
mate was present (H-CM). On each test day, animals were injected with across all animals) across subjects and then computed the mean of

FDG (b-1) arfldl eng.S.ed t°b3g'm.'”“tes of the beg?glcz)r)al szaral‘d'gm- the four z-scored measures for each subject. To understand the

Durlng stressful conditions, behavior was monitore -<) ana plasma . B o o

cortisol was collected after the cessation of the stress (b-3). FDG-uptake extent of the_ relation between_ the individual me_aSl_Jr_eS Comp!’ISIng

associated with in condition brain metabolism was assessed after N€ comppsne score, f:orre_latlons between the individual variables
completion of the behavioral paradigm, (b-4). (after being age-residualized and z-scored) were performed.
doi:10.1371/journal.pone.0002570.g001 Freezing during NEC and cooing during ALN were marginally
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negatively associated (r(33) =332, p=.052); all other pairs of while controlling for age. To account for anatomical differences
variables were not significantly correlated (r's(33%3, and any small errors in inter-subject registration that could
p’'s .143). Because the distribution of the composite measurememhasquerade as stable functional effects, the voxelwise analyses
of anxious temperament did not differ from a normal distribution were co-varied for the probability of gray-matter at each voxel in
(Kolmogorov-Smirnov one-sample test against a normal distributhe brain [14]. Results represent the relation between anxious
tion (KS)(n=35)=.602, p=.861) and revealed no discernable¢emperament and brain metabolism that cannot be explained by
subgroups, we treated anxious temperament as a continuougoss anatomical differences or registration error. In the NEC
measure in all subsequent analyses. condition, significant (p.05 two-tailed, multi-FDR corrected)
Since anxious temperament in children is relatively stable, weorrelations between anxious temperament and brain activity were
examined the extent to which this composite measure of stresfetected in the left and right amygdala, left hippocampus, and the
responsivity was correlated with the 35 monkeys’ compositéeft brain stem (pontine nuclei region) (Fig. 3, pink; Table 1) [15].
measure of stress-related behavior and physiology that walnalyses of the brain activity during the ALN condition revealed
collected 4.3 months earlier during their initial assessmenthat anxious temperament was significantly @5 two-tailed,
[3,13]. Consistent with the trait-like qualities of anxious temper-multi-FDR corrected) related to activity in the right amygdala, and
ament, results demonstrated that this composite measure waght hippocampus (Fig. 3, blue; Table 1). Although some regions
stable (r(33)=.533,,p.001) (Fig. 2). In a subsequent study only reached statistical significance in one hemisphere, tests of
involving 24 of these animals, the same parameters were assesbethispheric asymmetry revealed no significant differences
at 3.8 years of age or 1.5 years later. Results revealed thdts(32) 1.719, p’s .095), suggesting that hemispheric differences
individual differences in stress responsivity remained stable as there an artifact of statistical thresholding.
animals matured (r(22) =.460, p=.027). We observed no gender We next used a logical AND conjunction analysis to identify the
differences (t's(33)1.045, p .304) or evidence of non-normal brain regions that across the different stressful contexts predicted
distributions (KS’s(n=35).923, p’s .361) within any of the individual differences in anxious temperament. Here we assessed
composite measures of anxious temperament. These dathe overlap between the brain regions that were correlated with
demonstrate that a composite assessment of stress-related betawxious temperament in NEC with those that were correlated with
ioral and physiological measurements reflecting anxious tempeganxious temperament in ALN. Analysis of the correlations in the
ament is stable over development in hon-human primates. NEC and ALN conditions revealed that the same regions of the
To assess the relation between individual differences in anxiougght amygdala were significantly correlated with anxious
temperament and brain metabolism, we performed, separately foremperament (p .05, two-tailed multi-FDR corrected in both
the NEC and ALN conditions, voxelwise correlations betweenNEC and ALN) (Fig. 3, purple; Table 1) [16]. Thus, activity in a
monkeys’ anxious temperament scores and brain metabolismmegion 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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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

contexts is consistently related to behavioral and physiologicddippocampus, and periaqueductal gray (PAG) to be significantly
measures of stress responsivity assessed in those contexts. Notablgted to anxious temperament (Fig. 4, purple; Table S1). Follow-
hierarchical linear regressions revealed the composite measurewh paired t-tests comparing the stressful (NEC and ALN)
anxious temperament to explain significant variance in amygdalaonditions to the home-cage conditions (H-ALN and H-CM)
activation beyond any one individual measure of stress (R revealed that each of these regions, including the amygdala, had
Change’s .191, F-Change’s(1,32)0.742, p’s .003 Further-  significantly greater activity during the stressful conditions
more, there was only one voxel within the amygdala (as definet’s(34) 2.223, p’s .033). These results suggest that anxious
by our whole-amygdala ROI) that showed a significantly greatettemperament involves a neural circuit that is consistent with that
correlation with an individual measure of stress (cooing) than thereviously characterized in preclinical mechanistic studies of stress
composite measure of anxious temperament (R2-Chage =.081, Fand anxiety [18,19].
Change(1,32)=4.739, p=.031; other p’s05). We also found Because we were interested in the stable neural circuitry of
that individual differences in metabolic activity in this overlappinganxious temperament that we hypothesized would persist in non
amygdala region assessed during NEC or ALN were positivelgtressful environments, we examined whether individuals with
correlated with individual differences in the screening measures @inxious temperament would still display increased amygdala
anxious temperament that were determined 4.3 months prior toactivation when assessed in the security of their home cage. Thus,
the FDG studies (early temperament vs. later NEC amygdalahe relation between anxious temperament and brain activation
activity, r(33)=.335, p=.049; early temperament vs. later ALN was assessed while the monkeys were in their home cages with
amygdala activity, r(33) =.372, p=.028). This result suggests thaheir cage mates (H-CM) and when in their home cages without
the relation between anxious temperament and amygdalaheir cage mates (H-ALN). The H-ALN condition was studied to
activation reflects the stable components of anxious temperamerdssess brain activity in a familiar environment in the absence of
Although we predicted that amygdala activation is fundamentalsocial interaction. Overall, activity from the overlapping amygdala
to anxious temperament, we were also interested in identifying theegion defined from the NEC and ALN conditions (Fig. 3, purple)
brain systems that interact with the amygdala to produce thewas significantly less in the home cage conditions compared to the
behavioral and physiological changes. We further investigatedtressful conditions (t(34)=2.626, p'€013). To investigate the
additional regions that consistently demonstrated significanstability of the relationship between brain activation and anxious
(p, .005, two-tailed, uncorrected) correlations between braintemperament across both stressful and secure contexts, we
activity and anxious temperament in both the NEC and ALN searched for regions where anxious temperament was significantly
conditions using a logical AND conjunction analysis [17]. This correlated with brain metabolism in each of the four conditions
analysis revealed overlapping regions in bilateral amygdalgNEC, ALN, H-CM, H-ALN). This logical AND conjunction
bilateral Bed Nucleus of Stria Terminalis (BNST), bilateral analysis revealed that anxious temperament was significantly
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Table 1. Brain Areas During Stressful Contexts Predict Anxious Temperament

Location relative to anterior

Condition Cluster Local Maxima commisure (in mm)
Volume  Cluster Peak Max t-
+2 Area (in mm3) Hemisphere Area Hemisphere  value x y z
ALN + Amygdala/ 64.45 R Amygdala/ R 5.6 7.53 2315 2935
Hippocampus Hippocampus
(p, .05, two-tailed, + Hippocampus 24.41 R Hippocampus R 4.68 1443 212.45 29.35
multi-FDR corrected)
+ Anterior Temporal 18.55 R Anterior Temporal R 4.89 16.23 8.75 28.15
Pole* Pole*
+ Bed Nucleus of Stria 7.81 R Bed Nucleus of StriaR 4.46 5.03 0.65 20.65
Terminalis Region Terminalis
NEC + Amygdala/Anterior  364.26 R Anterior Temporal R 7.69 14.43 755 28.15
Temporal Pole*/ Pole*
Hippocampus
(p, .05, two-tailed,  + Amygdala R 4.64 753 2065 2935
multi-FDR corrected)
+ Amygdala/ Anterior 314.94 L Anterior Temporal L 5.64 217.48 9.35 211.85
Temporal Pole*/ Pole*
Hippocampus
Amygdala/ L 5.32 2808 2435 2745
Hippocampus
Amygdala L 4.83 2748 2185 2935
+ Anterior 17.82 L/R Anterior R 5.12 1.23 185 23.75
Hypothalamus Hypothalamus
+ Pontine Nuclei 16.60 L Pontine Nuclei L 471 26.88 21495 21245
+ Hippocampus 9.52 L Hippocampus L 431 21498 21185 29.35
+ Pontine Nuclei 8.30 R Pontine Nuclei R 4.76 8.73 217.45 215.65
ALN and NEC + Anterior Temporal 18.55 R Anterior Temporal R 4.89 16.23 8.75 28.15
Pole* Pole*
(p, .05, two-tailed, + Amygdala 11.72 R Amygdala R 4.62 753 2125 2935

multi-FDR corrected)

Regions where anxious temperament was significantly,(p05, 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 NE@} &egio
presented with the direction of the correlation, brain regions involved, volume and hemisphere of cluster. We also report the local maxima for eaeloamcal region
within the statistical cluster with its corresponding t-value and location (in millimeters relative to the anterior commisureplthough 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

(p, .005 two-tailed, uncorrected) associated with activity inconditions within the amygdala and the identified stress network.
bilateral amygdala, bilateral hippocampus, and PAG in all four These results revealed no significant correlations between anxious
conditions (Fig. 4, orange; Table 2). Because cortisol samples wesmperament and either the change between conditions
not always taken at the same time of day, we verified these resuf$|'s(33), .175, p’s .316) or the variability across conditions
while statistically controlling for the time of the cortisol sampling.(Jr|'s(33), .179, p's .304) within any of the regions tested. These
Controlling for time of day did not affect the highly significant results suggest our measure of anxious temperament in relation to
(r's(31) .493, p’s .004) relationships between anxious tempera-individual differences in amygdala activity is not state related, but is
ment and brain activity within the amygdala and the identified stable across contexts. Overall, these results demonstrate that the
stress network. Importantly, the entire overlapping amygdalarelationship between anxious temperament and the amygdala, along
region identified from the NEC and ALN conditions (Fig. 1, with an extended stress network, is not restricted to the NEC and

purple) was significantly ,(p05 two-tailed, small-volume FDR- ALN conditions but extends to secure, non threatening, settings.
corrected within the amygdala) related to anxious temperament in

the H-CM and H-ALN conditions. Moreover, the correlation piscussion

between anxious temperament and this overlapping amygdala

region was not significantly higher in the stressful conditions when The current study defines a region of the amygdala that is
compared to the secure conditions (I's(32B13, p’s .19). We  consistently related to anxious temperament in young developing
used an additional approach to further examine the relationshipprimates. Individual differences in activity of this amygdala region,
between anxious temperament and context dependent amygdakessessed in four different contexts, predicted an individual's
metabolism. Specifically, we correlated our measure of anxioudispositional tendency to have anxious temperament. Consistent
temperament with the change in brain metabolism between eachvith the nature of temperament, longitudinal assessments of stress-
pair of conditions, as well as with the variability across allrelated behavior and physiology revealed that the individual
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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

differences in stress reactivity were stable over time [13]. Alongighly familiar home environment. This finding suggests that
with the amygdala, the findings demonstrate an associatiomndividuals with anxious temperament have heightened activity in
between anxious temperament and an extended neural networktress-related brain systems in a secure and therefore inappropriate
previously associated with stress and emotion processing [18,18bntext. Unlike other research on Bl that has measured the
Specific regions that are involved include hippocampus, a regiophenotype in novel and unfamiliar contexts where it is normative
of the basal forebrain that contains the BNST, and a region ofto display anxiety, our findings suggest that the activation of neural
brain stem that encompasses the PAG [20-23]. Importantly, all ofctivity in a stress-relevant circuit when in a safe and familiar
these regions are highly interconnected with the amygdala, andontext may be particularly significant in determining vulnerability
likely work together to mediate stress-related behavior ando psychopathology in affected individuals. The readiness of these
physiological responses. The hippocampus is involved in memofyrain systems to respond could mediate the difficulty these
and hypothalamic-pituitary regulation [21,22], the BNST, con- individuals have in being able to relax in environments that
sidered part of the extended amygdala, mediates anxiety and wthers perceive as non stressful. Because increased amygdala
involved in autonomic and HPA regulation [20,21], and the PAG reactivity is associated with a variety of conditions, it is possible
mediates defensive behaviors including Bl or freezing [23]. that individuals with trait-like increased amygdala activity may be

Although it has been suggested that increased childhoogrone to develop various disorders depending on the influence of
amygdala activity underlies the anxious disposition that increasemnvironmental and genetic factors. For these reasons, researchers
children’s risk to develop anxiety and depression, this is the firsthould be careful not to interchange increased amygdala activity
study to demonstrate this relationship using concomitant behawvith “anxiety” or “anxious temperament”. Related to this, it is
ioral, physiological and functional brain measures assessed earlyimportant to note that “anxiety” or “anxious temperament” are
the life of a primate. This study shows that individuals with complex multi-dimensional constructs [24]. It is possible that the
anxious temperament have increased amygdala reactivity acrosslationship between amygdala activation and anxious tempera-
contexts varying in their degree of security and stressfulness amaent reported here is unique to the specific conditions that were
that it is not just amygdala activity that is elevated but also activityested. However, we believe this to be unlikely since monkeys were
in an extended neural network downstream of the amygdala. Theested in 4 different paradigms that differed considerably in
extended circuit uncovered in this study likely mediates the specificontext, degree of stressfulness, and adaptive response elicited.
behavioral, emotional, pituitary-adrenal, and autonomic responseBespite these caveats, we believe that the findings presented here
reported in children with anxious temperament. It is important to provide compelling evidence that trait-like over-activity of the
emphasize that the relation between individual differences iramygdala and its accompanying neural circuit underlies the
anxious temperament and brain activity was maintained evemeurobiological substrate for the temperamental risk to develop
when brain activity was assessed in the security of an individualanxiety and depression.
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Table 2. Brain Areas Across Stressful and Secure Contexts Predict Anxious Temperament

ALN, NEC, H-ALN, and H-CM
(p, .005, two-tailed uncorrected) +

Condition

2 10.65

3.2

Hippocampus

Hippocampus

5.65

0.03 10.65

3.22

R

Genu of Corpus Collosum (white matter)

81 L/R

7.

Genu of Corpus Collosum

(white matter)

21.25
8.125

0.63 214.95
216.25

3.19

2351

Periaquaductal Gray
Visual Area V3

L/R
L

2.93
37.11

Periaquaductal Gray

231.25

Visual Cortex

Regions where conjunction analyses revealed anxious temperament to be significantly (P05, two-tailed uncorrected logical AND conjunction) correlated with regional brain metabolism in the stressful [Alone (ALN) and No-Eye-

Contact (NEC)] and the non-stressful [Home Alone (H-ALN) and Home with Cage-Mate (H-CM)] conditions. 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 commisuBge Caption for Table 1.

doi:10.1371/journal.pone.0002570.t002
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Methods

Subjects

One hundred and sixteen rhesus monkéylagaca 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+#.Z (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 at4C and frozen aR 70uC until assayed. Cortisol
was measured in plasma samples using an enzyme immunoassay kit
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(Diagnostic Systems Laboratories, Webster, TX). The intraassapalf Max (FWHM) Gaussian smoothing kernel to facilitate across
Coefficient of Variation (CV)% is 5.0% and interassay CV% is 8.0%.subject statistical comparisons.

The detection limit for this assay is Grg/dL. FDG-PET images were transformed into standard space based
on the transformations derived from their anatomical data. In
MRI order to align each subject's FDG-PET to their T1-MRI image,

MRI data were collected using a GE Signa 3T scanner (Generalve first created an FDG-PET template for each subject. Each
Electric Medical Systems, Milwaukee, WI) with a standardSubject's FDG-PET images was registered using a 6-parameter
quadrature birdcage headcoil using an axial 3D T1-weightedrigid body transform to the match the first FDG-PET image
inversion prepared fast gradient echo sequence (TR =8.648 mgollected for that subject, using FSL [30]. Resulting images were
TE 1.888 ms, FOV=140 cm, flip angle=10 NEX=2, ma- averaged to create subject-specific FDG-PET templates. Original
trix=5126 512, voxel size=0.2734 mm, 248 slices, slice thickFDG-PET scans were then re-registered to match the subject-
ness=1 mm, slice gapz.05mm, prep time=600, band- specific template using a 6-parameter rigid-body transformation
width = 15.63, freq =256, phase =224). Before undergoing MRI with AIR [31]. These images were in-turn averaged, and the

acquisition, the monkeys were anesthetized with ketamin@verage image was transformed to match the subject's original
(15 mg/kg) intramuscularly. space T1-MRI using a 6-parameter rigid-body transformat_lon.
The transformations to the FDG-PET-template were combined
FDG-PET Aquisition with the trqpsformation to the original-spa_ce T1-MRI and the_

Animals received intravenous (IV) injections into the saphenousmc}ly'sIo.e.CIfIC template. _These transformations were thep applied
T the original FDG-PET images, and produced FDG-PET images

vein of 10 mCi [18F]-flouro-2-deoxyglucose (FDG) (approximately, o, 4arq space. Standard-space FDG-PET images were scaled

98 ml; median: .08 ml; range:_.03 mi-2.4 ml) |mmed|_ately befqreto correct for global intensity differences based on the mean FDG
exposure to each of the 30-minute behavioral paradigms, durin

X - NG oncentration across the whole brain. Globally scaled images were
Wh('jc.h FDE;-uptaKe olccurred. Tjo T'T}:T'Ze“the effedcts of handl!n?t en smoothed using a 4 mm FWHM Gaussian smoothing kernel.
and injection, animals were adapted 1o ail procedures associategy, images were visually inspected to ensure accurate pre-

With the handling and injection (with the exception of inserting theprocessing before statistical analyses were performed.
syringe) 5-days a week for up to 21 days prior to scanning. After

the behavioral paradigm cotisol samples were taken and anima§tatistical Analvses
were anesthetized with 15 mg/kg of ketamine intramuscularly. y

: : : : .. 5q. Across subject statistical analyses were performed using an
Approximately 30 minutes after the cortisol sampling (median: 28 - i ) -
range: 20-57 min), subjects were fitted with an endotracheal tub d_apted _verS|.on of anste_tt .[33'34] (http.//www._math.mcglll.ca/
eith/fmristat/;  http://brainimaging.waisman.wisc.edu/ fox/

and positioned in a sterotaxic head holder, and given isofluran o
11 o0 . o . multistatic/). All FDG-PET analyses were performed across the
gas anesthesia (1-2%) for the duration of the 60-minute scannin hole-brain while controlling for both age and the probability of

procedure, during which integrated FDG-uptake from the . . ! ! .
behavioral paradigm was measured. Scanning was erformeﬁr"’w'm"jltter on a vo>_<eIW|_se basis, using a multiple regression
. P 9 9 P k [14]. Conjunction analyses were performed across
using the microPET P4 scanner (Concorde Microsystems, Inc.gan:f\.lvor . loqical . . Vsi d
Knoxville, TN), which has an approximate resolution of 2 fm onditions using a logica AND_ conjunction ana ysis and a
[26-28]. FDG-PET images were collected with a transmissionm'mmum statistic [1_6]. 'I_'hls test_ was chosen because |_t remains
can énd reconstructed using fitered backprojection With[a valid test under V|ola_t|ons of |_ndependence_ assumptlon_s. Thls
to . est allowed us to combine statistical parametric maps and identify
attenuation and scatter correction. regions of the brain that reach statistical significance in all of the
. individual test that compose the conjunction analysis. This test is
Pre-Processing S equivalent to finding the intersection of voxelwise significance
Each subject's anatomical image was transformed to thenaps. Correction for multiple comparisons was performed using
standard space of Paxinos, Huang & Toga [29] after the creationhe multFDR threshold program written by Tom Nichols (http:/
of a study-specific template. First each subject's T1-MRI imagguww.sph.umich.edu/ nichols/FDR/). This correction allowed
was manually stripped of non-brain tissue (extraction wags to correct for the False Detection Rate (FDR), or number of
performed by ASF using SPAMALIZE, http://brainimaging. false positives, across multiple brain scans from the ALN and NEC
waisman.wisc.edy/ oakes/spam/spam_frames.htm). Brain ex- conditions. Results from this test are reported as .G5, multi-
tracted MRI images were registered to a 6-brain template (c.fFDR two-tailed corrected,” and represent areas that survived the
[10,25]) in the standard space, using a 9-parameter lineamultiple brain FDR threshold computed based on the ALN and
transformation using FMRIB Software Library’'s “flirt” tool NEC conditions. In order to investigate areas that were significant
(FSL; http://www.fmrib.ox.ac.uk/fsl/) [30]. Images were manu- across both stressful and secure conditions, we used an
ally verified, and averaged to create a study-specific template ioncorrected threshold of,p.005 (reported as, ‘p.005, two-
standard space. The brain-extracted MRI images in original spaceailed uncorrected”) and computed a logical AND conjunction of
were then transformed to match this study-specific template usinthe significant regions [16]. This result revealed regions that were
both linear 12-parameter affine, and™5order non-linear  significantly (p .005, two-tailed uncorrected) correlated with
transformation using Automated Image Registration (AIR; anxious temperament (Time 2) when the monkey was exposed
http://bishopw.loni.ucla.edu/air5/) [31]. Images in standard to both stressful and secure experimental conditions. Under
space were segmented into the probability of gray-matter, whiteassumptions of independence this would reflect a p-value of our
matter and CSF using FSL-fast [32]. In addition to a study-specifiaeported threshold to the power of the number of conjunction
template, this procedure resulted in both transformations fromtests, i.e. p.005"4 or .000000000625.
each subject’s original T1-MRI to standard space, and a subject Follow-up analyses were performed by extracting the mean values
specific probability map, in which each point represented theof clusters of interest, and residualizing them for both the mean
probability of gray-matter at each voxel in standard space. Grayprobability of gray-matter and age. Because the units of the
matter probability maps were smoothed using a 4 mm Full Widthresidualized variables became meaningless, we also z-scored these
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variables before further analyses. Therefore, all follow-up analysgscknowledgments
were performed on z-scored residualzed mean FDG values. Results

are reported for correlations between the variables of interest; th%e gLe I?rzteft’o" tOCH- Van Va'!‘(egl;ergk, T. JOQ”SJO”H E.tZao, tsh Mi”?fa"?%ﬁv
difference between correlations, performed using ar to z transform), elledy, A. Lonverse, A. shackman, 7. Jonnstone, the siall at the
arlow Center for Biological Psychology and the Wisconsin National

anc_i comparing z-scores; as yveII as h?erarchical linear regressions g \ate Research Center at the University of Wisconsin.
which we examine the unique variance accounted for by the

variables of interest using thé#&hange statistic. Author Contributions
Conceived and designed the experiments: NK SS. Performed the
experiments: SS. Analyzed the data: RD TO AF NK. Contributed
Table S1 Brain Areas Across Stressful Contexts Predict Anxiouseagents/materials/analysis tools: TO AF NK. Wrote the paper: RD TO
Temperament at Reduced Thresholds. AF NK.

Found at: doi:10.1371/journal.pone.0002570.s001 (0.10 MB

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

Jonathan A. OlérAndrew S. Fo3¢Steven E. ShelténBradley T. Christiah3-®Dhanabalan Muratis

Terrence R. OakeRjchard J. Davidséi#;4and Ned H. Kalir4.5

Departments $fsychiatrgisychology, aidedical PhysiédealthEmotions Research InstitutdVaigiman Laboratory for Brain Imaging and
Behavior, University of WisconsinbMadison, Madison, Wisconsin 53719

The serotonintransporter (5-HTT) plays a critical role in regulating serotonergic neurotransmission and is implicated in the pathophysi
anxiety and affective disorders. Positron emission tomography scar@]DASB{{C]-3-amino-4-(2-dimethylaminomethylphenylsulfanyl)-
benzonitrile] toneasure 5-HTT availability (an index of receptor density and binding) were performed in 34 rhesus monkeys in whi
relationship between regional brain glucose metabolism and anxious temperament was previously established. 5-HTT availabi
amygdalohippocampal area and bed nucleus of the stria terminalis correlated positively with individual differences in a behavic
neuroendocrine composite of anxious temperament. 5-HTT availability also correlated positively with stress-induced metabolic
within these regions. Collectively, these findings suggest that serotonergic modulation of neuronal excitability in the neural ¢
associated with anxiety mediates the developmental risk for affect-related psychopathology.

Introduction temperament is a critical next step and the serotonergic systemis

Extreme anxious temperament early in life is a prominent riskarticularly interesting in this regard. The serotonergic system
factor for the development of anxiety disorders (Biederman efnodulates amygdala-frontal circuits implicated in the regulation
al., 2001), and previous work suggests that amygdala activi®j emotion, and altered function of the serotonin transporter
in adult humans reflects a history of early anxious tempera(>-HTT) is hypothesized to play a role in affect and anxiety-
ment (Schwartz et al., 2003). The nonhuman primate providekelated psychopathology (Holmes, 2008). Anatomical studies in
an excellenmodel to study the mechanisms underlying humanprimates demonstrate that 5-HTT distribution and density re-
anxiety (Kalin and Shelton, 2003), and we defined an anxiouéect the magnitude of regional brain serotonergic innervation
temperament phenotype in young rhesus monkeys using beha{8mith and Porrino, 2008), and by clearing serotonin from the
ioral and neuroendocrine measures that include the followingsynapse, 5-HTT regulates serotonin signaling. 5-HTT is also the
threat-induced freezing, separation-induced vocalizations, angérget of the most commonly used antidepressant and anxiolytic
stress-induced changes in cortisol levels (Fox et al., 2008). Usidigigs [selective serotonin reuptake inhibitors (SSRE)tther-
this model, high-resolution fluoro-18-deoxyglucose (FDG) positrormore, a polymorphism in the gene encoding 5-HTT (5-HTTLPR) is
emission tomography (PET) revealed that individual differences iassociated with amygdala (Hariri etal., 2002) and BNST (Kalin etal.,
anxious temperament were positively correlated with individual dif2008) reactivity, as well as the vulnerability to develop stress-related
ferences in brain metabolism within the amygdala, bed nucleus pbychopathology (Hariri and Holmes, 2006).
the stria terminalis (BNST), periaqueductal gray, and hippocampus, The aim of the present study was to assess the extent to
suggesting involvement of a wider circuit in mediating the risk fowhich variation in regional 5-HTT availability, an index of
developing anxiety and depression (Fox et al., 2008). 5-HTT receptor density and ligand—protein binding, is predic-
Examining the role of specific neurotransmitter systems injve of individual differences in anxiousmperament. To this
modulating the activity of this circuit as it relates to anxiousend, high-resolution PET scans were performed usiig]F3-
amino-4-(2-dimethylaminomethylphenylsulfanyl)-benzonitrile
Received Feb. 16, 2009; revised June 16, 2009; accepted July 6, 2009. ([*C]DASB), a high-affinity tracer of 5-HTT, in 34 monkeys
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Zao, Nick Vandehey, and the staff at Harlow Center for Biological Psychology and al ionaﬁPr%ﬁ@ﬁqal _braln glucos_e metabolism and anxious
Research Center at the University of Wisconsin (RR000167), as this work could hav&%l@ﬁ&é@fm&@wms%éareVIOUSW established (FOX etal, 2008)- We

without them. We also thank Alex Shackman for helpful comments on this manuscript. Selectively focused on structures in which metabolic activity was
Correspondence should be addressed to Dr. Ned H. Kalin, HealthEmotions ReseagpgditséiigiteBlepatinatirious temperament, and performed voxelwise

Psychiatry, University of WisconsinBMadison, 6001 Research Park Boulevard, Madi 7, -majl: . . . _
eanGmc ey, paigres o aRdRy8¥s to examine the relationship between 5-HTT
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Copyright © 2009 Society for Neuroscience 0270-6474/09/299961-06$15.00/0  brain regions of interest. Within these brain regions, we hypoth-
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esized that individual differences in 5-HTT availability wouldthe transformations derived from the anatomical data. FDG-PET images

predict individual differences in anxious temperament. and gray-matter probability maps were smoothed gsan4 mmfull
. width at half-maximum Gaussian smoothing kernel to facilitate across-
Materials and Methods subject statistical comparisons.

We used the same sample described by Fox et al. (2008). The method§""CIDASB-PET scanninfhe DASB-PET methods are detailed in the
for behavioral and neuroendocrine assessment of anxious temperstudy by Christian et al. (2009) and are briefly described here béor
ment and for FDG-PET are detailed in that study and are only brieflyhe radiolabeling was produced with a National Electrostatics 9SDH 6
described here. MeV Van de Graff tandem accelerator. PET data were acquired using a

SubjectsThirty-six rhesus monkeydacaca mulatipunderwent be-  Concorde microPET P4 scanner (Tai et al., 2001). The monkeys were
havioral testing and FDG-PET scans when they were juveniles (aggitially anesthetized with ketamine (15 mg/kg, i.m.tat 55.4 17.3
mean SEM, 2.7 0.09 years). Thirty-four (22 females) underwent min before injection and maintained on 0.75-1.5% isoflurane for the
[M'CIDASB-PET scans2 years later. Animals were mother-reared, andyyration of the entire imaging session. The animals were also adminis-
pair-housed at theHarlow Primate Laboratory and the Wisconsin tereq atropine sulfate (0.27 mg, i.m.) to minimize secretions during the
Na_tlon_al Primate Research Center in accordance with institutional, rse of the experiment, and positioned head down in the prone posi-
guidelines. L _ _tion. [M'C]DASB was administered with injected mean activity of 4.9

. FIuorq-lS-deoxyqucpse PET ac_qglsm_on and behayloral tes_,tlng PR'BmCi. After the transmission scan, the radioligand was injected and
d!gm.AnlmaIs received intravenous Injections of 10 .mC' of FDG. Imme'dgnamic data were acquired over 90 min. Corrections were made for
diately before exposure to the experimental paradigm. Behaviors wer ) ) . o .
monitored noninvasively using a video recorder during each of severglf:atter (direct calculation), attenuation, and normalization during

experimental conditions. The first stressful condition consisted 0fase6?(§'13trUCt'Fni The d ic PET ii . i " d int
aration in which the animal was relocated to a test cage and remained ata analysisThe dynamic Ime Series were transtormed Into

alone for 30 min (ALN). The second stressful condition was the no eyB&rametric images with each voxel representing the distribution volume
contact (NEC) component of the human intruder paradigm (Kalin and fatio (DVR) serving as an index of receptor binding (Innis et al., 2007).
Shelton, 1989), in which the animals were placed in the test cage andegrebellar washout was estimated using the MRTM model as described
human entered the room and stood still at a distance of 2.5 m whil®Y Ichise etal. (2003). The cerebellum was used as a reference region, and
presenting only their profile to the animal. Data were also collected durd/l voxels were divided by the mean cerebellar binding values (Christian
ing nonstressful home cage conditions. After 30 min of exposure to thet al., 2009). To reduce noise at the voxel-based level, the images from
experimental conditions, animals were anesthetized with 15 mg/kg kegach time frame were spatially smoothed using a3(in-plane) voxel
amine and blood samples were taken. Subjects were then positioned imedian filter, similar to techniques proposed by Zhou et al. (2003). Each
sterotaxic head holder and given isoflurane gas anesthesia (1-2%) for gject's DVR image was transformed into a standard space based on the
duration of the 60 min scanning procedure, during which FDG uptakecorresponding MRI transformation.
was measured. Scanning was performed using the microPET P4 scannegtatistical analyseStatistical analyses were performed using an
(Concorde Microsystems). adapted version of fmristat (Friston et al., 1995; Worsley et al., 1997).
Behavioral assessmémeezing was defined as a period of at least 3 yoxelwise regression analyses were performed to examine the rela-
characterized by tense body posture, no vocalizations, and no movemafnships between 5-HTT availability and anxious temperament
qther than slow movements of the head. The frequency of coo vocalizgsile controlling for the effects of age, DASB-injected mass, and gray
tions was also assessed. To ensure that behavioral data were normalhtier probability (Oakes et al., 2007). Voxelwise tests were performed
distributed, the duration of freezing behavior was log-transformed andyy i regions in which FDG metabolism correlated significantly with
the frequency of coo vocalizations was square root transformed. Corti e anxious temperament composite in both the NEC and ALN condi-

was meas_ured in plasma samples using an enzyme Im.munoassayt}gbs [Fox et al. (2008), their Fig. 4, purple clusters]. Within these pre-
(Diagnostic Systems Laboratories). To create a composite measure

. ) ; : dfined clusters, the regression results were thresholdpd a0.005
anxious temperament, we first calculated the inverse of cooing fre-
B ) . {uncorrected), and the DASB and FDG values were extracted from voxels
quency, thenz-scored each measure (freezing, cortisol, and cooin ithin h cluster that survived the threshold. The DASB datawere then
while controlling for any age effects across all animals, and computed t gthin each clusterthat survivedthe threshold. The atawerethe

mean of thez-scored measures for each subject. residu.alized for the effects of age, gray matter probability, .and injectiqn
Magnetic resonance imaging scanmifagnetic resonance imaging Mass in order to match the result_s pro_duced by the voxelwise regression
(MRI) data were collected using a GE Signa 3T scanner (General Elecfifa@!ysis; the FDG data were residualized for the effects of age and gray
Medical Systems) with a standard quadrature birdcage headcoil using BtRtter probability. Bivariate correlations between FDG and DASB were
axial three-dimensional T1-weighted inversion-recovery fast gradieerformed on the mean values from regions in which both FDG and
echo sequence (repetition time, 9.4 ms; echo time, 2.1 ms; field of vieWASB were significantly correlated with anxious temperament. The FDG
14 cm; flip angle, 10°; number of excitations, 2; in-plane resolutionyalues were taken from the NEC component of the behavioral paradigm
0.2734 mm; number of slices, 248: slice thickness, 1 m05 mm  and therefore represent glucose metabolism in response to a potential
interslice gap). Before undergoing MRI acquisition, the monkeys werdareat. [Analyses examining the relationships between anxious tempera-
anesthetized with an intramuscular injection of ketamine (15 mg/kg). ment, 5-HTT availability, and glucose metabolism from the social sepa-
FDG-PET preprocessiggch subjectanatomical image was trans- ration condition (ALN) can be seen in supplemental Tables S2 and S3,
formed to the standard space of Paxinos et al. (2000) after the creaticvailable at www.jneurosci.org as supplemental material.] Hierarchical
of a study-specific template. First, each subject’s T1-MRI image wéfear regression was used to determine the unique and shared variance

manually skull-stripped of nonbrain tissue using SPAMALIBED://  in anxious temperament accounted for by the mean DASB and FDG
brainimaging.waisman.wisc.edudakes/spam/spam_frames.htm). Brain- yalues within each cluster.

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). TheResults

brain-extracted MRI images in original space were then transformeg/oxelwise regression analysis demonstrated several significant
to match this study-specific template using both lind@fparameter ., o |a1ions between anxious temperament and 5-HTT availabil-

affine, and fifth-order nonlinear transformation using Automated Image. in components of the a priori defined circuit of anxious tem
Registration (Woods et al., 1998). Images in standard space were sgg-' P priori : ireul xiou B

mented into specific tissue types, and voxelwise probabilities were caldFrament (e.g., right amygdalohippocampal area,0.536; left
lated for gray matter, white matter, and CSF using FSL-fast (Zhang et akmygdalohippocampal arem, 0.493; right BNST;  0.489;
2001). FDG-PET images were transformed into standard space basedleft BNSTy 0.5;allp 0.01) (Table 1, Fig. 1). (Results from an
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Table 1. Statistically significant bivariate correlations between mean 5-HTT binding values and the anxious temperament composite
5-HTT availability correlations with

anxious temperameB#) Coordinates (relative to AC)
Brain region Hemisphere iPearsonOs 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
Amygdalohippocampal area Right 0.536 0.001 7.5 3.75 11.25
BNST Right 0.489 0.003 3.75 0.625 0.62
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 commissu

Figure 1. Availability of 5-HTTinthe amygdalohippocampal areaand bed nucleus of the striaterminalis is positively correlated with individual differences
(red). Outlined in purple are the functionally derived regions of interest from a previous study in the same animals in which metabolic activity correlated
(Foxetal., 2008).

exploratory whole-brain voxelwise analysis can be seenin suppBiscussion

mental Table S1, available at www.jneurosci.org as supplemeni§e present results demonstrate that 5-HTT availability in the

material.) Furthermore, glucose metabolism in response to a pggNST and amygdalohippocampal area predicts the behavioral
tential threat and 5-HTT availability were significantly positively, 4 heuroendocrine components of anxious temperament as

correlated in the right amygdalohippocampal area (0.479; well as threat-related metabolic activity in these regions. The

p_0.004) and the right BNST regiom ( 0.377)p ~ 0.028) PNST, along with the CeA (central nucleus of the amygdala), is a

(Table 2). Using multiple linear regression, it was found that__. )
individual differences in glucose metabolism and 5-HTT avail-" ajor componentofthe extended amygdala, and a key outputchan

ability together predicted 36—43% of the variance in anxiou§€! for limbic forebrain control of the hypothalamic-pituitary-
temperament within bilateral amygdalohippocampal area an drenal aX|s-m§d|ated .stress.response (Heimer and Van Hoesen,
BNST regions (Table 3). Hierarchical linear regression reveal&d06)- Anatom|cg| SIUdIeS using 5-HTT as a marker demonstrate
that, in addition to some shared variance, glucose metabolishfavy serotonergic innervation of the macaque extended amygdala
and 5-HTT availability each uniquely explained significant pro{Smith etal., 1999; Freedman and Shi, 2001; O'Rourke and Fudge,
portions of the variance in anxious temperament within the 1eft2006). Likewise, regions of the primate amygdalohippocampal area
amygdalohippocampal area and bilateral BNST regions; a similegceive dense serotonergic input (Sadikot and Parent, 1990; Bauman
pattern was observed in the right amygdalohippocampal areand Amaral, 2005; O'Rourke and Fudge, 2006), and tract-tracing
(Table 3). No significant sex differences were observed in ttgudies in the rat demonstrate reciprocal connectivity between the
reported correlations (all values pf 0.1). amygdalohippocampal area and BNST (Pitkanen, 2000).
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Table 2. Bivariate correlations between mean 5-HTT binding and FDG-PET values
5-HTT availability correlations with NEC

glucose metabalisrd4) Coordinates (relative to AC)
Brain region Hemisphere iPearsonOs 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
Amygdalohippocampal area Right 0.479 0.004 7.5 3.75 11.25
BNST Right 0.377 0.028 3.75 0.625 0.62
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 w
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 mete
commissure.

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

Total variance in anxious

temperamentaccounted

forby FR@and 5-HTT 5-HTT unique variance ~edfAR@e variance Shared variance
Brainregion HemispheR? F p R F p R F p R R
Amygdalohippocampal area Left 0.434 11.890 0.0002 0.118 6.489 0.016 0.191 10.459 0.003
BNST Left 0.369 9.078 0.001 0.179 8.804 0.006 0.119 5.868 0.021 0.C
Hippocampus Left 0.348 8.259 0.001 0.130 6.187 0.018 0.129 6.131 0.019 0
Genu of corpus callosum Midline 0.346 8.208 0.001 0.070 3.325 0.078 0.124 5.868 0.021
Amygdalohippocampal area Right 0.362 8.783 0.001 0.116 5.635 0.024 0.074 3.588 0.068
BNST Right 0.369 9.077 0.001 0.101 4.943 0.034 0.130 6.385 0.017 0.
Hippocampus Right 0.453 12.857 0.0001 0.199 11.305 0.002 0.224 12.693 0.001

The FDG values were taken from the NEC component of the behavioral paradigm and therefore represent glucose metabolism in response to a potential threat.

Studies imaging 5-HTT availability in humans in relation to putatively by decreasing activity in the amygdala and BNST
affect and anxiety have produced inconsistent results (MeygiWang and Aghajanian, 1977; Stutzmann and LeDoux, 1999;
2007). Two studies in depressed patients report decreasesLigvita et al., 2004). This anxiolytic role of serotonin is consistent
5-HTT availability in the amygdala (Parsey et al., 2006; Oquendeith results from long-term SSRI administration studies in hu-
etal., 2007), and one study found that state anxiety in depressethns demonstrating reduced anxiety (Kent et al., 1998) and a
patients was negatively correlated with amygdala 5-HTT avaiteduction in amygdala reactivity (Sheline et al., 2001; Harmer et
ability (Reimold et al., 2008). Also, Rhodes et al. (2007) reporteal., 2006; Arce et al., 2008). Results from tryptophan depletion
aninverse relationship between 5-HTT availability and amygdalstudies are also consistent, as they demonstrate that acute de-
responsivity measured with functional MRI in normal adult hu- creases in serotonin levels are accompanied by increased amyg-
mans. Other studies find elevated 5-HTT availability in the amygdala reactivity (Cools et al., 2005; van der Veen et al., 2007).
dala of patients with major depression (Cannon et al., 2007). However, other studies suggest opposite effects of serotonin

Since 5-HTT availability as assessed with PET is not a dire@nderson et al., 2008). For example, the acute administration of
measure of function, we can only provide possible mechanist®8SRIs results inincreased amygdala reactivity (Bigos et al., 2008).
explanations for how alterations in 5-HTT availability may influ- In addition, decreased dorsal raphe 5-HRutoreceptor expres
ence brain activity and anxious temperament. Increased 5-HT3ion, which is associated with increased forebrain serotonin re-
availability could be associated with lower synaptic serotonin levease, is also associated with increased amygdala reactivity (Fisher
els, as the function of the transporter is to clear serotonin froretal., 2006). Finally, genetic differences associated with decreased
the synapse. Isupport of this hypothesis, Heinz et al. (1998) usecb-HT, , autoreceptor expression, and presumably increased se
single-photon emission-computed tomography imaging in rhesusotonin signaling, is associated with greater threat-related amyg-
monkeys with -CIT ('123methyl 3 -(4-iodophenyl)tropane-2- dala reactivity and increased trait anxiety (Fakra et al., 2009).
carboxylate) (a ligand that binds to both the dopamine and seroto- It is also possible that the relationship observed between
nin transporters) to demonstrate that reduced cerebrospinal flui-HTT availability and anxious temperament reflects functional
concentrations of the serotonin metabolite 5-hydroxyindoleacetichanges thatoccurred early in development (Holmes et al., 2005).
acid were associated with increased brainstem transporter bindinbhis is supported by studies in mice demonstrating that pharma-
Alternatively, increased 5-HTT availability could be a sign of in€ological blockade of 5-HTT in neonates increases anxiety and
creased (not decreased) synaptic serotonin, as neuroanatomistiess reactivity in adulthood (Ansorge et al., 2004). These onto-
studies demonstrate that the magnitude of 5-HTT expression regenetic effects have been hypothesized as a mechanism underly-
flects the amount of serotonergic input to aregion (Way etal., 2007)ng the influences of 5-HTTLPR genetic variability on amygdala
The degree to which these factors interact in determining postsymctivity (Hariri et al., 2005), as well as the development of stress-
aptic serotonin levels remains unknown. related psychopathology (Caspi et al., 2003). This developmental

A lack of clarity regarding the actions of serotonin on amyg-hypothesis is particularly attractive for explaining the effects of
dala and BNST function further complicates mechanistic interthe 5-HTTLPR, since numerous human imaging studies fail to
pretations. Preclinical studies provide evidence that serotonidemonstrate 5-HTT differencesaversug allele adults (Shioe et
reduces anxiety (Zangrossi et al., 2001; Burghardt et al., 2004), 2003) (but see Praschak-Rieder et al., 2007). To further un-
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Orbitofrontal Cortex Lesions Alter Anxiety-Related Activit
In the Primate Bed Nucleus of Stria Terminalis
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In children, behavioral inhibition (BI) in response to potential threat predicts the development of anxiety and affective disorder
primate lesion studies suggestinvolvement of the orbitofrontal cortex (OFC) in mediating Bl. Lesion studies are essential for este
causality in brainb behavior relationships, but should be interpreted cautiously because the impact of a discrete lesion on a ¢
neural circuit extends beyond the lesion location. Complementary functional imaging methods assessing how lesions influen
parts of the circuit can aid in precisely understanding how lesions affect behavior. Using this combination of approaches in mon
found that OFC lesions concomitantly alter Bl and metabolism in the bed nucleus of stria terminalis (BNST) region and that ind
differences in BNST activity predict Bl. Thus it appears that an important function of the OFC in response to threat is to modul
BNST, which may more directly influence the expression of BI.

Introduction (Kalin and Shelton, 2003; Milad and Rauch, 2007). Studies in

In human children, laboratory-based measures of behavioral inhibRoth OFC- and amygdala-lesioned monkeys exposed to the no-
tion (Bl) in response to unfamiliar individuals and/or novelty are ye-contact condition (NEC) of the human intruder paradigm
markers of anxious temperament and are early predictors of th@ave demonstrated replicable reductions in threat-induced freez-
subsequent development of anxiety and affective disorders (N. 9. Whichis ameasure of Bl (Kalin etal., 2004, 2007; Murray and
Fox et al., 2005). Because mechanistic studies cannot be perforntegiierdo, 2007; Machado and Bachevalier, 2008) (but see Izqui-
in children, we developed and validated an animal model of trait-lik&€rdo et al., 2005). The results of functional imaging studies in
Blinyoung rhesus monkeys (Kalin and Shelton, 2003). In a previougonkeys in relation to Bl have not been entirely consistent with
study, we demonstrated that orbitofrontal cortex (OFC) lesions dethe results from the lesion studies. For example, [F-18]fluoro-
creased the expression of Bl (Kalin et al., 2007). To understand tRg0xyglucose (FDG) PET imaging in intact animals failed to find
specific role the OFC plays in the neural circuit that underlies BI, wé Significant correlation between OFC metabolism and either
assessed regional brain metabolic activity in freely behaving OFREC-associated freezing behavior or anxious temperament, a

lesioned animals and cage-mate controls using high-resolutigiPmposite measure such that individuals with higher levels of
positron emission tomography (PET). anxious temperament have increased freezing behavior, de-

The OFC is part of the neural circuit involved with emotion creased vocalizations, and increased cortisol (Kalin et al., 2005;

processing and appears critical for guiding and maintainingemd?- S. Fox et al., 2008). Instead, these functional imaging studies
t|0na| responses (M"ad and Rauch, 2007' Wal“s’ 2007) Recéﬁgh“ghted SubCOI’tlca| stress C|rCU|tS, n WhICh the amygdala and
work has shown OFC neurons to encode and store the relatiiregion encompassing the bed nucleus of stria terminalis (BNST;
value of different choices, and to be required for reversing th@ Part of the extended amygdala) predicted individual differences
value of a cue (Wallis, 2007). Additionally, the OFC is bidirecin the dqration of monkeys’ thre_at-associated freezing behavior
tionally connected with the subcortical components of the circuitnd anxious temperament (Kalin et al., 2005; A. S. Fox et al.,
that mediates fear and anxiety, and is thought to play an impor2008). These data suggest that the influences of the OFC on
tant role in the pathophysiology of anxiety and affective disorder@nxiety-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
Received Nov. 12, 2009; revised Feb. 22, 2010; accepted April 5, 2010. SH%&SE m;%t the BNST and amygdala are the proximate regions
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Copyright©2010the authors 0270-6474/10/307023-05$15.00/0 eral 60% OFC aspiration lesions (which included areas 11, 12, 13, and
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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
measurement3he six lesioned animals and
their age-matched cage-mate controls were ex-
amined twice with FDG-PET (time 1, before ;101 oFC lesionsalterfreezingand metabolism intFe/BhiSagiaeived lesions tothe OFC [Walker
|esnon.for expenmgntal SUbJeCFS and tlm.e 2, af'll, 12,13,and 14; these lesions are discussed in detaillinBad pletaiti200iv)fual data points representing
ter lesion for experlmental_s_ubjects) during ex-asion/no lesion by time-1/time-2 interaction for freezing duration assessed in the no-eye-contact cond
posure to the NEC condition of the human ;. yetails onthis analysis, see Results and supplemental material, available atwww.jneurosci.org). Det
!nFruder p_arad|gm'. Individual animals WET€ i1 the control group attime 1 (circled) can be found inthe supplemental material (avaiRéseisinom.jneuro
injected with FDG intravenously and placed Ny orresponding voxelwise analysis of brain activation, inwhich we observed alesion/nolegion by time-1
atestcage, where they were exposed to amodifigths v, tajled uncorrected) and a significant diffpreAc@Saich @005, two-tailed uncorrected: seen in rec
version of the_ NEC °°”d'“°r? .Of the h“”?a” and yellow, respectively). Results are overlaid on a study-specific template discussed in Kalin et al. (2C
intruder paradigm. In the modified human in- schematic that demonstrates the location of the BNST region accordidgBaipdoinathendivid@abiata

truder paradigm, a human experimenter en-p, iy representing the lesion/no lesion by time-1/time-2 interaction for the mean FDG values within tt
tered the room and stood with their profile to (showninyellagvin

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 testroom 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 condind the masked images used for alignment (A. S. Fox etal., 2005; Kalin et
tion, and aggregated across the three periods of the NEC conditiofi-: 2005)- Each globally scaled image was smoothed asih mn?
Freezing was defined as a period of at least 3 s characterized by tense HgyVidth at half-maximum (FWHM) Gaussian kernel to account for
posture without vocalizations and movement other than slow moveS!ight across-subject variation in anatomy and to enforce a normal

ments of the head. Cooing was defined as a vocalization made by roungistribution. - _
ing and pursing the lips with an increase then decrease in frequency andStatistical analyseltatistical analyses were performed using standard
intensity. Locomotion was coded as of one or more full steps at any speetpXelwise regression techniques. To verify lesion efficacy in decreasing
The freezing results presented here are a subset of the results presentddfi> Mmetabolism, aregion of interest based on the target lesion area was
Kalin et al. (2007). After the 30 min of FDG uptake, animals were aneglrawn on an MRI template, and relative glucose metabolism within this
thetized with ketamine (15 mg/kg) and were administered intramusculaf€gion was extracted for each subject. This effect was highly significant,
atropine sulfate (0.27 mg). They were then fitted with an endotrache@uggesting our analysis was sensitive to the effects of the lesion (data not
tube, to administer 1-2% isoflurane gas anesthesia. The animal was tH&PWn). To assess brain differences in non-OFC regions, analyses were
placed in the microPET P4 scanner (Concorde Microsystems) (Tai et aPerformed using a voxelwise search within regions where data were ac-
2001). Sixty-minute emission PET scans were reconstructed using faurately aligned to standard space. Posterior visual regions were excluded
tered back projection and reflect the integrated brain metabolism thaffom the analyses, since this region was outside of the scanner field of
occurred during the 30 min of FDG uptake. view in some of the prelesion PET scans (see Kalin et al., 2005), and
Preprocessintime-2 (postsurgical for the experimental group) PET anterior regions (anterior to the genu of the corpus callosum) were ex-
scans were masked to exclude prefrontal regions where anatomy mg,{yded because we could not accurately account for lesion-induced de-
have changed in the experimental group, and posterior brain regions th&rmations of brain structure within these regions. Within trusted
were misplaced outside of the PET scanner field of view in some of thiegions, we identified regions8 mm? (the FWHM resolution of the
presurgery images [see Kalin et al. (2005) for additional information]scanner) that showed a significant lesion/no lesion by time-1/time-2 in-
Each animal’s time-2 masked images were transformed using a steraction (p  0.05, two-tailed uncorrected) and a significant time-2
parameter rigid-body transformation to match their prelesion PET scanmain effect of group (lesion vs no lesionp(  0.005, two-tailed uncor-
Transformations were applied to the unmasked time-2 PET scans argcted). Follow-up analyses were performed in SPSS, focusing on linear
manually inspected by A.S.F. to ensure that each subject’s time-2 PESgressions on the mean values from the clusters identified in the voxel-
scans was accurately aligned to the time-1 PET image. Nonlinear trangise analysis. To test the effects of laterality, we also extracted mean
formations based on the time-1 images (computed using AIR5) werealues from the opposing hemisphere of significant clusters, and per-
applied to the time-2 images, resulting in time-2 images in the standartbrmed a lesion/no lesion by time 1/time 2 by left-hemisphere/right-
space of Paxinos, Huang, and Toga (Woods et al., 1998; Paxinos et hémisphere interaction.

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-
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Table 1. Control minus experimental pqstlé&s0b

Peak location relative to anterior
commissure (inmm)

Peatvalue
/ Clusterregion Volumé)(in n@tuster hemisphere  Peak location regiopostlesion) x y z
Entorhinal cortex 28 L Rostral entorhinal cortex 1582 0.625 14.375
Postcentral gyrus 9 R Area3 14.44 25 1.875 4.
Bed nucleus of stria terminalis region 8 L Bed nucleus of striaterminalé.3757.17 1.25 0.625
Parietal 81 R Parietalarea PG 16.75 23.125 18.125
ACC 43 Midline Areas 6/32 and 23c 13.69625 5.625 15.625
Motor 12 R Area4 29.28 6.81125 21.25
White matter near OFC 11 R 10.52 11.875 9.375 5.625
Motor 10 R Area6 8.74 13.79.625 18.75

Regionswhere we observed asignificgmtiftégchontailed uncorrected) and where control animals showed greater metabolism than OFC-lgsidh6@%ytintats d¢time@ (atietdesittegions
are presented with the direction of the correlation, brain regionsinvolved, volume, and hemisphere of cluster. We also report the local maxtwed fierasad tosttiisti Gal ol listee tethiedatbredspc
the anterior commissure). Note that our analyses did B@tmmlpdstargaso the anterior commissure or areas anterior to the genu of the corpus callosum (see Materials and Methods for d

Results
We first examined the effects of OFC lesions on freezing behavior
that occurred during the period of FDG uptake. Consistent with
Kalin etal. (2007), we observed that OFC-lesioned animals, com-
pared to intact animals, exhibited significantly less freezing when
tested during the time-2 FDG-uptake periols{ 2.371p
0.026) (see supplemental note, available at www.jneurosci.org as
supplemental material; Figbjl(Kalin et al., 2007). Further anal-
yses revealed a significantincrease in freezing duration within the
controlgroup ¢, 4.848p 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 significanpy (
0.005, two-tailed uncorrected time-2 effect anpl a 0.05, two-
tailed uncorrected interaction) lower glucose metabolism in a
region that overlapped with the BNST (Fidn)) and additionally  Figure 2. BNST region metabolism predicts freezing. Scatter plot demonstrat
in the entorhinal cortex. The analysis also revealed increased agtationship between freezing duration (log-scaled, residistimestijarabe, and
tivation in OFC-lesioned animals in regions of parietal cortexmean FDG values attime 2 from the functionally defined BNST region (residua
(LIP), midcingulate gyrus, and motor cortex (for a complete listzscoreul; 0.005two-tailed uncorrected, yetdamdbfimn dverlay; residualized for
of affected regions, see Table 1). Analyses of asymmetry revea’ﬂ@@am;_cored).These_values rgpresent_areplication oft_herel_ationship betwee
no group by time by hemisphere interaction in BNST metabolisnﬁ“e,tabm'sm_ and freeznng_ duration previously reported in Kalin et al. (2005) ac
(Fuzs) 1.44p 0.25), suggesting no significant differences irjesioned animals and their cage-mate controls.
BNST laterality. Although we did not observe significant effects
of the OFC lesions on amygdala metabolism, this null findingridual differences in BNST region activity with individual
may result from a lack of statistical power as previously publishedifferences in affiliative vocalizations (coo calls) and locomotion
associations between freezing behavior and amygdala metalamd found that neither were significantly correlated with BNST
lism suggest a relatively low zero-order correlation that getegion metabolism pvalues 0.174). To ensure that the BNST
stronger when combined with other measures not discussed megion was accounting for the majority of the variance associated
this manuscript (Kalin et al., 2005). with freezing behavior, we entered each of the regions affected by

To further examine the role of the BNST region in Bl, wethe OFC lesions into a hierarchical linear regression with the
investigated the correlation between brain activity in the BNSBNST region. This analysis revealed that metabolic activity in no
region with freezing behavior attime 2. Because we hypothesizether region significantly accounted for additional variance in
that OFC lesions were mediated by the BNST, and would not altéreezing behavior beyond that accounted for by the BNST
the relationship between BNST and freezing, we predicted thatgion (F-change values 2.402,p values 0.165). These
these data would replicate the previously observed positive cainalyses suggest that the BNST may be the critical brain region
relation between BNST and freezing behavior (Kalin et al., 2005 ssociated with the effect of the OFC lesions on decreasing
Our findings demonstrated that mean metabolic activity in thefreezing behavior. Additionally, this finding is consistent with
BNST region that showed a group difference between lesiongadevious research suggesting that motor, parietal, and midcin-
and nonlesioned animals strongly predicted freezing (Speagulate regions may be related to specific operations associated
man’s  0.782p 0.008; controlling for age in both variables) with Bl, such as alterations in locomotion and visual attention,
(Fig. 2). To determine the specificity of this correlation to freezrather than the altered motivation associated with Bl itself
ing behavior, we performed the same analyses correlating indiPaus, 2001; Gottlieb, 2007).
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Discussion in the BNST, and the anterograde studies investigating the pro-

Using a combined lesion and imaging approach in an establishd@ctions from the OFC to the BNST have not been published
primate model, we demonstrate an interaction between the OFPrice, 2007). Thus, it remains unclear whether the OFC lesions
and the BNST region that sheds light on how the OFC modulate3'® decreasing freezing b_ehawor via d|re<_:t or indirect connec-
trait-like anxiety-related responses in primates. OFC lesions dions to the BNST (e.g., via known thalamic, insular, or amyg-
tered freezing, a behavior that is critical and adaptive in helping@lar connections), and highlights the fact that these two regions
an animal remain undiscovered in the face of a potential threaf€Present only a portion of the functional network that underlies
The current data demonstrate that OFC lesion-induced changd¥ (Ghashghaei etal., 2007). _ _
in freezing could be accounted for by alterations in BNST activity. Although this sample size is consistent with that of other stud-

Recent research has highlighted a number of important fund€S investigating the effects of targeted lesions on behavior, it is
tions of the OFC that help elucidate its role in anxiety-relatedubstantially underpowered for analyses that attempt to under-
behavior. In particular, electrophysiological recordings in mon_st_and th_e rela_tl_on between |nd|V|duaI dn‘ferencgs in lesion extent
keys and functional imaging in humans have shown this region t¥/ith brain activity and behavior. Future work with larger sample
track the relative value of choices and maintain this represent&izes Will facilitate an understanding of the relationships among
tion over time (Kringelbach and Rolls, 2004; Wallis, 2007). Adl_gsmn location, remaining functional ac.tlvatlon W|th|n the le-
ditionally, lesion studies have demonstrated the OFC to paioned areas, and lesion-induced behavioral alterations. _
critical for updating the value of reward-related cues (Wallis, !N conclusion, these data suggest that the OFC does not di-
2007). The OFC may respond similarly to threat-related cudgctly alt_er freezing per se, but rather the behay|oral effects of
such thatin the NEC paradigm the OFC could be accumulating anFC lesions result from the removal of descending modulatory
maintaining the emotional representation of the human intruder to'NPUts (direct or indirect) to the BNST region. It follows that
facilitate adaptive behavioral responses. Importantly, this is consltérations in OFC function may underlie difficulties in the adap-
tent with structural and functional differentiation of the OFC into V€ regulation of anxiety, which is thought to be a cardinal fea-
“medial” and “orbital” OFC networks, with the orbital OFC (the ture of anxiety and affective dlsorders.(Kalln and Sheltop, 2003).
region lesioned in this study) demonstrating more activation to cuelf! contrast to the strategy of using either selective lesion tech-
that signal negative outcomes (Kringelbach and Rolls, 2004; Prifigues or functional imaging to understand brain—behavior re-
2007). Based on the data from the current study, we further suggd@Hions, this study underscores the power of combining these
that the behavioral actions induced by the perception of threat cudB®thods to better understand the complex interactions among
are implemented via the OFC's influence on the BNST region.  cOmponents of relevant neural circuits.

The relation we observed between individual differences in
BNST region metabolism and trait-like anxiety agrees with ouReferences
previous work as well as rodent work examining the functionabuvarci S, Bauer EP, Paré D (2009) The bed nucleus of the stria terminalis
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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 stimufi—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-resolutR-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 psychopattfolagst 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
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*. 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 modef ehAT
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 dispositién

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

Nature Author manuscript; available in PMC 2011 February 1.
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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 disordedst4 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 lesiont18. 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 [}C- 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 bintfings 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 amygdafa 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 anxietyAT was significantly heritable £+0.36,

p=0.015). A voxelwise heritability analysis for brain activity was performed using SOLAR
controlling for the potential confounds of age, aged sex. Analyses were limited to those
voxels within the FDG clusters that were significantly predictive of AT. Since previous

Nature Author manuscript; available in PMC 2011 February 1.
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studies demonstrated that heritable individual differences in brain structure relate to stress
reactivity22, 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 voXeD 65,

p=3.83e-05; left sided maximally significant heritable voxé&kh76, p=3.4e-06) and in the
right superior temporal sulcus (maximally significant heritable voxXei0 /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: £=0.52 (p=0.001) and?+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 vo®eb(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 pBaks2d,

df=1, p<0.0125). For these regions the observed difference in heritability was 0.508 (95%
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Cl: 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 a&fe24, 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 (SHTTLPR), on emotion-related amygdala reactivit285The 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 SHTTLPR 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
S5HTTLPR and measured genotype analyses, sensitive to effects of single genes, were
performed. Results demonstrated no significant effect of the SHTTLPR 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 5SHTTLPR 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 vigilante'2, whereas the hippocampus has primarily been linked

to mechanisms underlying declarative memoryOf interest, earlier theorists emphasized

the septo-hippocampal system as being central to anxiety and specifically involved in threat-
related behavioural inhibitioH’. The current findings provide support for an important role

of the anterior hippocampus in the development of anxious disposifiéAsand 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 Sidak equaR¢h (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, aged 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; g-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, 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 correlatidnandf, corresponding slices adapted fraime
Rhesus Monkey Brain in Stereotaxic Coording®99).c, g, 5-HTT binding differentiates
the CeA region from the anterior hippocampijsThe CeA, defined by the 5-HTT map,
encompasses the amygdala péakhe 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) dndoxel within the hippocampus (see Fig 1e)
reflecting the peak correlation between metabolism and AT (r=0.45, p=8.3¢¥H-3).
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 andb, 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 hippocampusg, 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: g < 0.05, < 0.01, g < 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 o

Data are presented with the direction of the correlation, hemisphere, brain regions involved, and the volume of each AT-correlated cluster. The @cal
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. @edygdala central nucleu#&STZ; amygdalostriatal transition zone

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

direction of cluster volume Max
correlation  Hemisphere  Regions within cluster in mm3) Area t-value X y z
positive R amygdala/temporal cortex/ 850.8 dorsal amygdala (CeA/ASTZ region) 7.68 12.5B0 P
anterior hippocampus ventral putamen 7.40 14.375P 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 7.61P P P
anterior hippocampus ventral putamen/posterior amygdala 7.3® P P
mid hippocampus 6.71 P P P
claustrum 633 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 10.625P 1.250
negative crosses parietal cortex 493.6 intraparietal sulcus (right) P 4375 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
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Clusters correlated with Anxious Temperment Local maxima within clusters Location relative to anterior
commisure n mm)

direction of cluster volume Max

correlation  Hemisphere  Regions within cluster in mm3) Area t-value X y z
R primary visual cortex 45.9 Vi P 3125 P P
R temporal parietooccipital area 8.3 superior temporal sulcus (posteriorp 15.625 P 8.750

‘219 19|10

2T abed



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


