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Neuroanatomical Correlates of Anticipatory Anxiety 

Positron emission tomographic measurements of regional blood flow, a marker of 
local neuronal activity, were used to investigate the neuroanatomical correlates of a 
normal emotion. Healthy volunteers were studied before, during, and after anticipa- 
tion of a painful electric shock. During anticipatory anxiety, there were significant 
blood flow increases in bilateral temporal poles, the same regions recently implicated in 
a lactate-induced anxiety attack in patients with panic disorder. Thus, the temporal 
poles seem to be involved in normal and pathological forms of human anxiety. 

I N ORDER TO ESTABLISH THE NEUROBI- 
ology of an emotional response, re- 
searchers must be able to relate that 

response to the local processes of the living 
human brain. Previously, we used positron 
emission tomography (PET) to investigate 
the neuroanatomical correlates of panic dis- 
order, a pathological form of human anxiety 
(1-3). Patients with panic disorder and nor- 
mal control subjects were studied before and 
during lactate infusion, a procedure that 
precipitated an anxiety attack in many of the 
patients and none of the controls (2, 3). 
During the nonpanic state before the infu- 
sion, the patients who were vulnerable to 
lactate-indiced panic had an abnormal asyrn- 
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metry (left less than right) of blood flow, of 
blmd volume, and of the metabolic rate for 
oxygen in the vicinity of Economo's region 

Fig. 1. Subjective and physiologic 0 t- 
measurements of anxiety before 
(scan l), during (scan 2), and after 
(scan 3) anticipation of a painfid 
electric shock. Means and standard 
deviations are depicted for (A) the 3 
rating on an analog scde of anxiety, 2 O0 
(B) the score on the S-Anxiety scale E E 80 
of the STAI ( lo) ,  (C) heart rate, r $ 
and (D) the number of nonspecific 60 
fluctuations in skin conductance. fj 4O Scan 2 was distinguished from = 
scans 1 and 3 by sigmficant in- 20 
creases in all measures of anxiety 
(paired t tests, P < 0.05, Bonfer- 
roni correction for multiple com- 
parisons). 

El in the parahippocampal gyrus (2). During 
a lactate-induced anxiety attack, there were 
sipficant blood flow increases in bilateral 
regions of the temporal poles (3). 

In the study reported here, we used PET 
measurements of regional blood flow, a 
marker of local neuronal activity (4 ) ,  to 
investigate the neuroanatomical correlates of 
a no& form of human anxietv, that due to 

d ,  

the anticipation of an external danger. Re- 
gional blood flow was measured in eight 
healthy volunteers (5) before, during, and 
after anticipation of a painll electric shock. 
These measurements were made with the 
PETT VI system, [ ' 5 0 ] ~ 2 0 ,  40-s data ac- 
quisition periods, and an interscan duration 
of 10 min (6, 7). The subjects were informed 
that no shock would be delivered during the 
first and third measurements, but that a 
painful electric shock would be delivered 
sometime within a 2-min ~eriod after the 
second tracer administration; they were also 
informed that the severity of the shock was 
likely to increase with the passage of time 
before its arrival. A brief electric shock was 
delivered immediately after the second data 
acquisition period to maintain the credibil- 
ity of the investigators for the remainder of 
the study; the severity of the stimulus was 
predetermined by its ability to produce mild 
discomfort in the investigators themselves 
(8). 

The first scanning procedure permitted 
acclimation to the PET routine and provid- 
ed data for post hoc comparisons. The sec- 
ond scanning procedure provided data cor- 
responding to a state of anticipatory anxiety. 
The third scanning procedure provided 
baseline data for measuring the changes in 

1 2 3  1 2 3  
Scan Scan 
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regional blood Bow related to antiapatory anxiety might be related to voluntary move- frontal regions near the anterior aspect of 
anxiety. After completion of the first three ments or increased motor tone independent the lateral sulcus. The increases in tempom- 
scans, four subjects had three additional of the anxious state (9). polar blood flow appear to be unrelated to 
scans to determine if the regional blood flow An analog scale and the $Anxiety scale of scan order (16), anticipation (1 7,18), volun- 
increases associated with thc production of the State-Trait Anxiety Inventory (STAT) tary movements (19), or increased motor 

were d to assess the subjective state of tone (19) independent of the anxious state. 
anxiety related to each scan (10). Heart rate We have demonstrated involvement of T z z o d  and eletmxkmal activity, physiologic vari- the temporal poles in pathological and nor- 

with the p r ~ d u & ~ n  of anticipan~y anxiay. ables known to reflect an individual's state of mal forms of human anxiety. Our findings 
nKsc data camspotld a, the u ~ g c  of mean anxiety (If), were recorded during each are compatible with stimulation and lesion 
incream in eond Mood shown in Fig. 2. scan. An automated teshnique for the analy- studies. Temporopolar stimulation i d u -  
xy Y'andzmspatia'UM~tC8withm~.to sis of PET data was used to idenw the ences the autonomic functions often associ- a point in a horizontal plane through the antenor 
Uld posrniOr (Z = O), at mid- c h q p  in r e g i d  blood flow assocked ated with the anxious state (20); it produces 
line of the horizontal brain slice (X = 0), and at with anticipatory anxiety (12). a syndrome in nonhuman primates charac- * midpoint the anmior and postcrkK During anticipation of the shock, there terized by behavioral inhibition, apparent 
commissurcs ( = O). is the distance a, the were significant increases in the subjective hypervigilance, and altered facial expressions 
@osi$ve) or right (negative) of the midline. Y is 
the dmance anterior (positive) or and physiological measurements of anxiety seeming to d e c t  "arousal, attention, or 
tive) m the wit baw.rn ~~~~~ (Fig. 1) (13); every subject exhibited in- anxiety" (20); and it produces the experience 
pasmior commissm. Z is the distana above creases in each of these measurements. Dur- of h r  in patients with temporal lobe epilep- 

Or (WPtive) a horimn* piane ing anticipatory anxiety, there were signifi- sy (21). Bilateral lesions of tempompolar 
though the anterior and posterior commismns. 

Sw UMrm COrresPO"d to tharc fmm a n t  increases in regional blood flow cortex in nonhuman primates attenuate the 

spedmcn 25 (n). Each -was (G2 = 2.89, P < 0.01)' but no s imcant  expressions of fear in response to normally 
as the magnitude of the mean increase in regional decreases (G2 = 1.33, P > 0.05). threatening situations (22). Fear is common- 
b k d  f b ~  &viw by the smdard of The signiiicant blood flow increases were ly experienced in association with temporal eona1 Mood haeases associated with located in bilateral temporal poles (Table 1 lobe seiaucs (21, 23)' and anxiety attacks 
the production of anticipatory amiety. and Fig. 2), the same regions that we previ- 

ldendfied Location (mm) . ously implicated in a lactate-induced anxiety 
region X Y Z  ,, attack (3, 14). Post hoc analyses supported A 

the consistency of these increases (paired t 
T e m p o ~ l a r  -54 +28 -26 4.4* tests, P < 0.05) (15). The vemcal extent of 

the blood Bow increases greatly exceeded 
T +49 +M -24 4.1' the -lUtim of the imw pig. 
cortex (left) 2), suggesting the presence of additional 

* P < O . O O O ~  (kforr ~onfaroni amaaion). blood flow incscases in bilateral tempom- 

I 

Fig. 2. The image of mean increases in regional blood flqw associated with the production of 
anticipatory anxiety. ALI brain sections are p d d  to a horizontal plane through the anterior and 
posterior commissures (slice 31). The nght hemisphere in each image is on the reader's right. The 
centers of contiguous slices arc 2 mm apart, but only odd-numbered planes are shown. Thc color scale is 
linear and in units of PET counts per pixel per scan (7). The production of antiapatory anxiety was 
associated with si@cant blood flow increases in bilateral temporal poles (TP). 

Flg. 3. (A) An illustration of the medial surface of 
a b i i e d  brain. The horizontal line represents a 
plane through the anterior commissure (AC) and 
posterior commissure (PC). The vemcal line indi- 
cates the plane of (B), a venicofrontal section 
through the temporal poles. The right hemisphere 
in (B) is on the reader's left. The arrows indicate 
the sites of maximal blood flow increases. The 
anatomical localization procedure used to identify 
these blood Bow increases has an SD of about 5 
mm in each axis (12). Abbreviations: TPg, granu- 
lar region of temporopolar cortex; TPdg, dys- 
granular region of temporopolar cortex; Iag, 
agranular region of insular cortex; CA, caudate; 
and P, putamen. 
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sometimes develop in association with ante- 
rior temporal lobe pathology (24). 

Because of its anatomical connections 
with sensory association areas and the arnyg- 
dala, Mesularn and his colleagues (25) refer 
to temporopolar cortex as a "paralimbic 
area." They suggest that temporopolar cor- 
tex evaluates the relevance of environmental 
information, leading to the production of an 
appropriate response (25) .  In regard to anxi- 
ety, the temporal poles could be involved in 
the evaluation process that characterizes a 
situation with a sense of uncertainty, help- 
lessness, or danger. 

Panic disorder appears to be distinguished 
from normal forms of anxiety by the pres- 
ence of a regional brain abnormality in the 
nonpanic state, an abnormality that could be 
involved in the initiation of an anxiety attack 
(2, 26). However, lactate-induced panic and 
normal anticipatory anxiety appear to share 
a common pathway involving the temporal 
poles. 
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Structure and Function of Human Amphiregulin: 
A Member of the Epidermal Growth Factor Family 

The complete amino acid sequence of amphiregulin, a bifunctional cell growth 
modulator, was determined. The truncated form contains 78 amino acids, whereas a 
larger form of amphiregulin contains six additional amino acids at the arnino-terminal 
end. The amino-terminal half of amphiregulin is extremely hydrophilic and contains 
unusually high numbers of lysine, arginine, and asparagine residues. The carboxyl- 
terminal half of amphiregulin (residues 46 to 84) exhibits striking homology to the 
epidermal growth factor (EGF) family of proteins. Amphiregulin binds to the EGF 
receptor but not as well as EGF does. Amphiregulin fully supplants the requirement 
for EGF or transforming growth factor-a in murine keratinocyte growth, but it is a 
much weaker growth stimulator in other cell systems. 

T HE LIST OF PEPTIDE GROWTH REG- 
ulators has been expanding rapidly. 
These factors participate in various 

physiological and pathological conditions, 
such as cellular communication, growth and 
development, embryogenesis, immune re- 
sponse, hematopoiesis, cell suivival and dif- 
ferentiation, inflammation, tissue repair and 
remodeling, atherosclerosis, and cancer (1). 
The isolation, characterization, and mecha- 
nism of action of regulatory factors for 
growth and differentiation are of current 
interest because of the potential use of such 
regulatory factors in the diagnosis, progno- 
sis, and therapy of neoplasia and because of 
what these factors reveal about the basic 
mechanism of normal cellular proliferation 
and the unrestrained growth of cancer cells. 
We have recently reported the isolation of a 
novel glycoprotein termed amphiregulin 
(AR), which inhibits growth of A431 hu- 
man epidermoid carcinoma and other hu- 
man tumor cells and stimulates proliferation 
of human fibroblasts and other normal and 
tumor cells (2). AR was isolated from se- 
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rum-free conditioned medium of MCF-7 
human breast carcinoma cells that had been 
treated with 12-O-tetradecanoylphorbol- 
13-acetate (2). We now report the complete 
amino acid sequence of amphiregulin and 
compare its biological properties with those 
of the other members of the epidermal 
growth factor (EGF) family proteins. 

AR was purified to homogeneity as de- 
scribed (2). The homogeneous AR was used 
for all the chemical and biological studies 
reported here. The amino acid sequence of 
human AR (Fig. 1) was determined by 
automated Edman degradation of N-glycan- 
ase-treated, reduced, and S-pyridylethylated 
AR (NG-SPE-AR) and of peptide frag- 
ments obtained by cleavage of NG-SPE-AR 
with various endopeptidases. The carboxyl- 
terminal analysis of NG-SPE-AR was per- 
formed with carboqrpeptidase P (Peritcillium 
janthinellum). The amino-terminal analysis 
of NG-SPE-AR revealed the presence of 
two sequences, one starting at residue 1, 
serine, and the other starting at residue 7, 
valine (Fig. 1). The yield of the larger form 
of AR was about 20% of that of the truncat- 
ed form. The larger AR thus contains six 

additional amino acids at the amino terminal 
of the truncated form of AR. The larger 
form of AR and the truncated AR are single 
chain polypeptides of 84 and 78 residues, 
with a calculated molecular weight of 9759 
and 9060, respectively (Fig. 1). Both forms 
of AR have a similar carboxyl-terminal se- 
quence as determined by carboxypeptidase P 
cleavage (Fig. l), and both are biologically 
active. 

The sequence of AR was compared with 
all proteins in the National Biomedical Re- 
search Foundation database (release 15, 
containing 6796 protein sequences), Genet- 
ic Sequence Data Bank (Bolt Beranek and 
Newman, Los Alamos National Laboratory; 
release 54) and the European Molecular 
Biology Laboratory DNA sequence library 
(release 13). These computer-aided searches 
revealed that AR is a novel protein and a 
member of the EGF family. This family 
includes EGF (mouse, human, and rat) (3- 
5), transforming growth factor-a (TGF-a) 
(6, 7), and poxvirus growth factors [vaccinia 
(VGF), myxoma (MGF), and Shope fibro- 
ma (SFGF)] (8-10). Tissue-type plasmino- 
gen activator (II) ,  the mammalian clotting 
factors IX and X (12), the low-density lipo- 
protein receptor (13), bovine protein C (14),  
human proteoglycan core protein (15), 
product of Dvosophila notch gene (16), prod- 
uct of lin 12 gene (17), the product of cell 
lineage-specific gene of sea urchin Stvongylo- 
centrotus puvpuvatus (IX), cytotactin (19), and 
product of efi gene of Plasmodium falciparum 
(20) also contain EGF-like domains. Align- 
ment of AR structure with the structure of 
EGF-like growth factors and with other 
members of EGF-like proteins (Fig. 2) re- 
veals that AR. like other members of the 
family, contains the hallmark six essential 
cysteine residues, maintains conservation of 
cysteine residue spacing in the pattern 
CX7CX4CXjoCX1CX8C, and also contains 
some of the characteristic and conserved 
amino acids. AR falls between the members 
of the growth factor family that look like 
EGF and TGF-a and those that look like the 
poxvirus-encoded growth factors (MGF and 
SFGF), especially in the use of asparagine. 
The amino-terminal sequence of AR has 
some analogy with the -amino-terminal se- 
quences of the TGF-a's (6, 7), VGF (8), and 
MGF (9)  in that it is rich in prolines, serines, 
and threonines and, like TGF-(Y and VGF, 
has potential N-linked glycosylation sites as 
well as the possibility for O-linked glycosyla- 
tion in the region rich in serines, threonines, 
and prolines. Unlike MGF and SFGF, AR 
does not have any potential glycosylation 
site within the growth factor domain of the 
molecule. On the basis of homology with 
mouse EGF (3) and perfect alignment of six 
cysteine residues, one would expect the pres- 
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