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bstract

When presented in a neutral context, emotional items interfere with episodic encoding of temporally contiguous non-emotional items, resulting
n dissociable valence-dependent retrograde and arousal-dependent anterograde modulatory effects. By studying two rare patients with congenital
ipoid proteinosis (Urbach-Wiethe) and a focal disease emphasis on the basolateral amygdala (BLA), we demonstrate that this bidirectional
odification of episodic encoding by emotion depends on the integrity of the amygdala, as both retrograde and anterograde modulatory effects are
bsent. Our findings implicate the amygdala in a neural circuitry that orchestrates rapid retrograde and anterograde regulation of episodic memory
ccess upon criteria of behavioral significance.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The hippocampus is critical for episodic memory forma-
ion (Scoville & Milner, 1957). In contrast, an enhancement
f episodic memory formation by emotion is amygdala- and
orepinephrine (NE)-dependent, being abolished by both bilat-
ral amygdala lesion (Adolphs, Cahill, Schul, & Babinski,
997; Cahill, Babinsky, Markowitsch, & McGaugh, 1995) and
harmacological blockade of central NE signaling with the
-adrenergic antagonist propranolol (Cahill, Prins, Weber, &

cGaugh, 1994; van Stegeren, Everaerd, Cahill, McGaugh, &
ooren, 1998). Current hypotheses of emotional memory forma-

ion target post-encoding (consolidation) rather than encoding
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tages (Phelps & LeDoux, 2005). These hypotheses state that
motional stimuli evoke, via projections from locus coeruleus
LC) (Aston-Jones & Cohen, 2005), NE release in the basolateral
mygdala (BLA), an effect critical for potentiating hippocampal
onsolidation of these stimuli (McGaugh, 2000, 2004). Conse-
uently, emotional memory formation should increase with time,
s the gradual process of consolidation proceeds.

However, this time-dependent mechanism cannot account
or the instant effects of emotion on episodic memory for-
ation. Instead, there must be rapid modulatory mechanisms

elated to emotional memory encoding (Hamann, 2001). Stud-
es of amygdala-lesioned patients demonstrate that one such

echanism depends on the amygdala’s influence on perception
nd attention (Adolphs, Tranel, & Buchanan, 2005; Anderson

Phelps, 2001; Vuilleumier, Richardson, Armony, Driver, &

olan, 2004). Neuroimaging studies demonstrate that another
echanism depends on the amygdala’s modulation of hip-

ocampal function during emotional memory encoding (Cahill
t al., 1996; Canli, Zhao, Brewer, Gabrieli, & Cahill, 2000;

mailto:rene.hurlemann@ukb.uni-bonn.de
dx.doi.org/10.1016/j.neuropsychologia.2006.08.027
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olcos, LaBar, & Cabeza, 2004a; Hamann, Ely, Grafton, &
ilts, 1999; Kensinger & Corkin, 2004; Kilpatrick & Cahill,
003; Richardson, Strange, & Dolan, 2004). Pharmacological
vidence indicates that this modulation is susceptible to antag-
nistic (Strange & Dolan, 2004; Strange, Hurlemann, & Dolan,
003; van Stegeren et al., 2005) and agonistic (Harmer, Hill,
aylor, Cowen, & Goodwin, 2003; Harmer, Shelley, Cowen, &
oodwin, 2004) challenges of central NE signaling. Propranolol
locks emotional memory encoding in a manner akin to bilateral
mygdala lesion (Strange et al., 2003), implying intra-amygdalar
C-NE release as a potent regulator of amygdala-hippocampal

nteractions during emotional memory encoding.
However, this regulation has costs and benefits. Free recall

ests of episodic memory formation demonstrate that enhanced
ncoding of oddballs (the von Restorff phenomenon: von
estorff, 1933; Wallace, 1965) critically interferes with the
ncoding of standard stimuli, an effect particularly evident for
motional oddballs (Angelini, Capozzoli, Lepore, Grossi, &
rsini, 1994; Strange et al., 2003; Tulving, 1969). Using an

motional oddball paradigm, we recently showed that emotional
emory encoding is associated with retrograde and anterograde

pisodic memory changes involving an amnesia and hypermne-
ia, respectively. Consistent with a taxonomy of emotion along
he orthogonal dimensions of arousal and valence (Russell,
980; Lang, 1995), anterograde interference is determined by
rousal, with negative and positive emotion eliciting amnesia,
hereas retrograde interference is determined by valence, with
egative emotion eliciting amnesia and positive emotion elic-
ting hypermnesia. Both amnesic and hypermnesic effects are
ropranolol-sensitive, pointing to LC-NE as the control neuro-
hemical substrate (Hurlemann et al., 2005).

Neuropsychological studies of patients with bilateral amyg-
ala lesion provide key mechanistic insights into emotional
emory formation (LaBar & Cabeza, 2006; Phelps, 2006)—in

his case, determining whether the arousal-related antero-
rade and valence-related retrograde episodic memory changes
n response to emotional memory encoding are amygdala-
ependent. Given previous findings that an intact amygdala is
ecessary for emotional memory encoding per se (Hamann,
ee, & Adolphs, 1999) as well as a retrograde amnesic effect

n response to it (Strange et al., 2003), we hypothesized that
wo patients with rare lipoid proteinosis (Urbach-Wiethe) and
elective bilateral amygdala calcification lesion, but not con-
rols, would be significantly impaired in our behavioral test of
motion-induced amnesia and hypermnesia.

. Subjects and methods

.1. Participants

Patients AM and BG are 30-year-old female monozygotic twins suffering
rom lipoid proteinosis (LP), also known as Urbach-Wiethe disease or hyali-
osis cutis and mucosae (OMIM 247100), a rare autosomal recessive disorder

ypified by cutaneous, mucosal, and visceral deposits of periodic acid-Schiff
PAS)-positive hyaline (glycoprotein) material. LP is clinically heterogeneous,
ith classical features including beaded eyelid papules and laryngeal infiltration

eading to hoarseness. In 50–75% of cases, LP causes bilateral calcifications in
he medial temporal lobes, which occasionally target the amygdala selectively.
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pilepsy, when present, may be related to these calcifications (Appenzeller et
l., 2006). LP maps to chromosome 1q21 and results from mutations of the
xtracellular matrix protein 1 gene (ECM1) (Hamada et al., 2002). In terms of
istory BG suffered an epileptic grand-mal seizure aged 12, which led to diag-
osis of LP and subsequent diagnosis of her twin sister. When tested in our
tudy, BG was on anticonvulsive therapy with a 900-mg daily dose of valproate.
M and BG completed 10 years of school education and have been in fulltime

mployment since. Both are married and have children.
Sixteen female control volunteers matched for age (age range, 24.3–34.2

ears; mean age 29.1 ± 2.4 years) and education served as the comparison group.
oth controls and LP patients underwent psychiatric exploration to exclude
ither current or past DSM-IV (Diagnostic and Statistical Manual of Mental
isorders IV) axis I and axis II disorder. Controls had no current physical ill-
ess, and had not been on psychoactive medication for ≥3 months. The study
as approved by the local ethical committee, and all participants gave written

nformed consent according to the 1964 Declaration of Helsinki.

.2. Neuropsychological assessment

Neuropsychologically, LP patients show much less cognitive deviation from
ontrols than initial studies of patients with this rare aetiology had suggested
Siebert, Markowitsch, & Bartel, 2003). Previous neuropsychological testing
howed AM (and BG) to be of normal verbal IQ (VIQ) and within normal lim-
ts for a wide range of cognitive functions, including attention and short-term

emory (Strange et al., 2003). Therefore, LP patients and controls underwent
estricted neuropsychological screening in the present study. This included the
LMT (Verbaler Lern- und Merkfähigkeitstest) (Helmstaedter, Lend, & Lux,
001), a German version of the RAVLT (Rey Auditory Verbal Learning Test),
o assess immediate verbal learning span, new learning, susceptibility to inter-
erence, and recognition memory. The ROCF (Rey-Osterrieth Complex Figure
est) (Osterrieth, 1944; Rey, 1941) was used to test incidental visual memory
nd the visuospatial constructional ability. Motor speed and visual attention
ere examined with the TMT (trail making test) (Raitan, 1958). VIQ was deter-
ined with the HAWIE-R (Hamburg-Wechsler Intelligenztest für Erwachsene)

Tewes, 1991), a German Version of the WAIS-R (Wechsler Adult Intelligence
cale-Revised). A subtest of the RBMT (Rivermead behavioral memory test)
Wilson, Cockburn, Baddeley, & Hiorns, 1989) was used to investigate recogni-
ion of facial identity, whereas facial emotion recognition was assessed with the
EEST (facial expressions of emotions: stimuli and test) (Young, Perrett, Calder,
prengelmeyer, & Ekman, 2002). As summarized in Table 1, neuropsychologi-
al screening showed that AM and BG have an average VIQ (HAWIE-R 100 and
05, respectively) and relatively normal cognitive skills as evident in most tasks,
hich replicates our previous findings (Strange et al., 2003). Interestingly, BG,
ut not AM, was significantly impaired in recognizing fearful facial expressions,
ith a recognition rate of 50% relative to 100% in controls.

.3. Episodic memory test

Stimulus setup and experimental design have been detailed elsewhere
Hurlemann et al., 2005). The paradigm featured 36 von Restorff lists, each
omposed of one oddball and seven standard stimuli, presented as picture items
aired with their verbal descriptors. Standard stimuli included black and white
ine drawings of living and non-living entities (Cycowicz, Friedman, Rothstein,

Snodgrass, 1997; Snodgrass & Vanderwart, 1980), while oddballs included
mages primarily selected and edited from the International Affective Picture
ystem (IAPS; Lang, Bradley, & Cuthberg, 2005). Of 36 oddballs implemented

n the paradigm, 12 were perceptual-neutral (P), and 24 were perceptual-
motional (ExP), including 12 positive (EposP) and 12 negative (EnegP) oddballs.

posP and EnegP oddballs differed from each other in terms of valence, but were
atched for arousal. ExP oddballs differed from P oddballs in terms of valence

nd arousal.
All participants were presented with 36 study-distraction-test sequences.
pisodic memory was tested by free recall. Recall profiles were pooled accord-
ng to the three oddball categories, thus, yielding a neutral, positive, and negative
ondition. As outcome parameter, episodic memory performance was deter-
ined condition-wise by calculating the percentage of correct recall (i.e. the

utput/input ratio) for the following three list positions: oddball −1, oddball,
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Table 1
Demographical and neuropsychological characteristics of female Lipoid Pro-
teinosis (Urbach-Wiethe) patients AM and BG and controls (n = 16)

Variable Max Controls AM BG

S S.D. S S

Age (years) 29.1 2.4 30 30
Height (cm) 163.7 6.8 160 160
Weight (kg) 61.3 5.5 60 49
Education (years) 10.4 0.5 10 10
HAWIE-R VIQ 106 12.9 100 105

VLMTa

Trial 1 15 7.9 1.4 9 6
Trial 5 15 10.9 2.1 10 12
Total 75 52.6 6.7 49 55
Recognition 75 13.3 1.6 12 14

ROCFa

Copy 36 32.4 3.9 30 32
30 min recall 36 19.2 2.3 18 19

TMTa

Part A (s) 26.9 5.7 29 23
Part B (s) 73.3 15.3 82 76

RBMTa

Face recognition 5 5 5 5

FEESTa

Happiness 12 12 11 12
Surprise 12 12 9 11
Fear 12 12 11 6
Sadness 12 12 12 11
Disgust 12 12 10 12
Anger 12 12 11 12

Total 72 72 64 64
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Fig. 1. Horizontal MRI sections of the anterior medial temporal lobe with red cir-
cles indexing the bilateral amygdala calcification lesions in Lipoid Proteinosis
(Urbach-Wiethe) patients AM and BG. Magnitude (A(i) and B(i)) and phase
(A(ii) and B(ii)) images are derived from the reconstructed five-average data
sets acquired with 0.8 mm isotropic resolution. In the magnitude images, the
lesion signal is reduced compared to intact tissue due to the combined effect of
enhanced intra-voxel dephasing (susceptibility inhomogeneities) and calcifica-
tion (reduced water content). Due to differential susceptibility between calcified
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bbreviations: Max, maximum possible score; MS, mean score; S, individual
core; S.D., standard deviation.
a Raw scores.

nd oddball +1. Additionally, a standard item index (SI) based on the seven non-
ddball list positions was calculated for each condition (e.g., SIp). Contrasting
he emotional conditions (ExP) with the neutral condition (P) (according to

xP − P = Ex) allowed us to isolate retrograde and anterograde effects of posi-
ive (Epos) and negative (Eneg) emotion on one adjacent standard item (Ex ± 1)
orresponding to a time window of ±5 s. While our previous paradigm was
esigned to demonstrate a coupling between the memory-enhancing (Eneg items)
nd memory-impairing (Eneg − 1 items) effects of negative emotion (Strange et
l., 2003), the present paradigm was optimized to investigate Ex − 1 retrograde
nd Ex + 1 anterograde effects by using a subtractive design. To assess poten-
ial effects of bilateral amygdala damage on the cognitive appraisal of emotion,
atients and controls both performed valence and arousal ratings to ExP and P
ddballs on a nine-point scale after memory testing.

.4. MRI scanning

A Siemens Sonata system (Siemens, Erlangen, Germany), operating at 1.5 T,
as used to acquire T1-weighted MRI scans of AM and BG. The parame-

ers of the MP-RAGE sequence (Mugler & Brookeman, 1991) were optimized
o yield the best white matter-gray matter-CSF contrast for in vivo imaging:
R = 2200 ms, TE = 4.38 ms, TI = 1240 ms, α = 20◦. A total of six volumes were
cquired for each patient. Volume 1 was a standard 3D anatomical scan with

.0 mm isotropic resolution. The whole brain volume was covered by 160 axial
lices. The field-of-view (FOV) was 256 mm × 256 mm and the matrix size
56 × 256 pixels. Volumes 2–6 were acquired with the higher isotropic reso-
ution of 0.8 mm, aimed at improving the anatomical characterization of the
ilateral amygdala lesions. Whole brain coverage was achieved by measuring

t
o
2

egions and intact tissue, the amygdala lesions can be delineated more accurately
n the phase images. (A) Magnitude (i) and phase (ii) images of patient AM. (B)

agnitude (i) and phase (ii) images of patient BG.

92 slices. The FOV was 205 mm × 205 mm and the matrix size 256 × 256 pix-
ls. Due to the proportionality between voxel size and signal-to-noise ratio (SNR)
Hoult & Richards, 1976), the increase in resolution from 1 mm × 1 mm × 1 mm
o 0.8 mm × 0.8 mm× 0.8 mm was paralleled by a decrease of the SNR from
bout 20 to 10 in the single-average image, which is insufficient for accu-
ate anatomical definition. To compensate for the loss of SNR while keeping
he resolution, we acquired five averages (in form of five separate one-average
uns, subsequently co-registered and re-sliced) for the final image. To perform
omplex averaging, which leads to efficient noise suppression, the product MP-
AGE sequence was modified to output phase images in addition to the usual
agnitude images. The real and imaginary parts were calculated for each of the
ve data sets and then used to obtain the complex average. The use of real and

maginary values instead of magnitude and phase has the advantage of avoiding
hase wraps. Fig. 1 depicts the bilateral amygdala lesion in AM (Fig. 1A(i) and
ii)) and BG (Fig. 1B(i) and (ii)).

.5. MRI analysis
To determine whether or not the BLA is affected in AM and BG, we used
hree-dimensional probabilistic maps based on cytoarchitectonic parcellations
f the amygdala in histological sections of postmortem brains (Amunts et al.,
005), thus, enabling accurate anatomical labeling in the stereotaxic reference
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Fig. 2. Superposition of BLA stereotaxic cytoarchitectonic probabilistic maps
on the amygdala in Lipoid Proteinosis (Urbach-Wiethe) patients AM and BG.
Equiprobability contures in blue indicate a 50% likelihood of a given voxel to be
localized within the BLA. (A) Medial temporal lobe of patient AM in coronal (i)
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performed similarly to controls on Ex and SIx recall in the
emotional conditions. In contrast, each of the patients per-
formed outside the normal range on Eneg ± 1 recall and Epos + 1
recall. Since no evidence was found for a differential contri-

Table 2
Free recall performance of female Lipoid Proteinosis (Urbach-Wiethe) patients
AM and BG and controls (n = 16)

Variable Max Controls AM BG

MS S.D. S Z S Z

SIP 84 50.9 7.3 46 −0.67 45 −0.81
P − 1 12 6.3 1.9 8 0.90 7 0.37
P 12 11.5 0.7 12 0.71 11 −0.71
P + 1 12 6.3 1.5 7 0.47 7 0.47
SIneg 84 43.9 8.9 45 0.12 46 0.24
Eneg − 1 12 4.3 1.5 7 1.80 8 2.47
Eneg 12 11.7 0.8 11 −0.88 12 0.38
Eneg + 1 12 4.5 1.6 8 2.18 7 1.56
SIpos 84 52.3 8.9 47 −0.60 46 −0.71
Epos − 1 12 8.1 1.4 7 −0.79 7 −0.79
Epos 12 11.4 0.7 11 −0.63 12 0.80
nd horizontal view (ii). (B) Medial temporal lobe of patient BG in coronal (i)
nd horizontal view (ii). Abbreviations: BLA, basolateral amygdala constituted
y the lateral, basolateral, and basomedial nuclei.

pace of the Montreal Neurological Institute (MNI) single subject template
Holmes et al., 1998). After segmentation, the MNI single subject template
as co-registered with AM’s and BG’s individual MRI, respectively. The co-

egistration procedure consisted of a linear (affine) and a non-linear step. For the
ffine co-registration, which adjusts the position, global size, and shape of a given
rain within the MRI, the FLIRT tool (Jenkinson & Smith, 2001; Jenkinson,
annister, Brady, & Smith, 2002) implemented in the FSL package (available
nline at: http://www.fmrib.ox.ac.uk/fsl) was used. In contrast, the non-linear
egistration served to match the template image and the individual patient’s
mage with each other on a local scale. For this step, an algorithm developed at
he Institute of Medicine, Research Center Juelich was applied, minimizing the
um of voxel-wise intensity value differences between both MRIs by computing
ocal deformations of the template image. A regularization term was added to

odel the template brain as an elastic body, thus avoiding non-smooth deforma-
ions. The non-linear registration resulted in a deformation-field containing local
eformations, which was subsequently applied to the BLA probabilistic map to
ransform it into the patients’ image spaces. We used this technique to match the
LA probabilistic map individually with the patients’ MRIs. Fig. 2 illustrates

he localization of the BLA probabilistic map in relation to the amygdala lesions
n AM (Fig. 2A(i) and (ii)) and BG (Fig. 2B(i) and (ii)).
.6. Statistics

To determine whether each of the patients performed within or outside the
ormal range on the free recall task, we compared AM’s and BG’s individ-
al accuracy scores to the corresponding normative scores derived from the
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ontrol sample by calculating separate Z scores. On the group level, two-factor
ithin-subjects and three-factor mixed analyses of variance (ANOVAs) followed
y two-tailed one-sample and two-sample t tests served to determine whether

x − 1 retrograde and Ex + 1 anterograde memory changes were present or absent
n patients as compared to controls. A significance threshold of p < 0.05 was
dopted throughout. Effect sizes were quantified by calculating the values of
artial Eta squared (ηp2 ) and Cohen’s d.

. Results

A condition (positive, negative, neutral) × position (odd-
all, oddball ±1) 3 × 3 ANOVA restricted to the control sam-
le yielded effects of condition (F(2,30) = 13.527; p < 0.0001;
ηp2 = 0.474)), position (F(2,30) = 317.204; p < 0.0001; ηp2 =
.955), and condition × position interaction (F(4,60) = 13.698;
< 0.0001; ηp2 = 0.477) effects. Post hoc one-sample t-tests
erified the presence of retrograde Eneg − 1 amnesic (−17.19%)
t(15) = −3.212; p = 0.006) and Epos − 1 hypermnesic (+14.58%)
t(15) = 3.264; p = 0.005) as well as anterograde Eneg + 1
−15.10%) (t(15) = −3.498; p = 0.003) and Epos + 1 (−11.46%)
t(15) = −3.083; p = 0.008) amnesic effects (Fig. 3A(i) and B(i)).
eparate session (first, second, third) × condition 3 × 3 within-
ubjects ANOVAs for oddballs (F(2,30) = 1.215; p > 0.05) and
tandard items (F(2,30) = 1.344; p > 0.05) indicated that perfor-
ance remained unchanged throughout the experiment. Thus,

ur findings in controls replicated those reported previously
Hurlemann et al., 2005) and served as baseline for the sub-
equent analyses.

AM’s and BG’s individual recall scores were concerted
nto Z scores by reference to the mean and standard devia-
ion of scores of the control sample (Table 2). The Z statis-
ic indicated no performance difference between patients and
ontrols in the neutral condition. Moreover, AM and BG
pos + 1 12 4.9 1.4 8 2.21 8 2.21

isted are the raw scores for the following list positions: oddball (Ex, P), oddball
1 (Ex ± 1, P ± 1) and standard items (SIx, SIp). Abbreviations: Max, maximum

ossible score; MS, mean score; S, individual score; S.D., standard deviation.

http://www.fmrib.ox.ac.uk/fsl
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Fig. 3. Recall profile of female Lipoid Proteinosis (Urbach-Wiethe) patients AM and BG as compared to controls (n = 16). (A) Percentage (%) correct recall as
determined in controls (i) and patients (ii). Global task performance and perceptual von Restorff effects were unaffected by bilateral amygdala lesion. (B) Recall
changes (%) in controls (i) and patients (ii). In controls, but not in AM and BG, enhanced memory for emotional oddballs was associated with valence-related
retrograde and arousal-related anterograde memory changes for the surrounding standard items. Positive emotion elicited retrograde hypermnesia (+14.58%) and
anterograde amnesia (−11.46%), whereas negative emotion elicited both retrograde (−17.19%) and anterograde amnesia (−15.10%). These emotion-induced memory
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ution of the patients’ individual performance to these results,
M’s and BG’s data were collapsed to one diagnostic sample.
group (controls, patients) × condition × position 2 × 3 × 3

NOVA yielded group (F(1,16) = 12.698; p = 0.003; ηp2 =
.442), position (F(2,32) = 107.598; p < 0.0001; ηp2 = 0.871),
nd two-way position × group (F(2,32) = 3.765; p = 0.034;

p2 = 0.190) interaction effects. Post hoc two-sample t-tests
evealed between-group differences in Eneg − 1 (t(16) = −2.995;
= 0.009; d = 2.38), Eneg + 1 (t(16) = −2.648; p = 0.018; d = 2.11)
nd Epos + 1 (t(16) = −2.437; p = 0.027; d = 1.94) recall. The
bsence of a between-group difference in Epos − 1 (t(16) = 0.535;
> 0.05) recall is not compatible with preserved Epos − 1 hyper-
nesic effects in AM and BG, as Epos − 1 recall was not better

han P − 1 recall in either of the patients. Together, these find-
ngs indicate no global memory dysfunction in AM and BG, but a
pecific lack of emotion-induced memory increments and decre-
ents, such that Ex ± 1 recall equated P ± 1 recall (Fig. 3A(ii)

nd B(ii)).
The oddball arousal and valence scores (mean ± S.D.)

btained after memory testing were as follows—controls:
posP oddballs (5.31 ± 0.60, 7.75 ± 0.78); EnegP odd-
alls (5.25 ± 0.58, 2.31 ± 0.48); P oddballs (2.81 ± 0.66,
.13 ± 0.72). Patients (5.44 ± 0.51, 7.69 ± 0.48); EnegP odd-
alls (5.19 ± 0.54, 2.44 ± 0.51); P oddballs (2.94 ± 0.57,

.25 ± 0.45). Separate group (controls, patients) × oddball
ype (positive, negative, neutral) 2 × 3 ANOVAs yielded no
ignificant between-group effects on either arousal scores or
alence scores (p values > 0.05).

r

a
t

u, neutral; neg, negative; oddball ±1, standard item preceding or following the

. Discussion

Organic syndromes rarely affect the amygdala selectively. If
he brain lesion extends to adjacent temporal lobe memory struc-
ures, the patient is rendered amnesic, which complicates the
tudy of amygdala-dependent episodic memory changes (LaBar

Cabeza, 2006). In the current neuropsychological experi-
ent, we therefore focused on the LP phenotype in AM and
G as a rare model system of selective amygdala dysfunction to
etermine the amygdala’s role in valence-related Ex − 1 retro-
rade and arousal-related Ex + 1 anterograde episodic memory
hanges. The novel finding here is the absence of these specific
hanges in AM and BG, which mimics that observed after amyg-
ala suppression with propranolol in controls (Hurlemann et al.,
005). In our paradigm, perceptual-neutral (P) and perceptual-
motional (ExP) oddballs were normalized for near-ceiling von
estorff effects to specify the influences of arousal and valence
n Ex-dependent effects by using a subtractive design. While
he perceptual component (P) of the von Restorff effect is intact
n AM and BG, the emotional component (Ex) is not (Strange
t al., 2003), as indicated by the lack of retrograde Ex − 1 and
nterograde Ex + 1 effects driven by this component (Fig. 3).
e thus conclude that an intact amygdala is necessary for gen-

rating retrograde and anterograde episodic memory changes in

esponse to positive and negative emotion.

The finding that AM and BG exhibit no arousal-related Ex + 1
nterograde amnesic effects is consistent with deficient Ex emo-
ional item processing at the amygdala level and parallels the
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ailure of gist memory effects (Adolphs, Tranel, et al., 2005)
nd an emotional modulation of the attentional-blink effect
Anderson & Phelps, 2001) in amygdala-lesioned patients. Our
esults emphasize the pivotal role of the amygdala in devoting
ttention to preferential encoding of Ex emotional items. We
uggest that this allocation of attentional resources as a func-
ion of emotional arousal is adaptive and can provoke a transient
efractory period, of at least 5 s duration, which disrupts atten-
ional re-orienting that is a prerequisite for encoding a following
x + 1 non-emotional item in the hippocampus.

Whereas arousal-related Ex + 1 anterograde effects appear to
eflect the cost of an amygdala-dependent capture of attention,
x − 1 retrograde effects most likely result from an interference
f valence-specific input during emotional memory encoding
ith ongoing episodic encoding operations in hippocampus

Hurlemann et al., 2005). Our finding that an amygdala depen-
ence of Eneg − 1 retrograde amnesia (Strange et al., 2003)
xtends to Epos − 1 retrograde hypermnesia, raises the pos-
ibility that this input could be generated by the amygdala.
owever, both lesion and neuroimaging data (Hamann, Lee,

t al., 1999; Kensinger & Schacter, 2006) indicate no differ-
ntial amygdala engagement during encoding of emotionally
ositive and negative stimuli, which supports the hypothesis
f a neural segregation of arousal and valence influences on
motional memory encoding. This hypothesis states that the
mygdala communicates arousal to the hippocampus to render
t susceptible to valence-specific top-down input from prefrontal
ortex (PFC) (Dolcos, LaBar, & Cabeza, 2004b; Kensinger

Corkin, 2004). Given this background, we suggest that
alence-related Ex − 1 retrograde effects require arousal-driven
mygdala-hippocampal interactions.

In animal models, intra-amygdalar infusions of NE agonistic
nd antagonistic drugs demonstrate LC-NE release within the
LA as an important neurochemical factor in the amygdala’s
ontrol of emotional memory consolidation (McGaugh, 2000,
004). Similarly, activation of the human amygdala during emo-
ional memory encoding has been revealed to depend on a rise in
ntra-amygdalar LC-NE (Strange & Dolan, 2004; van Stegeren
t al., 2005). Thus, emotional memory encoding and consoli-
ation both appear to depend critically on LC-NE bottom-up
ctivation of the BLA.

In this study, we used stereotaxic cytoarchitectonic proba-
ilistic maps to verify that amygdala calcifications in AM and
G encompassed the BLA (Fig. 2). The absence of Ex − 1

etrograde effects in AM and BG as well as in controls treated
ith propranolol indicates that BLA dysfunction, whether due

o anatomical lesion or pharmacological inhibition, can abolish
n arousal-induced amygdala-hippocampal coupling that is a
rerequisite for the modification of ongoing episodic encoding
perations by valence-specific input from PFC. Our finding
hat Ex emotional item valence predicts subsequent memory
or Ex − 1 non-emotional items, suggests that amygdala- and
C-NE-dependent valence-arousal interactions during emo-
ional memory encoding contribute to a filter mechanism that
egregates behaviorally significant items from less significant
tems, thus, restricting the latter from consuming consolidation
esources.

I
i
a
(

ologia 45 (2007) 877–884

Whereas the memory-modulating effects of arousal and
alence were absent in AM and BG, both patients performed
imilarly to controls on arousal and valence ratings to emotional
ddballs. This result is in keeping with previous reports that
ilateral amygdala lesion does not affect the way patients judge
rousal and valence attributes of emotional stimuli (Anderson &
helps, 2002; Adolphs et al., 1997; Cahill et al., 1995). Arousal
nd valence judgments have indeed been to shown to engage
FC subregions rather than the amygdala (Dolcos & Cabeza,
002; Dolcos, LaBar, & Cabeza, 2004b), which could explain
hy emotional oddball ratings are normal in AM and BG, but

ignificantly changed in controls treated with NE agonistic and
ntagonistic drugs acting in these subregions (Hurlemann et al.,
005).

Although neuroimaging studies of the amygdala indicate
esponsiveness to a wide range of facial expressions (Fitzgerald,
ngstadt, Jelsone, Nathan, & Phan, 2006), the amygdala plays
particular role in fear recognition (Phelps, 2006). Recogniz-

ng fear from facial expressions seems to depend primarily on
he eye region (Whalen et al., 2004). Defective gaze moni-
oring has been identified as the critical pathomechanism for
mpaired fear recognition in patients with bilateral amygdala
esion (Adolphs et al., 2005b). However, in a large sample of
ine amygdala-lesioned patients, the ability to recognize fear
aried from severely impaired to relatively intact (Adolphs et al.,
999). In the present study, BG, but not AM, was compromised
n recognizing fear. The fact that AM and BG are monozygotic
wins both suffering from LP argues against a potential influence
f dissociable aetiologies. In addition, there is no MRI evidence
or significant differences in lesion size. The single clinical fac-
or that distinguishes between the two cases, is that BG’s lesion
s epileptogenic. While we cannot exclude that deficient fear
ecognition in BG could be related to epilepsy or anticonvulsive
edication, we consider it more likely that the early onset of the

isease during childhood and the slowly progressive amygdala
egeneration with disease duration (Appenzeller et al., 2006)
nables some LP patients, like AM, to develop an alternate fear
ecognition network sparing the amygdala or cognitive strategies
ompensating their deficit.

The present study of two monozygotic twins with bilateral
mygdala lesion, although limited by its casuistic nature and the
estrictedness of neuropsychological testing, lends credence to
he hypothesis that the amygdala has an adaptive role in allocat-
ng processing resources during emotional memory encoding,
ith behaviorally significant items receiving privileged memory

ccess and insignificant items being filtered out. In so doing, the
mygdala appears to serve the guidance of behavior rather than
n accurate reproduction of the past.

cknowledgements

The authors thank F. Buhtz for neuropsychology reporting,

. Frommann for statistical advice, and K. Vogeley for organiz-
ng MRI scanning. R. Hurlemann was supported by BONFOR
nd the German Federal Ministry of Education and Research
BMBF).



psych

R

A

A

A

A

A

A

A

A

A

A

C

C

C

C

C

D

D

D

F

H

H

H

H

H

H

H

H

H

H

J

J

K

K

K

K

L

L

L

M

M

M

O

P

P

R

R

R. Hurlemann et al. / Neuro

eferences

dolphs, R., Cahill, L., Schul, R., & Babinsky, R. (1997). Impaired declara-
tive memory for emotional material following bilateral amygdala damage in
humans. Learning and Memory, 4, 291–300.

dolphs, R., Gosselin, F., Buchanan, T. W., Tranel, D., Schyns, P., & Damasio,
A. R. (2005). A mechanism for impaired fear recognition after amygdala
damage. Nature, 6, 68–72.

dolphs, R., Tranel, D., & Buchanan, T. W. (2005). Amygdala damage impairs
emotional memory for gist but not details of complex stimuli. Nature Neu-
roscience, 8, 512–518.

dolphs, R., Tranel, D., Hamann, S., Young, A. W., Calder, A. J., Phelps, E.
A., et al. (1999). Recognition of facial expression in nine individuals with
bilateral amygdala damage. Neuropsychologia, 37, 1111–1117.

munts, K., Kedo, O., Kindler, M., Pieperhoff, P., Mohlberg, H., Shah, N. J., et
al. (2005). Cytoarchitectonic mapping of the human amygdala, hippocampal
region and entorhinal cortex: Intersubject variability and probability maps.
Anatomy and Embryology (Berl), 210, 343–352.

nderson, A. K., & Phelps, E. A. (2001). Lesions of the human amygdala impair
enhanced perception of emotionally salient events. Nature, 411, 305–309.

nderson, A. K., & Phelps, E. A. (2002). Is the human amygdala critical for
the subjective experience of emotion? Evidence of intact dispositional affect
in patients with amygdala lesions. Journal of Cognitive Neuroscience, 14,
709–720.

ngelini, R., Capozzoli, F., Lepore, P., Grossi, D., & Orsini, A. (1994). “Exper-
imental amnesia” induced by emotional items. Perceptual and Motor Skills,
78, 19–28.

ppenzeller, S., Chaloult, E., Velho, P., Araujo, V. Z., Cendes, F., & Li, L. M.
(2006). Amygdalae calcifications associated with disease duration in lipoid
proteinosis. Journal of Neuroimaging, 16, 154–156.

ston-Jones, G., & Cohen, J. D. (2005). An integrative theory of locus coeruleus-
norepinephrine function: Adaptive gain and optimal performance. Annual
Review of Neuroscience, 28, 403–450.

ahill, L., Babinsky, R., Markowitsch, H. J., & McGaugh, J. L. (1995). The
amygdala and emotional memory. Nature, 377, 295–296.

ahill, L., Haier, R. J., Fallon, J., Alkire, M. T., Tang, C., Keator, D., et al. (1996).
Amygdala activity at encoding correlated with long-term, free recall of emo-
tional information. In Proceedings of the National Acadamy of Sciences of
the USA, Vol. 93 (pp. 8016–8021).

ahill, L., Prins, B., Weber, M., & McGaugh, J. L. (1994). Beta-adrenergic
activation and memory for emotional events. Nature, 371, 702–704.

anli, T., Zhao, Z., Brewer, J., Gabrieli, J. D., & Cahill, L. (2000). Event-related
activation in the human amygdala associates with later memory for individual
emotional experience. The Journal of Neuroscience, 20, RC99.

ycowicz, Y. M., Friedman, D., Rothstein, M., & Snodgrass, J. G. (1997). Picture
naming by young children: Norms for name agreement, familiarity, and
visual complexity. Journal of Experimental Child Psychology, 65, 171–237.

olcos, F., & Cabeza, R. (2002). Event-related potentials of emotional memory:
Encoding pleasant, unpleasant, and neutral pictures. Cognitive, Affective and
Behavioral Neuroscience, 2, 252–263.

olcos, F., LaBar, K. S., & Cabeza, R. (2004a). Interaction between the amygdala
and the medial temporal lobe memory system predicts better memory for
emotional events. Neuron, 42, 855–863.

olcos, F., LaBar, K. S., & Cabeza, R. (2004b). Dissociable effects of arousal and
valence on prefrontal activity indexing emotional evaluation and subsequent
memory: An event-related fMRI study. Neuroimage, 23, 64–74.

itzgerald, D. A., Angstadt, M., Jelsone, L. M., Nathan, P. J., & Phan, K. L.
(2006). Beyond threat: Amygdala reactivity across multiple expressions of
facial affect. Neuroimage, 30, 1441–1448.

amada, T., McLean, W. H., Ramsay, M., Ashton, G. H., Nanda, A., Jenkins, T.,
et al. (2002). Lipoid proteinosis maps to 1q21 and is caused by mutations in
the extracellular matrix protein 1 gene (ECM1). Human Molecular Genetics,
11, 833–840.
amann, S. (2001). Cognitive and neural mechanisms of emotional memory.
Trends in Cognitive Sciences, 5, 394–400.

amann, S. B., Ely, T. D., Grafton, S. T., & Kilts, C. D. (1999). Amygdala
activity related to enhanced memory for pleasant and aversive stimuli. Nature
Neuroscience, 2, 289–293.

R

R

ologia 45 (2007) 877–884 883

amann, S. B., Lee, G. P., & Adolphs, R. (1999). Impaired declarative emo-
tional memory but intact emotional responses following human bilateral
amygdalotomy. Society for Neuroscience Abstracts, 25, 99.

armer, C. J., Hill, S. A., Taylor, M. J., Cowen, P. J., & Goodwin, G. M. (2003).
Toward a neuropsychological theory of antidepressant drug action: Increase
in positive emotional bias after potentiation of norepinephrine activity. The
American Journal of Psychiatry, 160, 990–992.

armer, C. J., Shelley, N. C., Cowen, P. J., & Goodwin, G. M. (2004). Increased
positive versus negative affective perception and memory in healthy volun-
teers following selective serotonin and norepinephrine reuptake inhibition.
The American Journal of Psychiatry, 161, 1256–1263.

elmstaedter, C., Lendt, M., & Lux, S. (2001). Verbaler Lern- und
Merkfähigkeitstest (VLMT). Göttingen: Hogrefe.

olmes, C. J., Hoge, R., Collins, L., Woods, R., Toga, A. W., & Evans, A. C.
(1998). Enhancement of MR images using registration for signal averaging.
Journal of Computer Assisted Tomography, 22, 324–333.

oult, D. I., & Richards, R. E. (1976). The signal-to-noise ratio of the nuclear
magnetic resonance experiment. Journal of Magnetic Resonance Imaging:
JMRI, 24, 71–84.

urlemann, R., Hawellek, B., Matusch, A., Kolsch, H., Wollersen, H., Madea,
B., et al. (2005). Noradrenergic modulation of emotion-induced forgetting
and remembering. The Journal of Neuroscience, 25, 6343–6349.

enkinson, M., Bannister, P. R., Brady, J. M., & Smith, S. M. (2002). Improved
optimisation for the robust and accurate linear registration and motion cor-
rection of brain images. Neuroimage, 17, 825–841.

enkinson, M., & Smith, S. M. (2001). A global optimisation method for robust
affine registration of brain images. Medical Image Analysis, 5, 143–156.

ensinger, E. A. (2004). Remembering emotional experiences: The contribution
of valence and arousal. Reviews in the Neurosciences, 15, 241–251.

ensinger, E. A., & Corkin, S. (2004). Two routes to emotional memory: Distinct
neural processes for valence and arousal. In Proceedings of the National
Academy of Sciences of the USA, Vol. 101 (pp. 3310–3315).

ensinger, E. A., & Schacter, D. L. (2006). Amygdala activity is associated with
the successful encoding of item, but not source, information for positive and
negative stimuli. The Journal of Neuroscience, 26, 2564–2570.

ilpatrick, L., & Cahill, L. (2003). Amygdala modulation of parahippocampal
and frontal regions during emotionally influenced memory storage. Neu-
roimage, 20, 2091–2099.

aBar, K. S., & Cabeza, R. (2006). Cognitive neuroscience of emotional mem-
ory. Nature Reviews Neuroscience, 7, 54–64.

ang, P. J. (1995). The emotion probe. Studies of motivation and attention. The
American Psychologist, 50, 372–385.

ang, P. J., Bradley, M. M., & Cuthberg, B. N. (2005). International affective pic-
ture system (IAPS): Digitized photographs, instruction manual and affective
ratings. Technical Report A-6. Gainesville, FL: University of Florida.

cGaugh, J. L. (2000). Memory—A century of consolidation. Science, 287,
248–251.

cGaugh, J. L. (2004). The amygdala modulates the consolidation of memories
of emotionally arousing experiences. Annual Review of Neuroscience, 27,
1–28.

ugler, J. P., III, & Brookeman, J. R. (1991). Rapid three-dimensional T1-
weighted MR imaging with the MP-RAGE sequence. Journal of Magnetic
Resonance Imaging: JMRI, 1, 561–567.

sterrieth, P. A. (1944). Le test de copie d’une figure complexe. Archives of
Psychology, 30, 206–356.

helps, E. A. (2006). Emotion and cognition: Insights from studies of the human
amygdala. Annual Review of Psychology, 57, 27–53.

helps, E. A., & LeDoux, J. F. (2005). Contributions of the amygdala to emotion
processing: From animal models to human behavior. Neuron, 48, 175–187.

aitan, R. M. (1958). Validity of the trail making test as an indication of organic
brain damage. Perceptual and Motor Skills, 8, 271–276.

ey, A. (1941). L’examen psychologique dans les cas d’encéphalopathie trau-
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