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Abstract—Although the influence of emotional arousal on declgratala’s mechanism of action involves both direct interconnections
tive memory has been documented behaviorally, the mechaniimeshippocampus and indirect feedback via the release of hormo
underlying arousal-memory interactions and their representation the periphery. To investigate whether this function of the medial
the human brain remain uncertain. One route through which aropgadral lobe extends to the human brain, we tested unilateral-temporal-
achieves its effects on memory performance is by regulating condoldectomy patients on an adaptation of Kleinsmith and Kaplan's
dation processes. Animal research has revealed that the amygda@63) classic arousal memory task. We developed a novel variant to
strengthens hippocampal-dependent memory consolidation in a |intite original task that expanded the number of items to be recalled and
ed time window following patrticipation in an arousing task. To exartested memory for the studied words themselves rather than single-
ine whether this integrative function of amygdalo-hippocampédigit paired associates. We hypothesized that the patients, whose locus
structures extends to the human brain, we tested unilateral-tempoualbrain damage included the amygdala, hippocampus, and surrpund-
lobectomy patients on an adaptation of a classic paradigm in whicly cortex, would not exhibit forgetting-resistant memory traces| for
levels of physiological arousal at encoding modulate retention pwée arousing words. Such a finding would suggest that the integrity of
time. Subjects rated emotionally arousing (taboo) and neutral wpiidie medial temporal lobe is essential for consolidating declarative
on an arousal scale while their skin conductance responses (SORsjnories for arousing stimuli in the human brain.
were monitored. Recall for the words was assessed immediatel
after a 1-hr delay. Both temporal-lobectomy patients and control METHOD
jects generated enhanced SCRs and arousal ratings for the arousing

words at the time of encoding. However, only control subjects exhibit-The patients included in the study underwent a unilatarabloc

ed an increase in memory for the arousing words over time. This d
difference in the effect of arousal on the rate of forgetting suggest
the role of medial temporal lobe structures in memory consolidg
for arousing events is conserved across species.

Emotional arousal has the capacity to modulate memory at se
stages of information processing, including stimulus perception, e

regpection of the anteromedial temporal lobe, including the amyggala,
5 thidbocampus, and adjacent cortex, as a surgical treatment for medically
tigitractable epilepsy (Spencer & Spencer, 1985; Spencer, Spencer, Matt-
son, Williamson, & Novelly, 1984). These patients provide a unigue
opportunity to examine dysfunction of the amygdalo-hippocampal|sys-
tem in a relatively large, homogeneous subject population without the
VEEYere amnesia that results from bilateral damage to the hippocampus

tc ovelly et al., 1984). Ten left-temporal-lobectomy patients (3 male, 7

ing, and retrieval. Psychological studies in humans have demons qlé%qa

that arousal critically alters both attentional focus and consolidatiq

memories (Christianson & Loftus, 1991; Eysenck, 1976; Heuer & Rej

berg, 1992; Revelle & Loftus, 1992). If arousal acts specifically,
memory consolidation, its influence should magnify following a de|
as consolidation is a process that occurs over time. There is beha
evidence to suggest that when arousal is manipulated at encodir
recall is probed at multiple retention intervals, material studied u

r le; mean age = 31.1 yed®& = 8.1) and 12 right-temporal-lobe¢-
nt8Fny patients (5 male, 7 female; mean age = 38.8 y&Brs,7.9) par-

&‘lpated in the study. Neuropsychological profiles for these patients
Hhve been described previously (LaBar, LeDoux, Spencer, & Phelps,
#995). All the patients were tested between 2 and 8 years postopefative-
VIOr3heir data were compared with the data from 23 healthy control|sub-

r?j@&g (9 male, 14 female; mean age = 39.6 y&is; 8.0) matched fo

high arousal is retained relatively better after a delay than immed
following encoding (Eysenck, 1976; Heuer & Reisberg, 1992). In a
sic method used to unveil this type of mechanism, paired associ
words varying in their emotional content are recalled at several
delays after encoding. Paired associates to high-arousal words ty,
show greater resistance to forgetting than paired associates t
arousal words, an interaction that emerges at retention intervals |
than 20 min in duration (Kleinsmith & Kaplan, 1963). The neural
strate mediating this behavioral phenomenon, however, is unkno

Studies conducted in nonhuman animals implicate the amygd
a key brain structure that enhances hippocampal-dependent m
formation for arousing events (McGaugh, Introini-Collison, Cal
Kim, & Liang, 1992; Packard, Cahill, & McGaugh, 1994). The am
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e and level of education. None of the control subjects had a histpry of
din damage or neurological impairment. All subjects provided
I‘fi'ﬁformed consent and were paid for their participation.
€S B ring encoding, each subject was shown 40 words (20 arousing,
t,'%neutral) in a random sequence on a computer screen (stimulug dura-
'(ifgbf = 4 s, intertrial interval = 14 + 2 s). The stimulus words
ered by 4 additional filler words—2 words presented at the begin-
'?ﬂﬁé of the sequence and 2 at the end—to reduce serial position effects
upl'free recall. Arousing words consisted of profanities, sexually explic-
it words, and words depicting social taboos. Neutral words were |low-
IZ?o"’l?noderate-frequency words derived from a master list of affe¢tive
WY norms (Bellezza, Greenwald, & Banaji, 1986). Although fre-
IILquency distributions were not available for most of the arousing
Yvords, it is assumed that taboo words are of relatively low frequency
of occurrence in language (e.g., Williams & Evans, 1980).
of Skin conductance responses (SCRs) to each word were recorded
ofrom the third and fourth digits of the subject’s nondominant hand|and
scored according to conventional criteria (for details on Ithe
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Table 1. Arousal iatings,reaction timesand aamiliarity
ratings ty subject goup
Group
Word Left temporl  Right tempoal
caegory Contol lobectony lobectony
Arousal eting
Arousing  2.54+0.14 2.40+0.19 2.37+£0.21
Neutral 1.36+0.10 1.35%0.09 1.18 + 0.05
Reaction time (in ms)

Arousing 1,595+91.0 1,528 +114.9 1,589 + 145.0
Neutral 1,422 +87.4 1,369 +116.7 1,431+95.9
Familiarity rating
Arousing  3.19+0.36 3.63+0.34 3.67 £0.28
Neutrl 3.68+0.30 4.46+0.18 3.61 +£0.37

Note Values epresent means SEM.

psydoptysiological recoding and anafsis, see LaBar et al1995;
PhelpsLaBar, & Spencer1997). SCR is a phasic measwaf eccine
swed gland actiity, a relisble autonomic indid@r of sympéhetic
newvous systemitation (Vendles & Chistie, 1973). After eah
word disgppeaed from the soceen,the subjectated it on an ausal
scale angng from 1 fiot & all arousing to 4 {very arousing. Reae
tion times vere recoded br the aousal etings. Fllowing the encod
ing phasefree ecall for the words was assessed both immedia and
after 1 hr of noverbal distactor tasks.Finally, subjects were asled to
rate eab studied vord on a &miliaiity scale angng from 0 ot & all
familiar) to 6 {rery familiar).

RESULTS

Table 1 summadres the asusal stings,reaction timesand amil-
iarity ratings for the subjectgpups. Subjectsated the apusing vords
as lessdmiliar and moe aobusing than the newtrwords, F(1, 34) =
4.34,p=.045,andF(1, 37) = 136.99p < .001,respectiely. Reaction
times vere signifcantly longer for the aousing words than ér the
neutal words, F(1, 37) = 10.53,p = .002. Futhemore, all subjects
produced lager SCRs to the ausing vords than to the neuattwords,
F(1,32) =51.60p < .001 (see ig. 1). The stéistical anayses did not
yield ary significant goup inteactions. Collectiely, these indings
suggest tha the apusal manipul@on a encoding was equall effec
tive acoss all subjectrgups.

Despite the equalence of the ausal manipulon & encoding
group diferences emeed in the intesction of aousal with etention
interval duing memoy testing Most impotant,the recall scoes were
characteized ty a signifcant thee-way interaction of e&petimental
group, word cdegory, and etention inteval, F(2, 42) = 7.99,

0.5

SCR (VuS)

M Arousing

Neutral

LTL RTL

Control

Group

Fig. 1. Mean skin conductanceesponses (SCRs) tooaising and
neutal words ty subject goup. Eror bas represent 1SEM.
LTL = left tempoal lobectony; RTL = right tempoal lobectony;
MUS = micoSiemens.

p = .001? As illustrated in Fgure 2,only contiol subjects displed
differential forgetting retes br aiousing \ersus neutl words,F(1, 22)
=0.10,p = .018 (Bonémoni corected).This efect was due to a sig
nificant incease in ecall for the aousing wrds over time
t(22)=2.73p = .036 (Bonémoni corected). Evidenceof forgetting-
resistant memgrtraces 6r the aousing words was not éund in either
tempoal-lobectony group. In fct, the iight-tempoal-lobectony
group shaved a tend Dr an inteaction in the opposite diction (i.e,
a steper forgetting slope dér awousing vords than neusd words),
although this intexction was not signitant when adjusteddr multi-
ple compaisons,F(1, 11) = 4.88,p = .147 (Bonémoni corected).
When the left- andight-tempoal-lobectony paients were compaed
directly, a main effect of hemispher (F[1, 20] = 6.83p = .017) and &
Hemisphee X Word Céaegory interaction E[1, 20] = 8.76,p = .008)
emepged, indicaing lower recall levels in the left-tempail-lobectony
paients, especialy for taboo words. Havever, the thee-way Hemk
sphee X Word Caegory X Retention Interal interaction was not sig
nificant. Therefore, although the tempat-lobectony pdients and
contol groups had equalent levels of plysiological and eported
arousal @ encodingthe memoy performance of tempai-lobectony
paients was hamacteized ly impaired consolidaon for emotionaly
arousing vords, as evealed ly the lak of an efect of apbusal on the|
rate of forgetting over time

To ensue tha the inteaction of word caegory with retention inter
val seen in contil subjects \as not #ributeble to diferences in ver-
all levels of ecall,we conducted tev adlitional anayses. kst,to rule
out floor efects in the p#ent goups,the thee-way anaysis of \ari-
ance (Goup X Word Caegory X Retention Interal) was ecalculd
ed cluding subjects with noecall for the neutal words d either
retention inteval. This citerion removed 4 left- and 2ight-tempoal-
lobectony paients flom the analsis, but the esulting thee-way
interaction emained highl significant, F(2, 36) = 6.01,p = .006.

1. Subjects wre also @ven a tvo-altenaive forced-hoice ecanition test
for the words immeditely following the 1-hr delged-recall test.The esults
from this test @& not pesentedas half of the subjects (14 cauitisubjects,
7 right-tempoal-lobectony paients,and 2 left-tempal-lobectony paients)
performed a ceiling on &least one of the ord caegories (apusing neutal).
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2. We also dund signifcant two-way interactions betwen epeiimental
group and etention inteval, F(2,42) = 6.91p = .003,and betveen &peimen
tal group and werd caegory, F(2, 42) = 6.85,p = .003,as vell as signiicant
main efects br expeimental goup,F(2, 42) = 30.50p < .001; etention inter
val, F(1,42) = 13.40p = .001; and wrd céaegory, F(1,42) = 206.04p < .001.

491



PSYCHOLOG

ICAL SCIENCE

Arousal-Mediged Memoy Consolidéion

NEUTRAL

—
é’.’ - "

w—eeff}—= Control
=miA==: RTL

-=O--- LTL

AROUSING

12.5 10
=
=2
= */*
)
~ 101 7.5
2]
B
: -
[ 7.5 T, . % 54
© e,
ot
8
= s 25
Z '-.......-.... § s
o -
3
)
= 2.5 T T 0

Immediate 1-Hour Delay
Delay Interval

Immediate 1-Hour Delay

Delay Interval

LTL = left tempoal lobectony; RTL = right tempoal lobectony.

Secondto shav tha the contol subjectsperformance vas not ela-

ed to initial levels of ecall, we perbrmed a median split within th
contol group to sparte contol subjects with high andorecall &

the immedige testA three-way anaysis of \ariance conducted with
in the contol group did not yield a sigridant Recall Leel X Word

Category X Retention Interal intelaction, F(1, 24) = 0.58,p = .453.
This finding demonsates tha the apusal-medited consolidaon

effect did not inteaict with initial level of recall within the contl

group.Thus,the infuence of apusal on 6rgetting rates is not elaed
to differences in initial leels of ecall within the contl group nor to
floor efects in the p@ent populéions.

DISCUSSION

In nonhuman animalsthe anygdala stengthens hippocampa
dependent memgr formation for emotionaly engaging tasks in aj
postencoding time windg revealing an intgrative role of these fain
structures in aousal-medited memoy consolidéion (McGaugh et
al., 1992; Rikard et al.,1994).The esults of the @sent stugd sug
gest thathis function of the medial tempadrlobe is conseed acoss
speciescontibuting to knavledge of the &culties egulaing aousal-
memoy interactions in the human &in. We found tha tempoal-
lobectony paients did not ehibit differential forgetting ates br
words tha differ in their aousal popeties, despite thedct tha the
paients shaed intact SCRs and @rsal etings to the wrds d the
time of encodingThe mebanism unddying the impaiment in the
tempoal-lobectony paients is most likly relaed to consolidd@on
processesas the dects of apusal &4 encoding vere augmented irj
delayed-recall perbrmance in contl subjectsAlternaive explana
tions for the tempaal influences of ausal on memgrhave been -
posed including differences in eheasal stetegies over time and

Fig. 2. Mean ecall for aousing and neuat words @ immedide and 1-hretention intevals by subject goup. Eror bas represent 1SEM.

study, we minimizd diferences in eheasal stetegies betveen
e groups ly testing memar incidentaly and ly filling the gap between
the immedige and delged etention intevals with nowerbal distac
tor tasks. Séal position efects were minimizd ty using fller items
at the beginning and end of the lisgnd ly randomizing items within
the word list acoss subjects.df these @asonswe do not beliee tha
these alteraive medanisms accountof the Hilure to obsere
arousal-memoy interactions in the tempal-lobectony paients.

In adlition to the signitant apusal-memor interaction, main
effects of subjectrgup and asusal vere obseved The main diect of
subject goup indicaed tha the left-tempaal-lobectony patients dis
played the poaest levels of ecall. These esults a@ consistent with gr
vious tempaal-lobectony studies evealing left-hemispherdominance
for verbal memoy acioss emotional and nonemotional domains {N
ner, 1975; Phelps et all997). In the msent stug when ight- and left-
tempoal-lobectony paients were compaed the Word Caegory X
Retention Interal interaction did not &ry with side of lesionsugyest
ing tha the two pdient goups vere equaly insensitve to the infuence
of aousal on memgrconsolidéion. Excet for the werall low levels of
recall in the left-tempai-lobectony group,we hare consistenyl failed
to find lateralized efects in this pent populéion acoss a wariety of
emotional memar tasks (LaBar et al.1995; Phelps et al1997),
although theight-tempoal-lobectony paients ae signifcanty more
impaired d processingdcial expressions of emotion (Andgwn,LaBar,
& Phelps,1996). In contast,a positon emission tomgraphy (PET)
study (Cahill et al.,1996) eported coreldions betveen ight-lateralized
amygdala actiity during encoding of emotionallin clips and subse
quent ecall in nomal subjects. In thergup-level subtaction analsis,
however, Cabhill et al. did notifhd right-amygdala actiation in reaction
to the emotionalilim clips, and another PET stydshaved actvation in
the left medial tempait lobe duing encoding of emotionallunpleas

fi

sensitvity to sefal position efects (Eyserig 1976). In the msent
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ant pictues (Lane et al1997). Therefore, lateralization of actvity in
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the medial tempat lobe duing emotional-pocessing tasks rgabe
highly sensitve to the modality of the merarda or other methed
ological variables. In adition, the ladk of hemisphec specializéon in
tempogl-lobectony paients mg be due to kain reoiganizaion subse
quent to seizwr actvity or epileptiform-induced dange in the con
tralateral hemispheg, which can be evealed using ngnetic esonance
spectoscopy (Incisa della Rodwetta et al.1995).

The main dfect of apusal indictes th&, overall, arousing vords
were retained better than neatmords. In a pevious stug (Phelps et
al., 1997),we found thatempoel-lobectony paients shwed a eterr
tion adrantage for nonaousing words tha were positve or ngative in
emotional meaning éaive to emotionajl neutal words) when
memoy was assessed immetdily after encodingA potential con
tributing factor to the memgrretention of emotional @rds is tha
emotional verds form a moe cohesie semantic dagory than neutl
words (Phelps & LaBarl997),and sub caegorical processing ma
not rely on tempoal lobe mediton (Phelps et al1997). It is impor
tant to note thiain the pesent stug the deitit in the tempaoal-
lobectony paients was not evealed until veé examined brgetting
rates br the emotionayl arousing wrds over time This points to the
importance of measimg memoy a multiple time points to weil
arousal-memaoy interactions dpendent on the tempalrlobe

In a pevious neuopsydological case @port (Cahill, Babinsky,
Markowitsch, & McGaugh, 1995), a pdient with bilaeral anygdala
lesions due to Urb&eWiethe diseasexaibited defcits in recaynition
memoy for an emotional stygr Because memgprwas not assessetl
more than one atention inteval, however, it is undear whether the
deficit was elaed to memar consolidéion or other &ctos. Additional
reseath on the same task has aimtha the emotional elements of th
stoly sewe to bcus ¢ention on cenal feaures duing encoding (Heue
& Reisbeg, 1992). This case stud then, may highlight an amusal-
medidged dtentional function of the aygdala, which may become
appaent in moe comple story tasks. Genatizaion to other paent
populdions emains to be testeovever (see Hamann et al996).

The pesent stugl provides @idence br impaied abusal-medited
consoliddion in a elaively large, homayeneous poputin of pdients
with damae to the medial tempak lobe including the arggdala.The
anygdala,therefore, may paticipate in multiple aspects of emotiond
memoy formaion in cirumstances lyend those imolving condt
tioned kar (Bebam et al.1995; LaBar et al1995; see also Gafiaer
& Holland, 1994). One alterdive hypothesis is thathe deicit in the
tempoal-lobectony pdients is elaed to the dange sustained in
the adjacent tempak lobe cotex. This potential cordund cannot be
ruled out until paents with moe focal anygdalo-hippocampal lesion
are tested on this padigm.A second alteraive hypothesis is thathe
deficit is atributeble solel to the hippocampal dama sustained in
these ptents,with no discengble contibution of the arpgdala.We do
not believe this lypothesis is teride because of thexeensive animal it
erature implicding the amgdala and because ofecent stug demon
strating intact memar enhancemenbf emotional pictues in amnesid
paients with spagd anygdala function (HamanrCahill, & Squire,
1997).The coopeative action of the aggdala and hippocampus iegr
ulating dedarative memoy consolidéion for aousing @ents epresents
one way in which brain regions specialied for emotional and anitive
functions nomally interact to guide mental aeity. Provided tha the
daa reported hee extend to nowerbal aousal domainghe esults ag
important for undestanding har emotionaly salient gents ae encod
ed into long-tem stoe, and h&e potential pplicaions to stugling dys-

A

5

functional consolidéon mehanisms in d&ctve memoy disoders.
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