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8.1 lntroduction

Life-thrcalening expcricnces such as car acciclents, assaLtlts, or natltral disastcrs

usr.rally proclucr,: porvcrfuJ ancl intrusive rnemories. In vulnerable inclividuals,

these overly strong mcntories ma1, persist and lead to the debilitatir-rg conclititll-r of

posllraunlatic stress disorder (PTSD). In acldition to strongll' ctlcodecl cmotional

t-lenturics, intltor,'erished rnemrlr,v hrnctioning or clisrLrptiotts il-t tttetrtoLl' have

bccn associatecl rnrilh extr)osure to stress. These fir,o, appalentll'clppclsitrg. rrretll-

or)/ pltoccsses hat,e also bcen identifiecl as ke-v lllerrlol\/ illlpairnlents in PTSD

patients, in the forrn ol highlr,, emotional traurnatic tttemorlcs that arc easil1'

triggered ancl gencral l')tentory irnpairmcnts (Anterican Psvchiatrir: Asst,eiatiotl,

2013).
In this chapter, rve surnnrarize the rescaLch findings ort the irripact of acr.lte

slress olt rnelnory functittning in healtir,v individuals, lvhich ma-V sheci light oll

the urclerl-ving neurobiologir:al proccsses related Lo thcse two apparentll' 61.,'t,.,

memor)/ pfoccsses.

Thc strength ol trauntatic tner-nories has been relatccl to the actittn of hor-

rrrones apd ncurotransrnitters that are relcased dr.rrit-rg the trar-tmaLic cvcnl

(Pitn-ran, 1989; Pitrnar-r e1 a1.,2012). Althongl"r sttch crtrerlle expelietlccs are

relativell, rare, v'/e all experience stress itt varf ing degrees arld forms evell'day,

with rverk-related stress, Iinancial protrlems, rc'latior-rsl-rip distress, or chronic

illness being otrl1, 6 lcrv examprles. ALbeit lcss illlense, it is asstrlied that the

biological rcspollses to everl'c1a1'strcss are highl1' sin-rilar to the llhysiological
rcsponses to life-tl-rreaterting stress experienccs. The strcss rcsponse bcgins

r,r,hcn thc prefrorttal cor:1ex (PFC) ancl lin'rbic structtrres, in particular thc

arnygdala and the hilt|r,1-1l1u11s, appraisc a situation or a stitl-tullis as a potcn-

tial threat (i.e., a stressor) t«r tbe organisrn. Thesc brain areas arc irltinlatclv
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linked to the hypothalamus, the controi center of two major stress response
systems of the body: the rapidly acting sympathetic nervous system and the
hypothalamus-pituitary-adrenal (HPA) axis (Joöls & Baram, 2009; see Figure 8.1
and chapters 9 and I l). when prefrontal and limbic structures signal that a
situation is threatening, the hypothalamus rapidly activates the sympathetic
nervous system, which triggers, within seconds, the release of epinephrine
and norepinephrine from the adrenal medulla. Although these catecholamines
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Figure 8.1 circuits activated by stress. II a situation is perceived as a threat for Lhe
physiological or psychological integrity of the organism, rhe brain activates two iincs ol
delense tnechanisms that serve to adapt to the demancl and to restore balance: the rapicily
acting aulonomic nervous system (ANS) and the slower hypothalamic-pituitary-adrenal
(HPA) axis. The flrst line oI dcfensc sets in immcdiately after the stressor occurs when the
amygdala activates the hypothalamus. Activation of the hypothalamus in turn stimulates the
sympathetic arm of the ANS, which secretes norepinephrine at its postganglionic nerve
endings. Among the ellcctor organs oI the ANS is the adrenal medulla, which releases
epinephrine and norepinephrine. Autonomic activation can indirectly (via rhe vagal nerve,
solitary tract nucieus, and locus coeruleus) Iead to the relcase of norepinephrine in the brain.
The second line of defense is initiated by the secretion oI corticotropin-releasing hormone
(CRH) from the paravcntricular nuclcus of the hypothalamus. CRH causes the secretion of
p-endorphin and adrenocorticotropic horrnone (ACTH) from rhe antedor pituitary, which is
transported in the bloodstream to the cortex oI the adrenal glands, inducing the secretign of
glucocorticoids. Glucocorticoids exert negative feeclbacl< via receptors at the pituitary and
hypothalarnus, thereby reducing the enhanccd activiry ol the HpA axis. (Reproducecl lrom
Schwabe eL a1.,2010b.)
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cannot cross thc bkrod-brain barrier, tl-rc1,c'rert indirect ellects ctn the brain via

the vallus nervc, tvhich thcn lurlher activates central noradrettergic s]'stcrls,

particularlli the locus cocruleLrs ancl the nttcleus tractus solitarius (Williarns &

Clay161, 200I). In adclition to the acLivatittn of the s)'ntpathetic ner\/otls system,

[1-rc hl,ltothalamus a]so triggers the t{PA axis b1'releasing corticotropit}-releasirtg

horrnonc (CRH). CRH provokcs the secretion ol another hrtrtlone, adretto-

corticotropic hurntone (ACTH), frclnr thc pituital:y. ACTH, in 1urn, stimulatcs

the t:eleasc ol'glucocorticroids (r-nain1), col-tisol in hurnans and corticttsttrirlle ilt
r6dcnts) from the aclrenal cortcx. Glucocortic«ritls arc steroid hormoncs that can

cross thc blood-brain barricr. Through binding to glLrcocorlicoid reccptors (GRs)

ancl nrineralocorticoid receptors (MRs) in 1l-re brain, glucocorticoids tnoclulatc,

in conccrt rvith r-rorcpincphrine ancl other horrttones and ncutottartsLtritlcr:

that arc releascd in rcsponse to strcssors, learlting attd rnemorl'pr-ocesses b1'

acting on various brain areas, incltriling the hipltocamltr-rs, arnl'gdala, and PFC.

Understanding l-row strcss, through thc'sc' str:ess rt-rediators, ma).' ,vicld strongll'

consolidaled entotional mernorics and irnpaired nrenrot'1, furtcliortit'tg cttrtlcl

cnhance onr understandir-rg of the path«rgcnesis of PTSD arrd potentiallv open

the cktor 1.o rrovel trcat[]ent appntaches.

In this chapter, lve first locus on tl-re impact of stress arcl strcss horntoncs ttt't

hurnan episodic mcnrory, i.e., mcmorl, I'or events that can Lle erplicitl], stated

and tested, such as the nremorl' for yottr last birthclal/ I)arty. Next, tvc rcvictl
stress cffccts on human fcar conditioning, an imporLanl model of PTSD, vr,l'rere

lear nremolies can be established rvithouL explicit awareness ol Lhe lea nring pr{ )-

cess. ln thc third part of this cllapter, rvc n,ill surnrnarize recent linclings shorving

that stress rnay altcr the contribr-rtioDs oI nruitiple rremor]'s]'sLeltls to learnittg,

thrls promoting a shilt from flexible, "cttgnitive " to rather rigicl, "habit" lcarrlirlg

and mcurory. Finall1,, rve discr-rss tl-rc ilnplicaLions oI these findings or] siress and

j-llctnror:),, in hcalthy hrrnrans fur traurna mcmory, thc corc fcatLtre of PTSD. Flncl-

ings rclated to ncurol)s).'chological studies oI rnernory lunctiott in PTSD patielrts

arc covered clscr'r,here in this booh (see Chapter 12).

8.2 Time-dependent effects of stress on episodic
memory in healthy humans

Whcn leaming, storing, ar-rd rctricvittö new infortttatiott, the hipitocar-npus attd

adjacent mcdial lempuraI lobe regions arc thc kc1'loclrs of episoclic tttctttolf ill
the brain (Dickcrson & Eichcnbannr, 2010; Ttrlving & N{arkotviLsch, 1998). At

the sarne tin-re, the hippocarnplrs is one of thc brain arcas rrriLh tirc l-righcst clcn-

sity of GRs and MRs (de l(loct ct a1., I99E; McEwett et al., 1986), sLrggestiLtg

that it is par:ticularly sensitivc to slress and glncocorticoicl c'Il'ects. Indeed, thcrc

is coirvc-rging cvidence l'rorn neulrphysiokrgical, nettroitnaging, and behavioral
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studies shorving tliat stress and stress horrnones aflect hippocampal activity and
functionalitl, lDiarnond ct al.,2007; I(im et a1.,2001; Prncssner et a1.,200E; de

Qncrvain et al., 2001; SchrvaLrc et al., 2009a). Hipprocamltus-dependent learning
and rnemory processes rnä1, bs cnhanced or impaired by stress, depending on
r,r,ltether or not stress occurs around the tiinc ancl wittrin the context of a learn-
ing episodc (.Ioöls ct at., 2006). In a strcssful sitnatiorr, the hiltp<tcarnpus 1ut:ns

to a'metttory'lorrnatiott mocle'cluring which stlonr, rnclt,rrirs are created for
everythinq that is related to thc stressor. Wher-r the stress situation is ovcr, the
hippocarnpus appears to shift to a "t[emor], storagc ntode" t]rat is clcclicated to
thc consoliclation ctf the mentorie s of the stressIul eveut (Schwabe et a1., 2012a).
The prioritized encoding and storage of memories of stressl'trl expcricnces is obvi-
otrsl1,ac'laptive; ortr suLr.ival rnal'depend on rcrncmbering thcsc stresslul episodcs
1'rottl orir past. However, tlrc snpcrior rlrelnory for inlnrntation rc-lated to a stlrcs-

sor lraY Collle at the cost or dctriment of stressor-unrelated mentory processcs.
In the follorving sectictns, n,e discrrss the clfect o1'stress on cvery stage of a mcnt-
or1'- encoc'lir-rg, consolidation, retricval, and post-retricval reconsolidation - in
morc' clctail (sec also Figure E.2).
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Figure 8.2 Titre-depctttlcttt cffer:ts ol slrcss on hippoc.rnrprLs-clcpcntlcnt episotlic nrcrnor),.
Srrcss bclore learning rr.r,, enltancc rnenror\, ,"r,hcn it occrrrs rvilhin tltc cOntext r.rl a icarnitrg
experiertcc (e.9., shor"tli before or iluring learriDgl, nhcrcas strcss oLrt of the learnin! r,,ntu\l
1e.g., rclatiYelr'long befote learrring) inrpairs rrcrrror-v. Strcss shortlr' .r1tcr lcarning :ilren:llhcns
sttbseqLtetrt tttetltor\', partictLlarl-v 1ol ertrolionalll arousirrg inlonrration. Cont,cr:scl1,, stress

bclore relelttion Teslirlg tvpicallr, redLrr:es rctricval perlorrrance. again particularl),Ior
euloliottallv a.rttusittg inlornralion. ln addjtion. strcss ntay also interlerc rvith the
r"e-slabilization ("reconsolidation") of tncnror-ies aller retlier,.rl. (RcprodLrced lrorn Schlvabe &
Wolf, 2013.)
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8.2.1 Stress and memory encoding
C)ne of thc challenges in investigating the specific effects ol stless on Irentorl,
cncoding is rhat stress ellects on cncoding can hardlv be clisentangled frorrt

those on mcmor)/ consolidatiott, ancl irt sotne stuclies thc s1t-ess ell'ects nlal'
influence encoding, culsolidation, and retrieval. Stucllcs in rvhich p.rrttripartls

were exposed to a iunrelaLedl strcssor befolc cncoding f ielded hetetogctteotts

r:esnlts, rvith sunrt'siudics rcporting enhancecl (HetrcLrens et aI.,2009; Natcr

et al.,2OO7; Schwabc ct al., 2008; \ran Stegerert et al., 2010), ancl otilers

impaired, suLrsequcnt rneilIor)' perlorrnance (Elzirtga ct al., 2005; I(irschbaunt

ct al., l9c)6; Lupicn ct al., 1997). Sevcral factors hat'e beett proposecl to accollttt
[or these discrcpant findings. For exatrple, it has bectt snggested that strcss

has dilfercnt ell'ecLs on the encoding o1 neutral ancl cmotional rralerial (Pa],nc

ct aI.,2006; Tops ct aI.,2001) or thal thc clircction of thc stlc'ss ellects dcpcncls

on the strcssor intensity ancl the associatccl glncrocorticoid level (Abercronrbie

et al., 2003). Based «»r models derivccl fLortt rtc-utophl,siological stuclic's irt

rodents (i)iamond ct aI.,2007; Joöls cL a1.,2006), it has reccntll'bcctr ar:gtred

thal thc tinte ol the strcss exposllrc relative 1o the learning cpisocle nright be

the critical lactur that delermines rvhelher slress belore learring crhances rtr

itnpairs l-nenrory. It is assunrecl that catccholarnincs anil rapid, Itolr -tcttr rtriL

ghrcocorticoid actions enhattcr'lhe ilctttttrl'fttr cttrLcrtt11,il11.6'11, cvcilts,

rvltereas the slolvly developing genorrric gltrcocorticoicl acliotts impair 1rL'rttrrrv

forntation (Joöls ct al., 2006, 2011). Srrch a biphasic ell'ei:t o1'glncocorticoicls ort

the hippocanrplls was recently conlirnred in the httnran braln llovallo et al.,

2010). Moreol,er, a rcccnt behavioral s1ud1, r'ep,,.t.d that r-nernc)r)/ \vas irnpairecl

r,vhen l-realthy subjccts r'r,er:e slressccl J0 nrintttes be[ore leamilg, Llrtt etthancecl

whcn sLrbjccts \,vcre exposecl to the strcssor shortll, Lrcforc learning \Zolatlz
et a[., 2011). Lr ]ine with thcsc findings, olhcr stlrilics shou,cd that ps,vchosoclal

stress shortly,bel'orc or during learnlng cnhancccl tlre retention of tttaterial

t1iat. is concepLually rclatcc'l to Lhc stress si1.ua1iorr, such as strcssor-related,

high-arousal r,r,ords (Smeeis et a1.,2007,2009). Holvever, slress arotllld Lhc

tirrc of learning rray 1161 ncccssarill'trLlost mcnrr)ry. It stress is not relatccl

to the learning cxpt'rience, it ma1,act as a rlistractor ancl result in scvcrcll'

in'rpaircd nrcrrlor\/ (Schr,vabe & Woll,20l0a). In srtm, tttanl, I'actors dctcrtttirtt:
how exactll,stress al'lects merrory encocling, and thc clctails arc slill not fLrllv

uncl e rsLoocl.

8.2.2 Stress and mernory cotrsolidation
Compared n,ith netttral cvcrtls, emoiiottall\, .rrrrltsittg e xptricttccs are t1'picalll'

vcry rvell rcruemberccl lCltristianson. l9c)2; t\lcGaugh, 2000; Wit-rograti E

Ncisser, 1 992 ). Understancling horv ihc supcrior mcmorl' f or e motional matcrial

is created has itnportant irnplicatiorrs 1'or thr: intnrsil'e trauuratic rnemories t,hat

tl,picalJy devclop in PTSD. Tire enrotional nrc'rrotv enhancement is tholrght to be
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a result of tJre inflnence ol adrenal hormones on arnygdala activity, which in tnrn
promotes consolidation processes in other brain regions snch as thc hippocam-
pus. For instance, anrygclala acLivity cluring er-rcoding crtrrelates signiflcantly
rvith the strcngth ol emotional memories (Cahill er a1., 1996) and aml,gclala
clysf,-,r,.,t,,rr abolishes Lhe superior rnefilory Ior emotional rnaterial (Cahill et a1.,

1995). Adrenergic activit,v is critical for the slrperior rrlcmory for an cmcltionall1,
arttnsirtg cvenl. For instance, studies sl'row'ed a correlation between the level of
the plasrna metabolitc' of norepinephr:jne, 3-mcthoxy-4-hydroxyphenylglycol
(MHPG), and the strength of ernotlonal rnentorv Iclrmation in the context oI
a pharn'racological challenge (sor-rthrvick et a1., 2002). Bloching ttre activity of
norepinephrinc by nteans of the B-aclrenergic antagorlisL p«tpranolol eliminates
both the emotional memorlr enhancement alld the associatecl increasc in
am1'gdala activity (Cahill et al., 1994; Slrange & Dolan, 2OO4l, and hcnce
is thcorelically an interesting trcatrnent for dircct Lrse aftcr exposurc to a

tralllllatic event. In linc rvith the iclea that hormones and neurotransmitters
that are released in rcsponse to stress {acllitate memory cunsolidation, stress and
elcvated glncocorticoicl or epincpl-rrine levcls shortly aftcr training aiso enhance
subsequent nlerrory (Andreano & Cahill, 2006; Beckncr et a1., 2006; Cahill &
Alkire,2003; Cahill et a].,2003). The enhancing ellects of stress on rnerrrory
consolidation arc partictrlarly pronouncecl fol enrotionally arousitrg material
(Cahill et a].,2003). Moreovcr, gltrcocurticoids appear to be most elfectivc in
individuals r,vho are entotionally a«tused (Abercrornbie et al., 2006). Thcse
latter finclings corroborate tl-re vier.v that glucocorticoicls jtrteract wilh emotional
arortsal-irtdLtcecl noradt encrgic activation to boost rnctnory consolidaLion, which
has been couvincinsl], showrr in rctclcnts (Rouzcnclaal et a1., 2006a,b1.

8.2.3 Stress and memory retrieval
Strcss or the administralion of glucocorticoids slrortly before retention tcsting
is oflen associatcd rvith reduced memorv performance (dc errervain et al.,
2000; I(uhlmann et a].,2005; Schwabe & Wolf, 2009a,2014; Tollenaar er al..
2008, 2009; but for inclications o1 enhancecl retrieval during or after stress, see

Hupbach [r Fiernan, 2012; Schilling et a1., 201]; Schijnfeld et al., 2014; Schwabe
et a1., 2009b), strggesting that ntenLor,v retrieval is, irr contrast to rnernory con-
soliclatiort, impaircd b1'stress. The disruptive effect of strc-ss or glucocorticoids
on retrieval performance is parallelccl b1, reclucccl acrivity in the pFC and thc
hippocanrpus during retentictrr lestiug (I(utrolja ct a1.,2008; Oei et al., 2OO7\.
Emotionall,v arousing memories are, again, particlliarly sensitive to the inflLrencc
of stress and stress hormones (Buchar-ran et aI.,2006; I(uhlrnann et a1.,200i).
Bkrcking the aronsal-relatcd noradrcnergic activity pharrnacologically with a

p-adrcnergic antagonist prevcnts the irnpact clf stress on nlemory retrieval (de

Qucrvain ct aI., 2007; Schw,abe et a1., 2009b), whereas it does no1 alfect rctrieval
per.se (Tollenaar et a1.,2009). Thus, there is strong evidence that the impairing
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cffcct of stress ou lnemor)'retricval recluires, as \,vith the enhancing eifect on

mcnror,v corsolidation, concurrcnt glucocorlicoid and noradrcncrgic .rctir'.rtitrn.

8.2.4 Stress and memory re€onsolidation
The past 15 1'ears havc sccr-r rener,vetl interest in thc iclea tl-rat the reactivation ol
a c«rr-tsolidated mcmory during retrieval rctulns this rnemurl'to an unstable statc

a51ain frorn whicli it needs to be stabilizcd anen, cluring a procc'ss ol "reconsolida-

tion" (l)udai, 2006; Nader €r Harclt, 2009). Recent eviclence suggesls that strt'ss

nray al'fect lrernory also r,l,hen aclministered alter retrir,'r,a1, i.e., durirrg lec()n-

solidation. The direction ol thcsc cffects, horvever, is not )'e1 fully clear. Onc

stucly reporLecl that strcss during reconsolidation enhances subscrluent mcrlor)/
(Coccoz et al., 2011), similar to slress dnrirrg initial consolidation. Otircr studics,

horvc'r,et showccl that stress alter retricval impairs upclatir-rg of ll)clnory traces

(Schmidt et a1.,2014) and disrLrpts thc re -stairiiization of mcnot:ies cluri ng r(1,)n-

solidation, resulting in irnpaireci sulrsecluenL recall lSchwabe E Woll, 2010c; Zl'rao

c-t a1.,2009). Given the potential opportuniti/ to modify unrvanted rnentories

aftcr their reactivation, stress hormonc effects on mcmory rccclnsolidation nrighL

bc parlicularly intcresting in the cuntert of PTSD and are therefore an inrp()r'trnt
avL'nue lor tnture research.

8.3 Stress and fear conditioning in humans

In addition to the episodic rlernory of thc traumatic event, condilioned I'ear is

an intportant parl of thc tralLnra nrcrnor,v (see Chapter 4). Fear conditioning
processes are thought to p1a1, a rna.jor rolc'in the clevelclpnrenl of anxictl'
disorders in general (Mincka E Oehlbcrg,2008; Nlirteka tr Zinbarg,2006) and

fcar conilitirtning is one of the most irnportant nrodels oI lear lcaruing relcvant

to PTSD (Grahanr & N'lilac1,2011; Mincka 6 Oehlbelg,20081. Dr-rring lear

conditioning, au individual learns that a neutral stirnulus is reliably paired rvith

an aversive event (ul-lconclitioned stinuhts, UCS) leading 1tl a lear rcsltotlse

(unconditiuned response). As a result of these pairings, the initiall,v rteutral

stintullts alone can trigger the leal resl)onse ancl is nor'v relencd to as a cortdi-

tictned stirnulus (CS). Thc CS can irc a ctre (ctre-clependent conclitioning) or a

colttext (conlext-clepcndcnt conditioning). Because hlrnran fcar conditioning

stuclics ltave used rnainly, cue-clcpcndent conditioning, lve r'vill Ioctrs maitrly

on this lclrm of condilioning (for contexl-dependent cor-rditioning in anit-na]s,

sec N(aren et a1.,2011; for the cffects ol developn'reltl ott Iear learttittg. sec

Chapter 4).

Repeated prcsentatiorls of tl-rc CS u,iLhout the UCS resttlt itt leat cxtinc-

tiun during rvhich feal nrenr,rrics (rrc sul)prcssccl. Exposrtrc to phobic stinrLrli

ancl situaLions. or traurna-relatccl tnernoties in the case of PTSD, is based
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rttt fear exliucti«rt-t and teprcsents the rnost effc-ctive therapeutic strategy to
treat anxiety disordels (Foa & I(ozak, 19.36; Vcrvliet et al.,20ll). However,
after cxtinction, the lear is r-tot gone, it is .just no1 exl)resscd. Retr-rrn of
I'ear is often obsert,ed when inclividuals are cxposed to the CS aftcr a delay
(spontaneous recover,v), altc'r a change in contcxt (rencwal), or after unsigr-ralled
presentations of the UCS (reinstaternent; see B«ruton, 2004).

It is r,vell established that the arnygdala is the central structure for fear condi-
tioning in the brair-r, both in hurnans ancl other animals (LeDoux, 2000). Morc-
oyer, the anterior cingulatc cortex, Ll're insula, the ventromedial PFC (vmpFC),
and thc hippocan'rptrs are ir-nporlant parts of the fear and exLinction network
(N{echias et a1., 2010; Sehlmel,er er a1., 2009).lnterestingll,, abnormalities in this
fear circuitrl, Itave beeit repcatedll, Iotrnd it-r PTSD paticnts (Elzinga E Bremner,
2001; Ethin & Wager', 2007).In tl-re folktwing sectictns, ro,,e revielv the flndings
regarding the irlpact of strcss and stress hormones on fcar ntentory furmatiorr,
cxtinction, and thc rcturn of fcar.

8.3.1 Stress and fear memory formation
H«rr,r, stress affects fear acqLrisition in healtiry indivicluals rentains conLroversial;
sornc studies rcpclrted enhanced, othcrs redtrced, conditioned Iear mcmory after
stress. Part of tltese iliscrepancies is tl-re result of cliffcrences in the tinting of tl-re

stress expericnce. For instance, autonontic activit), sctting in rapiclly alter strcs-
sor onset appcars to be associated rvith enhanced conditioned fear (Antov et al.,
2011). Irt linc with thesc'finclings, pharmacological clevations in noradrenergic
stimulation b], the c,-ailrcnoreceptor alttagolist 1,6fii.11,1ne strcngthels subse-
quent fear rrcmor\,, as indicated b1. slotver extinction learning, heightened fear
retrieval after reinslaleme]tt, and incrcased I'ear reacclr-risition (Soctcr Er Kindt,
2011). hr contrast to the influence of autorron'ric arousal, the delal,cd cgrlisol
respotlsc to a stressor appears to be negatively correlated r,vith lear mernory lor-
Illation (AIttov ct al., 2013;. This is in linc with findings that the cortisol rcspopse
30 rainlttes aftcr stress exposlrre is negativcly associated r,vith arnygdala activa-
tion (Oci ct al., 20121. However, it is inrportant to note that ttrere is accr-rmulating
evider-rce 1'or significar-rt ser diftcrences in stress effecls on fear conditionir-rg, in
line lvith aninral clata (Dalla €r Slturs,2009; Shots,2004). For insrance, stress
induction I hour bcforc fear conditioning cnhancecl lear resl)onses in mcn but
appearccl to inhibit lear lrtntorl,in rr,rrncrr (Jackson et a1.,2006). Sin-rilarly,
stress-ir:Lclltced cortisol clevations afler fear conditioning strcngthen fear ntentorl,
corrsolidation in mcn bnt not in rvonten (Zorarvski et al., 2005, 2006). Exposure
ttl ps1'chosocial stress icd to thc sanre pattcrn of resnlts: strcss auenuatccl condi-
tioned fcar responses in Inen, bn1 enhaDcccl fear rrspt,nsrs irr worncn taking oral
contraceptives (Nlcrz ct al., 2013).

Pharmacttlogical studies sLrggcst tl-rat glucocorticoids may furthcr moclulate
tear conclitioninSl proccsses differc,ntly in nten and w«truen scx-dcpendentll,.
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Curtisol attenllatcd lear conlexlnalization ald incrcased fear- gencralizatirtn in
wollicn taking «rral contraceptives, whereas thc «rpposite pattern rvas oLrscrved

in mcn (Van Ast et a1.,2012). More specilicallr,, in \,\,omen, coulisol c.rrhancecl

lear Lorvards cues signaling clanger in thrcatcning and safc contcxts, as tvell
a: tor,vards safet), signals in a threalening contcxt. Srrch clelicits in fcar cot-r-

textualization rray constitutc a vtrlnerabiiiiv factor in the devcktprnent ol
anxiety and traurra-rclatcd clisorders such as PTSD. Nioreover, it has bccn
cottsistcntly shorvn tI].rt I)harnracological elevatiorrs o1' cor:tisol clintinish fear
rcsl)onscs in rrcn and frcc-cyclins rvonren, but incrcase fear in \\'orrcn taking
oral contraceptives (Nlerz ct a1.,2010,2012; Stark et aI.,2006; Tabbcrr ct al.,
2010). Neuroinraging rcvcalccl that glr-rcocorticoicl adurinislratitin ancl stress

al'lecLed thc tcar networli, inclucling the anry,gdala anil the hipltocantprrs
(Henckens et al., 2010, 20I2; clc Qucrvain et al., 2001). rvhich ate critical frtr the
furmation o1 cnrotional rnctnorics (Cahill & NIcGaugh, 1998; ,\IcGatrgh, 20001.

Cortisol also crerted sc'x hurmonc status-relaled effccts in areas invohcd in fcar'

expressiot-t and resulation, such as ihc anterior cingulate or thc orbitofrontal
corLex. Further evidL'ncc points to scr-clependc'nt cffecls of stress horrlones,
parLicularlv on atrl'gclala activitr'. Fur cxanrple, nuraclrener-cic stirnulation led

io increascd arnygdala.rttirirl i-ir rcsir,rrlsL Io learful laces irr \voilten but to
decrcasccl ar-n1,gdala respollses in nren (Schtvabe et a1., 2013a).In line r,vith thcsc
finclings, rapicl cortisol el{ecLs -reduced arnl,gclala responsivity to {earlul faccs

(ilcnckcns ct a1.,2010) anil also intpairc-d rcsting statc lunctional c,)nlcrri\irv
of the am),cclala to the hipltocarnptrs iD rnclt (Hencl<r.ns ct al., 20121.

Takcn togcther, aulononric activitl, and rapicl, non-gcnorrric glucc)corticoid

aclions appcar lo enlrance fear rlemory fonnation. Hor,l,cvcr, rvhen strcss

hormonc conccntlaticltts peal< shortly, beforc or drrring acquisitiorr they iuhilrit
transientlt, thc fcar circuiL surrotrnding thc arnt,gdala and iltc hippctcanrpus

in gcne'ral, Lrut incrcase l'ear in \vonren iaiiing oral contracc-ptit,es. Slon,l),,

clcvcloping, gertomic glucocorticoid ef iects, on thc other lland, sectn to enhance
fcar acclr-risiliort again. Horv exaclll, slress irorrirones el'okc tltesc oplrosite lear
rcsponse patlerns is still not lullt,rrnderslood.

8.3.2 Stress, extinctlon, and the return of fear
The nrajoritl, of hunrair str-rdics on thc influence of strcss on fcar conclitioning
processes have focttsecl on lcar acqulsition, )ret over: thc. past I'etv J,cars also fear
extinctioll and thc'snbsequcnt rctrlrn of lcar receivccl increasirrg attciltit)n. For
cxamplc, cortisol aclntiuistration before fcar lcarninq has Lrcen shurvn to rcducc
aciivation of the am)'gdaia or thc' higrpocanrlrrrs cltrring srrtrsetlnent cxtiltctiou
iearning irr r,r,ornen taking oral contraceptivcs (Tabbert et a1.,2010). Hotvct'er,
herc, coltisol effects on lear accluisitiun and crlinction conld not be separatcd.
To overconre this problenr, iu a reccnt Junctional rnagnctic rcsonaltrL- irtragirr{
experinrenl, cortiscll lvas giveu dirr:ctlt,aftcr fear 1earning,45 mitrules bcfurc
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lear extinction tool< place 1N{crz et al.,2014). The results shorved that corti-
sol increased elcctroderrna) fear responses during cxtinction in mcn, which was
parallelcd b,v altennatr:d actir.ation o1 the ar-n1,gdala, rnedial pFC, ancl nlcleus
accumbens. These lindings sLrggcst that cortisol clisrnpted the interplay betn,een
these stnlctures, r,vhich may have delayec't fear extinction. whercas this stucly
r-rsc'cl a I -da1' de slgrt irt lr,hich fcar acquisition uncl exlinction y,/cre separated only
bv a short dcla_r,', anotl-rer recent study in 1-realth1, huntans tested how stress alters
extillction of a conclitioned fcar [remory that was acquired I ila1, bcfore (Bentz
eL a1., 2013). Here, slress reduced fear retricval erpressed as uCS expectancl, in
mcn, bnt r-rot in rvomen. Hclwever, this elfect rvas eviclent only at the Iirst cS
prescntatioll in the extir-rction session as r,r,ell as in another test on a third day,
indicating that strcss inhibited lcar retrieval rather ttran that ir af{ected extinc-
tion learnine. These finclings para11c1 experiments in phobic patients. n,ho benefit
from c«rrlisol intake priclr to exposurL- sessions, which are based on the principle
of ertinction lcarning (de euervairr et al., 2011; soravia ct al., 2006; sec below).

Sevelal furthcr a11e1trtr)ts have treen madc to enhance ertinction learning and
to prevenl the return ol lear mainll, bl,pharrnacological altcrations clf nora-
drencrgic activit\, (see Holmcs & Quirli,20l0, Ior an overview of the animal
litcrattrrel. Pharmacologicall-v increased nrtradrcnergic activity belore exposllre
therapl'attenuates fear a1 a l-rveek follow,-up in acrophobic patients (powers
ct al., 2009). In line r,vith {inilings in c.pisoclic meurory (discussed c-arlier), it is
tempting trl spccltlate that y1lli11flne maclc extitlction mcr-nories more areusilg
and thus bctter consolidatecl.

Building on the proposed lability oI mcrnoric's after tl.reir reactivation (Nadcr
& Hardt,2009), ser''eral recerlt stLrdies airled to tackle fcar niemories cl11ring
I:ecol-rsolidation. Aclminjstration ol the B-aclrencrgic anLagorrist propranokrl
giyen cithcr belore or aftcr fear rnertrurl. t:eactivatiolt b1, I tir,t,. CS presentation
rcducecl the retttrn ctl fear in subseqtrent reinstatement ancl rcnewai protocols,
even 1 [ronth later (Soeter & I(indt,2010,2012a,b).

Tahc'r-r togcther, alrgrrentation ol' lnor)adrcnergic transmisslon sccr-rrs to pro-
rnotc cotrsolidation o{ fear ertinction. Neuroimaglrg studics erpktring the neural
rttlderllintrings of the el'fecLs clf nurepinc'phrinc are stil1 largely tnissing. The ani-
lnal literatnre, hotvever, sLrggesls an enhancentent of the e xcitability oI ncurons
in the vrnPFC (Mucller 6 Cahill, 20l0).

8.4 Stress-induced modulation of multiple memory
systems

The prevkrns two sections dt'alt lvith stress effects on single nrclrlor)/ systelns,
rnainly the hippocampus and thc anrygdala. Stress rray all'ect the perfgrmance
o[ these systems and thus alter qtrantiLativc memory paramerers such as the

;
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nrrmber of rernembered itcnls or the slrenlltl-r ol ttre fcar ntentoryr. OYer the past
[e\v ,vears, cvidence ]ras accurnulatccl suggestil]g that strcss affects not onl_v hor,v

lnLICh wc learn or remenlber in a gir.en situation but also ho\r, \r,e learn ancl

rvhicl'r strategics we use during leaming (Schwabc et al., 2010b).
Manl,tasks can be solvccl in differcnt ways; thcy can be acclr-tired bl,distinct

menlory s),sterrts that differ in the rnode of opcration and the t1'pe of inlorntation
that is processed (Squire, 2004). Stress nta1,have a critical irnpact on lvhic[ o1

these systcnrs is cneagcd during learning. Route leamirr{r, fttr exantple, mar.,

he snpported by' a hippocampus-dependcnt spatial ntelnory s\.stem that lcams
the relationship bcir.r,ecrt rnr:lLiple cucs in Lhe cnvironmcnt and b1,a dorsal
striaturn-dcpcnclcnt stiurulus-response (s-R1 memor)' system that assr)ci.ltes

a single stjrnulrrs rvith a certain response (McDonalcl 6 white, t99l; packarci

et ai., 1989). hr line with eariier rodent data (l(im et a].,2001; packard &
Wingard,2004), stress Lrelore learning liromotes in hurrans S-R lcarning at
thc cxpcnsc of spatial leaming (Schn,abc et a1.,2007). Glncocorticoids seen'r

to play an inrportant role in the srvjtch between flerible, "cognitive" spatial
lcaming ancl rather rigid, "habitual" S-R leaming (Bohbot et a1., 201 l; §ch11,3bc

et a1.,2009c). Probabilistic classification learning may also be strbsen.ed b1,a
hippocampal and a striatal systern (Focrcle er aI.,2006; I(non,lron c't a1., 1996)
and which iremory contrclls learning can also bc ir-rflrrenccd by, s11.rr. t,r"t.
bcforc classification lcarning favor:s slriattrm-depender-rt "proccdural" learning
over hippocampus-depenclcnt "declaralivc-" learning (Schtvabe & Woll, 2012).
Neuroimagirtg data conf,rmcd that slress shifted classification leanring [r:om
hippocampal to strialal contlrl and suggestc-d that this shilt ma1, be due to an
inrpairntent of thc hippocanrpLls-dcpenclent sl,stent (Schr,r,abe & Wolf, 20121 .

Thc shift I'ronr hippocantpus-depencle nt to striatum-depcndcnt nrcrTr( 'r], is

orchestratcd bv the amygclala, as indicatcd by finditrgs sl'roninll thal strcss

increascs ar-nygdala conncctivitlr rvith tlte dursal striatunt, whereas amygdala
connectivit)/ r,vith the hipp()carnpns decreascs al'ter stress lSchr.r,abc et a1.,

20l3tr).
Instt tttnental learning can also be controlled by trvo separatc ntcmor,v systcnls:

a PFC-basccl "goal-clirc'cted" system that cncodes thc association beLrveen ar-t

action anci the outcome that is ensendercd b1, tire action; and a dorsolaleral
striatum-based "habit" s),stcm that associates a response lvith prececlinq stimltli
(Balleine 6. O'l)ohertr,, 20lA; Dickinson, I 985 ). Stress prornotcs habit leaming
(Schwabc ir WoI1,2009b,2010b). This stress-itrduced bias tolvards habits is

correlated with thc cortisol increase in response 1cl strcss and can bc prevented
by a B-aclrcnergic antagonist (Schwabe er a[., 2011), suggesting Lhat stress elfccts
on the engafleincnt of goal-dir:c'ctecl and habit sl,stents ncccssitate, in sante r,r,al,

as stress effects on hippocantpal rncntrtrv (Roozcndaal et a1., 2006a), simultane -

ous glrtcocorLicoid and noradrcnergic actir.ation. Corroborating this conclusiun,
pharrnacological elevations of both sllrcocorticoid and noradrencrgic acri\ir).
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restrLted in habitr-ral learning, whereas bel-ravior retnained g«ral-directed r'vhen

only one of the fivo stress response systc[ls was stimu]atcd (Schwabe ct a1.,

20I0a, 2012b). At the neural level, habit learning after concrrrrent glucocorticoid

and noradrenergic activity is associated vvith sensitivity of prel'rontal areas to

changes in thc motivational valuc of an outcomc (Schwabe et al., 2012b).

In sum, stress uray moclulate the engagerncnl of n-rultiple mernory s1'stcms iu
a rranner that favors "habit" or..er "cognitivc" memory and this appears to be due

to an impairnrent of "cognitive" nlcmorl'slrstelns, thus allorvit-tg "habit" systenls

1o dominate behavior (Schrvabe & Woll, 201 3 ).

8.5 Stress and memory in healthy subiects:
implications for PTSD

Stress affects hotv nr-rch rve leanr and remember. Erncltionally aror-rsing L-vcrtIS

are typically rernembered ruuch better than neulral events. Moreover, stress

cluring or short11, after a learning cxpcricnce nray enhancc cpisodic or fear ment-

ory, particlrlarlv lvhen thc conlenl is relatecl to t-he slressrtr, whercas nremory
retriel'al appears to be impaired b,v strcss (Roozerrdaal ct al., 2006a; Schwabe

et al.,2012a). In adclition to these slress eflects on quantilative mcnrory per:-

ftrrmance, stress rna!' also rnodulate the engagement of mr-rltiplc nlemory sys-

tems in a manner that facilitatcs rather rigid, inflexibie memory processcs at the

expense ol flexible but cognitively dernancling rnemory proccsscs (Schwabe &

Wolf, 2013). These clifferent stress cffects on lnemorv rnay l6lp Lo explain the

apparentl), opposing melnory processe s in PTSD patients, who suffcr front strottg

intnrsive, trauma-related rnernorics on the one hancl, but show getteral mcm-

ory irnpairrnents or distortions for inl'ormation that is r-rnrelated to thc trattmalic
event, on the other.

The extreme stress during a traumalic experience leads tct a strtlltg release

of ghrcocorticoids and catecholarnines. As clcscribed earlier, tliese stress medi-

ators prontote the l'ormation of lasting rnemorics, in particular if stress occurs

in the context of the learning episode, as is the case cluring a trallntJtic expc-

rience. TItus, the action ol stress hormones during the trantna rnay restrlt in

an "overconsoliclation" of t]re traur-natic event, lhrough episodic mernory pro-

ccsses and fear conditioning (Elzinga & Bremner, 2003; Pjttttatt, 1989; Pitnian

et al., 20121, resr-rlting in mernories that are easily triggerccl by a rvide range of

rcmindcrs. In addition, the ertreme stress during a traurnatic expe|icnce tn.r1'

alter the recruitment of multiple menror,v systems itr memory torrnation. Based

on rcscarch in hcalthy individr-rals (Schrvabc, 20ll), it can be predicted tl'ra1 the

stresslul experience favors thc e1-lgagernent o[ habit ot S-R mernory that is strb-

servcd by the striatuln over PFC- or hippocanrpus-depenclent cogtlilive memory.

In addition to the lear conditioning processes, the aberrant enllagenlent of habit
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or S-R rnernory processes nla)r be reflectcd in the str«»-rg emotional rcsl)onding
to singLe lraLrnra-relatcd cues (c.g., odors ur sounds) that is oftcn observed in
PTSD patients (Liberzon et a1., 1999; Pissiota er al., 2002). Ftrrtherrnore, the pre-
dominance oI striatLrnr-based habit mcnrorv rrncler stress, at the expense of hip-
pocampal learnir-rg, could also accorlnt for the disorganizatictn of traunra nlelTlor),
and rvhy it is oftcn clifficLrlt fur PTSD patients tcl integratc thc'trarrntaric e\fc-
rience into alltobiographical rriemory (Ehler:s & Clarl<, 2000), which is part oI
hippocan-rpus-clcpcnclcnt nrenlor),'. Motcover, stress alters the neurocircuitry cll

fear, which ntight explain thc aberrant lear rc-sporrse in PTSD. Interestingll,, the
strcss-inducecl altcrations in fear memory appcar to be more pronctunced in
wornen, who also sltow a higher prevalcnce ol PTSD rhan rnen (I(ilparrick et a1.,

2013). Thesc eramples sl-row that the research on stress eflects on rncrnor),may
enhancc out untlerstanding of the neurotriological basis «rf stress-r:elatr:cl disctr-

ders such as PTSD.

h-r addition, hclwevcr, the findings regarcling the impact o1 slrcss on ntenl-
ory might also open the door ro nitvel treatment app«racltcs for pTSD. For
instancc, bascd on evidence inclicating that strcss and glucocorticoids inpair
mernory retriel,al (Buchanan et al., 2006; cle Quervain eL a1., 20001, it has been
trypotlicsizcci thal stress hormorres cor-rld also reduce trauma rnemory rctrieval
(de QLrervain & N4argraI,2008).

It has been shown that qltrcc)corticoids ntav allenrrate phobic [ear (NI<tuthaan

et al., 2014; Soravia et al., 2006; de Qucrvain et al., 20l l). Therc is also
somc er.'iclcnce that glLrcocorticoicls rna1, indeccl redlrce mcmory-related pTSD

synlptoms, such as intrusive re-expericncing or nightmares (Aenri et al., 2004).
Auother stralegy rnakes use oI the fact that slress ur glrrcocorlicoid etfects on
llrcmory ncccssitale noraclrencrgic arousal (McGaugh, 2000; Roozendaal et al.,

2006a), suggesting that blochade of nuraclrenergic activity might prevent the
"overconsolidation" of mernory. lndeed, there is somc evidence that pharrna-
cological bkrckade of norepinephrine action by the p-adrcncrgic antagonlst
propranoiol shortly. alter a potentially traurnatic e.u,enl redtrcr-s PTSD synlptoms
J monlhs later: (Pitrnan et a1.,2002; Vaiva et a1.,2001). Howevcr, trarrnta
memory forrnation can «rnl1, be inter:Iered r,vith in a short tirne lvinclor,r, after
the traumatic cyent wl-rcn clinical treatment is often not available, rvhich
limits the practical rttilitv of rlodiflcations of initial trauma nlelnory fomration.
An allernative strategy to circrrmvent this problem could be the ntodification
of traltmatic mctlories aftcr their reactiyation, i.e., during rcconsolidation.
Mentory modilicatiort during re consolidation provides au ollportunity to change

consolidated, seen'ringlv roLrust, ntemories (Nader & Hardt,2009). In lit're

with cviclence fronr healthy subjects shor,ving that proprarrctktl during fear
reactivation can erase snbsequent fear (I(indt et a1.,2009), pr:oprar-rolol during
or al'ter trarlma reactivation has been s-hown to redncc subserluent lntrusions
(Brr,rnet et al., 2008, 2011), a pathological hallrnark oI PTSD.
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These resulls are certainly preliminar),ancl mlrch morc research is nccdecl to
determine the potenLial use of slress hormone manipulations in the Lreatment oI
traurnatic memclries. Only the first steps have been taken on the long road to the
dcvelopment of novel treatment strategics for PTSD and it is unclear whether it
will be successful. Hor'vei.,er, in light of thc suffering associatcd with PTSD, the sc

elforls arc rv«rrthwhile.
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