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ABSTRACT

Fear conditioning represents the learning process by which a stimulus, after repeated pairing
with an aversive event, comes to evoke fear and becomes intrinsically aversive. This learning
Is essential to organisms throughout the animal kingdom and regsreserthe most successful
laboratory paradigm to reveal the psychological processes that govern the expression of
emotional memory and explore its neurobiological underpinnings.

Although a large amount of research has been conducted bettbeioural or neural
correlates of fear conditioning, some key questions remain unanswered. Accordingly, this thesis
aims to respond to some unsolved theoretic and methodological issues, thus furthering our
understanding of the neurofunctional basis afnho fear conditioning both in healthy and
brainrdamaged individuals. Specifically, in this thesis, behavioural, psychophysiological,
lesion and notinvasive brain stimulation studies were reported. Study 1 examined the influence
of normal aging on contextependent recall of extinction of fear conditioned stimulus. Results
showed that older adults were less able to use contextual information to recall extinction
memory and modulate the expression of defensive responses to threat in adepaaxent
manne, despite their preserved ability to acquire and extinguish a conditioned response. This
deficit may be linked to ageelated changes in the neural structures underpinning centext
dependent behaviour such as hippocampus and prefrontal cortex (PFC)2Sindgd to
determine the causal role of the ventromedial PFC (vmPFC) in the acquisition of fear
conditioning by systematically test the effect of bilateral vmPFC Hesion. Results suggest
that vmPFC is a crucial brain structure for fear conditionirfguimans, impairing the ability to
shape defensive anticipatory responses to the fear conditioned stimulus, but nevertheless
sparing the ability to learn explicit contingencies regarding the conditioning. Study 3 aimed to
interfere with the reconsolidatigerocess of fear memory by the means of-mwasive brain

stimulation (i.e. TMS) disrupting PFC neural activity. Results showed that interfering with



activity in both left and right PFC prevents the recall of fear, in contrast to control groups. These
resuts suggest that nemvasive stimulation of PFC may attenuate the expression of learned
fear, arguing in favour of a critical role of the PFC in the neural network underlying fear
memory reconsolidation in humans. Finally, Study 4 aimed to investigatéhavhthe
parasympathetit vagali modulation of heart rate might reflect the anticipation of fearful, as
compared to neutral, events during classical fear conditioning paradigm. Results indicate that
fear conditioned stimuli elicit a strong and selectwagal response, supporting bradycardia
during the acquisition of aversive conditioning.

Evidence reported in this PhD thesis might therefore provide key insights and deeper
understanding of critical issues concerning the neurofunctional mechanisms imgdgréy

acquisition, the extinction and the reconsolidation of fear memories in humans.



GENERAL INTRODUCTION

Learning the relationships between aversive events and the environmental stimuli that predict
such events is essential to the survival of orgasigmoughout the animal kingdorivigren,

2001). Nearly a century ago, the advent of fear conditioning research in humans was marked
by the historical experiment with little Albert, who was made to fear a rat by pairing it with a
loud startling noise (Wats1 & Rayner, 1920). The experimenpabceduref fear conditioning

model derived from the more general conditioning model developédabyPaviov (1927),

who initially studied appetitive conditioning processes.

Pavlovian fear conditioning is amongsetmost successful laboratory paradigms in the
history of experimental psychologywas nodelled after the appetitive conditioning procedure
introduced by Pavloin animals(1903/1928) The effect comes frorthe repeated pairing of an
initially neutral stimulus (i.e. a tone) with a stimulus that is intrinsically ave(s®ea shock
pulse). As a result,stimulus presentation typically comes to elicit a variety of
psychophysiological reactiomsvealingfear (Lonsdorf et al., 2017)This simpleprocedure is
an important paradigm for behavioural and cognitive scierRemarkdly vastand deep
understandingof fear itself and its related processes, such l@arning mechanisms
memoization andetrieval,is theresult ofdecades décientificresearcttonductedhrough the
basic fear conditioning paradigm both animal and human®eckers et al., 2012)This
experimental paradigimas proven a tool of great use, not only in uncovering the psychological
processs that govern the genesis and expression of fear and the functioning of emotional and
general memory, but also in exploring the neurobiological underpinnings of emotion and
learning Craske et al., 200€:anselow and Poulos, 2003artley and Phelp2010).

Alterations in fear conditioningegulation mechanissnmay play a role in the
developmenbf anxiety relatedlisorderssuchas panic disorder, gecific phobiasand PTSD

(Rosen & Schulkin 1998, Wolpe 198Nloreover thesealteredmechanismare considered



critical in the pathogenesis and maintenance of pathological ailjiettg et al., 2015k issek
et al., 2005a,b)Therefore, a complete understanding of the psychological and biological
processesccountabldor such disordeyis of major importance, fear conditioning paradigm
seems the privileged way to achieve this goal.

Given these premises, it is not surprising thathie last few decades we have seen an
incredible surge in interest in the neurobiology of fear conditgpriNeural circuits underlying
fear conditioning have been mapped, synaptic plasticity in these circuits has been identified,
and biochemical and genetic manipulations are beginning to disentangle the molecular

machinery responsible for the storage of feamories faren, 2001; Kim & Jung, 2006).

FEAR CONDITIONING

Fear conditioning represents the process by which a stirooines to evoke fear following its
repeated pairing with an aversieeent and becomes intrinsically aversive (Maren, 20049.

main types of conditioning designs can be distinguished, which differ in the temporal
relationship betweestimulusandaversive eventhence in theemporal contiguity In trace
conditioning, a time interval ranging from for example 500 milliseconds tocbhde separates

the presentation of thetimulusfrom the administration of aversive stimul¢g@heng et al.,

200 8; Kni ght et al ., 2004) . The expression
memory trace needs to bridge the gap betweerstimulis and theaversive outcome form

an association, therefoneorking-memory processes are more strongly involved in trace
conditioning. In contrast, in delag conditioning thestimulus overlaps or is immediately

followed by theaversive outcoméSehimeyeet al., 2009).



ACQUISITION OF FEAR

A fear conditioning experiment commonly consista serie®f different experimental phases:
habituation, fear acquisition, extinction and usually some specific prot@inied to
investigate return of feaHabituation or familiarization phase in human fear conditioning
precedes all the experimental manipulation that will be adopted. Habituation may have various
roles: (1) it establishes a baseline of responses, whimlsathe determination and correction
for possible preconditioning differences in each participant, (2) allowing to assess a decline in
responding over the first number of trials (i.e. orienting responses), (3) ensure that participants
understood the task, may be useful to include a brief training phase for rating procedures
(Lonsdorf et al., 2017). Once the habituation has been occurred acquisition may take place.
Acquisition of conditioned fear is achieved by presentimguatralstimulus(NS, i.e. a
tone)paired with an aversive event (U&. electretactile stimulatiol, a procedure referred to
asfear acquisition As a result of this pairing, fear learning takes place, manifesting in the
development of conditioned response (CR) to M& that becme a conditioned stimulus
(CSt). Although CS+esponseeflects the acquisition of the conditioned féamightvaluable
to use an additional C& a control stimulughis latter stimuluss also presented during the
acquisition, but not paired with tHéS. To indicatethat it was not paired, GSs statedas
opposed to the CS+, the conditioned stimulus that was actually paired with the US.
Conditioned response&onsist offear, orientinganddefensive responsggnerated by
the subjectGenerally, the strength of the CR is also affected by the extrinsic (conditioned
stimulus, i.e. tone) or intrinsic (natural characteristics of stimulus, i.e. spider or snake) salience
of the CSs. The majority of fear conditionistudies rely on discrete exteroceptstemuli,
mostly visual CSs, such as pictures of differently colouretjes geometric shapes (Meulders
et al., 2012Vervliet et al., 2010a,b), human faces, or animals (Hermans et al., 2002), contexts

or a combinabn of them (Milad et al., 2009). In addition, auditory, tactile, olfactory, and taste
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CSs have beeemployed. Recently, proprioceptive CSs such as joystick arm movements
(Meulders et al., 2011, 2013, 2015; Meulders and Vlaeyen,2013) and interoceptivi@eCSs (
Peuter et al., 20113uch as respiratory loads (Pappens et al., 2013), oesophageal balloon
distension (Zaman et al., 2015), and inhalation of @®ichedair (Acheson et al., 2007) have
been applied in pairelated fear conditioning research.
US intersity, in particulann the case of electractile stimulation is oftendetermined

i ndividually by assessing the participantos
acquisition. US salience (intensitgs well asCS salience, has an impact the speed and
duration of feamcquisition processe$Vhile this distinction is clear for many US type.(
electrotactile stimulationor aversive laud sounyl emotional pictures are typically not
commonlymenacingand might lead to individualifferences not related to the conditioning
experimentatiorfLonsdorf et al., 2017).

During fear acquisitiora CS can be paired with the US on every single trial (continuous
reinforcementor in a smaller number of trials only (partial reinforcemeR&inforcemst rate
refers to the probability of US occurrence in the presence of thédl@lfughboth continuous
and partial reinforcement generally lead to fear acquisition, partial reinforcementsrates
preferred in humarfDunsmoor et al., 200 aselgroveet al., 2004partial reinforcement
protocols reduce response frequency (Flora and PaM@() Huang et al., 1992) and CR
amplitudes (Dunsmoor et al., 2QQ&onard, 1975put produce more robust learniager the
time (Gershman et al., 2013) is important tchighlightthat a recent study comparing different
reinforcement schedules concluded that partial followed by continuous reinforcement yields

the strongest CRs during fear acquisiticmning (Grady et al., 2016).
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EXTINCTION AND RETURN OF FEAR

Behavioural flexibility has the samémportanceas acquisition of fear conditioningas
behaviour should no longer be guided lsgimulusthat has lost its predictive value with respect
to therelatedconsequence

Extinction learnings a weltknownbehaviouraphenomenon that allows the organism
to adapt itdehavioutto a changing environme(@outon et al., 2004 Extinctionprovidesthe
leading theoretical framework and experimental model to describe how ldmhadourds
reducedthroughthe absence of anticipategnd expectedeinforcement (Dunsmoor et al.,
2015). Indeed,dinction refers to the decrement in conditioned fear responses that occurs with
repeated presentation of a conditioned fear stimulusshareinforcedln the past, extinction
was regarded as a process of unlearning (CS+ and US assoeiatiedl, but severe evidence
suggest that extinction does not destroy the original learning, but instead generates new learning
(for a review see Bdan, 2004). One of the first hypothesis, surprisingly common in models of
learning (Rescorla and Wagner 1972; McClell@&dRumelhart 1985; McCloske§ Cohen
1989), was that extinction involves the destruction of what was originally leagrtiaction
was considered a form of learning erasindpwever, much of the original learning survives
extinction (Rescorla 2001; Bouton 2002; Myers and Davis 2002; Delamater 2004his
hypothesis reduces its recognition over the time.

Return of fear (ROF) or extingshed behaviour is common following the passage of
time (spontaneous recoverywhen extinguished cues are encountered outside the extinction
context €ontextual renewaland presentation of the unconditioned stimulus in absence of the
conditioned stimulugreinstatementBouton & King 1983; Rescorla & Heth 1975, Bouton,
2004; Vervliet et al., 2013). These effects provide support for the widely held view that
extinction may bea new form of learningnew association CS and NoUS), and that

conditioning and dinction memories may coexist in distinct neural circuits and be reactivated
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independently based on environmental or situational fa@Wifad & Quirk, 2012 Dunsmoor
et al., 201%

In laboratory experiments, when testing fowuratof fear, following acquisition and
extinction training, the response that is measured depends on which of the two opposing and
co-existing memory tracesoriginal fear memory vs. extinction memaoris dominant. When
the CR is weak or absent during testing, this is integdrels dominance of the extinction
memory trace and labelled estinction recall Conversely, when the CR is strong, dominance
of the fear memory trace is assumed, which is referred to as return of fear or fear recall.
Procedures that induceturn of fearin the laboratorymay serve as experimental models for
clinical relapse, which affects a substantial percentage of patients (Cras®e, 199

Currently, theoretical viewshave been assuntell) extinction is one examplef a
retroactive inhibition phenomenon in which new learning inhibits @)dektinction occurs
because the omission of the US causes gener
expectation of the US and therefore initiates new leari@pgxtirction as a contexdependent
form of new inhibitory learning, and retrieval of the inhibitory mem@guton et al., 2004).

Like other forms of learning, the capacity to extinguish varies across the lifespan, and
agerelated changes in extinction refledevelopmental changes in prefrorsahygdala
circuitry. For instance, studiglsave shown that extinction in pveeanling rats violates the
extinction (Kim & Richardson 2010). Instead of potentiating inhibitory systems, early life
extinction appears to esa fear memories from the amygdala (Kim & Richard<2608
Gogolla et al 2009). During adolescence, extinction again becomes compromised), as twice
the number of training trials are needed to learn extincfiEsmorisArranz et al, 2008).
Finally, agedats show impaired extinctidearning(Kaczorowski et al 2011). Developmental
aspects of extinctiolearninghave not yet been studied in humans, but it is known that older

individuals show decreased awareness ofUSScontingencies that support comnatied
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responses (LaBar et al 2004). These findings highlight the presence of windows of vulnerability
with respect to extinction, but alpoovide awindow of interestfor therapeutic intervention.
Beyond interest in the basic mechanisms of learning andonye renewed attention to
extinction is due in large part to the clinical significance of extinction for the treatment of a
variety of psychiatric disorderd/flad and Quirk, 2012; Vervliet et al., 2013; Lonsdorf et al.,
2017. Specifically, extinction sees as the basis for exposirased therapy, a primary
treatment for anxiety disorders, addiction, trauma and stress related disorders (Powers et al.,
2010). Experimental extinction is also considered within the National Institute of Mental
He al t h adch DdReils E€rderia as a scientific paradigm to provide objective neuro
behaviouralmeasures of mental iliness in the domain of Negative Affeahsmoor et al.,
2015) Advances in understanding of extinction across multiple fronts will translate to new,
effective treatments for psychiatric conditions characterized by the inability to regulate

pathological fear or anxiety (Dunsmoor et al., 2015).

SPONTANEOUS RECOVERY

Spontaneous recovergfersto thereturnof CR asafunctionof time aftersuccessfuéxtinction
learning.According to Pavlovevidence that the CR is preserved comes from the fact that it
tends to returii spontaneously over time.Pavlov (1927onsidered spontaneous recovery to
be a measure of the depth of the extinctioncpepos s 1t sel f : AExXtinctio
conditions being equal, by the time taken for spontaneous restoration of the extinguished reflex
to its original strengtho.

Spontaneous recovery may be the effect that occurs when the CS is tested outside its
temporalcontext.For examplea cue that is presented intermittently during the extinction can
attenuate either spontaneous recoviitys presented before the final teBr¢oks and Bouton

199; Brooks 2000. Also,usingad gr ad u al 1 apatadigmadwhiclosonde extinction
14



trials were reinforced with a U&nhd te frequency of reinforced trials diminished throughout

the extinction sessionit has been founceffective in preventing spontaneous recovery
(Gershman et gl2013). These results are consistent wWithideahat rapid extinction iBnked

with more spontaneous recovery (Gershman and Hartley, 2015), and suggest that clinical

protocolthat aim toacceleratextinction might be counterproductive (Craske et24108).

CONTEXTUAL RENEWAL

Contextis defined not only by spatidgatures, but also by temporal, interoceptive, cognitive,
or social aspects of a given situation (Maren et al., 2@@&)text can be considered another
strongevidence for the persistenckthe original fear memory (G8JS associatiofy in which

the return of fear is specifically renewgBunsmoor et al., 2@). Contextis theorizedas a
proxy for the expression of conditioning or extinctidimus, bllowing extinction, contextual
informaion plays a critical role in determining whether the original fear memory or the new
extinction memory controls fear expression (Bouton, 208dyeralversions of the contextual
renewal effect have been studied. The most used paradigm é8BBA § that is when the
participant isconditioned in one contextA9, and then extinguished in a different context
(8B9; in the subsequent test phaske exinction memory can only be expressed if the CS is
presented within the extinction conte&B or theconditioned responsean onlyrenewedf

the CS is presented within the conditioning contég( | n anot her par adi g
ARABCO, ¢ o nabmnductedimcontgxt A, extinction is conducted acontext B, and
thentestingppghase s conduct ed -mewo ac ot (@G &outbon and Boesld79;a |
Bouton 2004. Moreover conditioning and extinction can be both conducted in the same
contextAAdand then the CS is tested in a second coidB&tAlthoughAAB 6paradigm may
seems morambiguousthere is evidence that conditioning fear is elici@duton and Ricker

1994). Classical modsl of fear conditionindRescorla and Wagnet972; Pearceand Hall
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1980 consider that the context is merely another CS that is presented in compound with the
CS+ during the different phases of conditioning. Therefore conéexersin excitatory or
inhibitory associations with the U&or exampleusing the ABA paradigm, context A might
acquire excitatory associations with the US, and context B might acquire inhibitory
associations. If this is the case, either corésspciation would cumulate with the CS+ and
thus,produce the contextual renevedfect Bouton et al., 2004

Contextual renewal of conditioned fear responses appears to be supported by many
varietiesof contexts. For exampldt, has been observad animalsthat when extinction is
conducted within an interoceptive conteptrovided by benzodiazepine tranquilizers and
diazepam, fear renewal it has obsergely whenratswere tested in the original nalrug state
(Bouton et al. 1990 Also, Cunningham (197%ad reportedgimilar results in experiment in
which alcoholwereadministere.

The major theoretical basis of pesttinction return of fear effect is that proposed by
Bouton (1993, 2004). Boutononsiders extinction as a contadpendent form of new
inhibitory learning, and retrieval of the inhibitory association interferdéls @ipression of the
excitatory memoryMoreover Boutonconsiders thatetrieval rarely surviveafter a context
shift, so thatextinction is encoded and processed to where it was learned. A key element in
Boutonds theory of erxlearningniakestime C5+sambiguaus becaesey i n
its presence signals either the presence or the absence of timel&&sl, in a test phaséthe
acquisition contexis similar to the context in which extinction occurred, return of fear tends to
the inhibitay CS+ noUS associatidiretrieval If not, return of fear tends tlicit the 8CS+
US associatiof since this association was learned fastlbr is more prominentn other
words, the extinction context acquires the ability to decrease the thresholdveh i ch t he 0

US associationd is renewed.
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Contextuarenewalis particularly important in regulating the expression of responses to, threat
in particular when such feagsponses have been extinguisfidee alterationn themechanism
underlie theability to process contextual information, and flexibly adapt behaviour to
situational changest may represent a fundamental mechanibat allow to survivelt has
been suggested that PTSD patients faiigeflexibly contextualsignalsin order to regulate
their behavioufJovanovic et al2012). Thus, the study of contekiisprimary importance for

the clinical domain, irtranslaing the behavioural evidende the clinicbased therapies in

humanpsychopathologyAndreatta etla 2015)

REINSTATEMENT

Thereinstatemengffectis an experimental manipulation that consisiaducingreturn of fear

following un-signaled and wexpected administration oS after successful extinction

learning (Bouton and Bolles, 1979; Haaker et al., 2013; Rescrldeth, 1975).During
extinction the ACS+ US associationod is thoug
associati ono t h afdgarlearning dRescorlal®7e). Thws, idter ia @ e

exposure,n a subsequent test phasey est ores t hS+ ek i d ad @a iya tiiCo
consequently leading ®reinstateof the fear Following reinstatementhe conteximayplay a

crucial role inCS discrimination andstrengthof the return of fear and consequentlyt is

considered crucial ithe theorisatios of the reinstatement phenomenon (for exhaustive

review see Haaker et a2014).If fear acquisition and reinstatement manipulation occur in the

same context, reinstatement shadédreaseontextual inhibition and increased attention to the
CSt,leadingt 0 a reactivation of the ACS+ US associ
in the extinction context and the €& as tested in a context different from that, reinstatement

shouldreinstateh Ch o US a s s(blaakeret al., 201 4)
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This phenomeaon can be explained by the fact that, fear acquisiimducesan association
betweeniCS+ US a s s o c i lmetause nhéy, are presented in simultaneous with US
administration. Thud,JSi alonei may cause a return of fehecauseahey were encoded as
partof the fear conditioning context (Baker et all991; Bouton et gl1993). Also, in many
studies of reinstatement, testing phase is conducted 24h after the conditioning phase, in this
case reinstatemeptoducing similar result¢Norrhol, et al., 2006; Halladay et al., 2012).
Studies of the neural systamderliereinsatement in rodents observed a critical role of
the amygdala and hippocampus (Frohardt e2@00). In humans, recently studies investigated
the neural networkvith functional imaging, using a visceral pain US and a@amaitioning
paradigm found diffemgtial hemodynamic responses after reinstatement in the- para
hippocampus (Kattoor et ak013a) and the cerebellum (Kattoor ef 2013b). Also, a study
usingfACS+ US associatioland contextual conditioning found hippocampus activation to the
contextan which acquisition has been occurrédrthermore, significant differential responses
to the conditioned contexts were observed in the amygdala and the dmPFC after reinstatement.
In particular, @hanced responses to CS+, were observed in the ACC/vmPF@&rean
commonly implicated in fear inhibitory amdonitoringprocesses (Lonsdorf et ,@014a,b).
Currently, knowledge of experimental boundary conditions as well as biological or trait
factors for reinstatement is very limited in humaRartherstudies ee needed to advance a
more comprehensive understanding of this phenomenamtrAsslational perspective petter
understandinghe circumstances under which reinstatement occurs may offer a step tfogvard
relapse as a clinical phenomenon and for éve developing of pharmacologicallmehavioural

interventions to prevent the return of fear (Haaker et al., 2014).
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MEMORY RECONSOLIDATION

Citing the exactly word of Kindt andcolleague® 0 Oddce émotional memory is established

it appears to ladoreveid Many studies demonstrated tleaten the most effective treatments
only eliminate fear from responses, leaving the original fear memory intact, as demonstrated
by therecurrentrelapse after successfexktinction (Bouton 2002; Craskel1999). Howeer,
studies have shown that fear memories can change when recalhethcamenomeferred to as
reconsolidation (Kindt et al., 2009).Reconsolidation is a process whereby previously
consolidatedmemories can be reactivated and agaakesensitive tomutae (Nader et al.
2000).Reconsolidation can be influenced by neurobiological manipulations during or shortly
after thememoryreactivation periodTronsonet al., 2007).

Considerable evidence ipoth animals and humans indicates that blockade of the
process of reconsolidation by pharmacological manipulations produces amnesia for the original
fear learninglader and Harg2009, Sevenstet al., 2013 Amongthemost important studies
in humansKindt andcolleagueg2009)tested thdirst time thehypotheses that fear response
can be weakened by disrupting the reconsolidation proésssh memorgand that disrupting
shouldprevent the return of femermanently Reconsolidation disrupting was obtair®dthe
administration oforopranolol prior to memory reactivati@amdresulted in erasure of the fear
response, an effect thhis been foungersisted over timeSpeter and Kindt2010. The
erasure of the fear response could also have resulted from a more diffuse effect of the
propranolol administration by reducing the fear aspects triggered by the aversive stimulus itself.
However,authors argued th#te propranolol manipulation specifically targeted the emotional
expression of the memory at the same time leaving the deestanaimoryunchangedKindt
et al, 2009; Soeter and Kind2010).Moreover, athors suggest that propranolol selectively
acts on the {adrenergic receptors in the amygdala during emotional information processing in

animals and humans. It may be hypothasizhat betesadrenergic blockade during
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reconsolidation may selectively disrupt the protein synthesis of the amygdala, resulting in
deconsolidation of the 6CS+ US associationo
hippocampus untouched (Phel@®M; McGaugh 2004;van Stegerer2005 Kindt et al.,
2009. In addition, propranolol administration during memory reconsolidation resulted in
selective erasure of the fear response to both the reactivated fear association and its category
related aspectsln particular, the memory reconsolidation effects following propanolol
blockade were not found restricted to the reactivated fear CS+, but in its place generalized to
those cues that were categogjated Soeter and Kindt, 2A). The generalization of fehias
been demonstrated to be dependent on the st
(Laxmi et al, 2003).

From these studiesf memoryreconsolidationn human it is important to understand
that the liability of a memoris to be dependentupanh e 6 CS+ US adiatomlc i at i o |
follows that, acquisition with partial reinforcement rate prevent that a single unreinforced
reactivation trialwouldbes uf f i ci ent to put the 6CS+ US ass
is the case it should be necessary to use a sufficient number of reactivation tlisisgbthe
reconsolidation procegSoeter and Kindt2010. Also, reconsolidation may onlyake place
when memory reactivation involves an experience that engages new learning. Indeed,
reconsolidation is triggered only when theraew learning to take place durittge specific
reconsolidation time window. Reconsolidation might also be a dered as prediction error
driven process, because associative learreqgiresprediction error (signalling discrepancy
between actual and expected events) to create a new meBevgnéter et al.,, 2013
Additionally, has been observed that using a G&treation trial or using a US reactivation
trial (as a reinstatementmight alsoputt he o6 CS+ US associationé6 |

disruption (Lonsdorf et al. 2014a).
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A differentbut successfubehaviourakreconsolidatiorprotocolhas been desibedby Schiller

and collegues (2010Authors demonstrated th#te frequentpresentation®f unreinforced

CS+ allowed foran updatingof a more cognitive component ahe emotional memory in

humans. This procedure consists in an extinction protocol perforntiech whetime window

of reconsolidation. Extinction training within the reconsolidation window following
reactivation was fountber ase O0CS+ US associationd | eavi ncg
aboutthe conditioningitself. As a consequence, fear responses were implicitly no longer
expressed, the effect lasted at least a year and was selective only to reactivated fear memories.

Pharmacological manipulations affect reconsolidation process and as consequence in an
incapacity to reteve the fear conditioned memories, suggesting that they are erased or
persistently weakened. Unfortunately, the use of pharmacological manipulations in humans can
be always problematic. Obviously, a behavioural procedure will be preferred over
pharmacologral manipulationsf providing similar effects.Change emotional memories has
important implications for the treatment for anxiety disorders linked to traumatic memories,
such as pograumatic stress disorder (PTSD).

From an evolutionary perspective,ist functional to never forget the most important
events in lifegspecially the negative ondsemotional memory could be weakened or erased,
then it might be possible &xtirpatethe root of many psychiatric disordeFar these reasons,
reconsolidatbn phenomenon has important clinical implicatioms;one handeconsolidation
should not radically altehe functional reactions to potentially dangerous situations (US), but
selectively weaken the maladaptive fear associadti@€hS + US a.Os teonther handp n 6
reconsolidation should not bepecifically limited to the CS+ itself considering that
generalizatiorof fearis a main characteristic of anxiety disorders (Lissek £2@08).Indeed,
reconsolidationt would be very useful to treat anxietysorders when iteffects spread to the

category related of stimulus not previously associated (Soeter & Kindt, ZDdrtgntly, isa
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matter of huge scientific interestentifying new flexibly and safely techniqueshumango

target reconsolidationrpcess (&hiller et al., 2010).

NEURAL SUBSTRATE OF FEAR CONDITIONING

Fear conditioningis the most basic form ofsaociative learning that kancreaseda
considerable clinical relevander the recentenhancingin the understanding opsychiatric
disordersand thus,improving relative treatmens. Modern neuroimaging techniques have
significantly helped to providéhe identification of anatomical structures areliralnetworks
involved inhumanfear conditioning Sehimeyer et al., 2009)

Several wdies aimed to investigatethe anatomical contributionunderlie fear
conditioning across speciasd the whole evidence convergetbat amygdala is critical for
the acquisitiorandtheexpression of conditioned fegor review seé¢_eDoux, 2000. Although
the amygdala may be critical for the acquisition of extinction learrtimg,ventral medial
prefrontal corteXvmPFQ and hippocampus are other two key neural strudgtoportantly
implicated inthis phenomenorgndtogetherconstitute the neural netwoof fear conditioning
(Maren & Quirk, D04). In particular, the amygdala stores both conditioning and extinction
memories. ThevmPFC integrates CS information with contextual information from the
hippocampus in order to determine extinction retrieval. In the extinction contextntPieC
inhibits amygdalgrojections to reduce fear. Outside the extinction context, amygdala output
is uninhibited (Quirk & Mueller, 2007) It is widely agreed thahteractions between of these
areassupport the acquisition, storage, retrievadpressiorand contextual modulation of fear
conditioning(for review seMilad and Quirk, 201 Consistent wittstudies in animal models,
functional neuroimaging, lesion and morphology studieewed thatextinction learning

depends on the integrated functionindgto$ networkandsuggests that the neural mechanisms
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supporting fearacquisition andextinction are pylogenetically conserved across species
(Dunsmoor et al., 2017)

Since it has been discovered thahygdala and vmPF@re implicated in fear
conditioning, a huge part of studies focusedpeychiatric disordersn particular,pervasive
fear andor anxiey, in which suchbrain areas ardunctional impaired Pcsitron emission
tomography (PET) studies showed decreased prefrontal blood flow in PTSD patients (Semple
et al, 1996 Bremner et al 1999). Also, PTSD patients also showed reduced activation of
vmPFC, as indicated bjunctional magnetic resonance imaging (fMRWhen recalling
traumatic events (Shin et #1999). Thusa betteunderstanding of fear learningural network
may provide a sold groundto develop newspecifiedand tailoredireatmen for psychiatric

disorders.

AMYGDALA

Surgical aehoc lesions,pharmacologicaldrug administrationand physiologal evidence
gained by both animal and human studies of the last cepiuryided a detailed model of the
neuralnetwork underlie fear conditioningmong all,amygdala became th®re structuref

the fear conditioningnetworkwhenits involvementwasdiscovered l(eDoux, 2000). Indeed,
such brain area is nowasr etfleea rleac ass dfo | fl eanr:
and Jung, 2006). One of the first reported evidence is that a lesion disrupts the acquisition and
thus the expression of conditioned fear responses (LeDoux @0&#, Hitchcock & Davis

1986). Subsequent neubmlogical evidence reported that the association between CS+ and
US is formed and expressed within different nuclei of the amygdala (0D200€ Maren

2005). The lateral nucleus of the amygdala (LA) is considered to lwetésite that encodes
sensory inputgsrom both CS+ and US. In particulanith the presentationf the CS+, LA

excites the central nucleus (CE), which is deputy to CR expressiargthprojections to the
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brainstem and thus, reach the whole peripheral nervous system. Also, it has been reported that
LA indirectly projects to the CE through the basal nucleus and the intercalated cell masses
(ITC). These pathways provide multiple potahtircuits for gatingear expression (Dunsmor

et al., 2015).

Moreover, anatomical studies described the connections of the amygdala central nucleus
with downstream structures implicated in the expression of fear conditioned responses,
including the hypdtalamus, periaquaductal gray, pons, and other brainstem regions (LeDoux
et al, 1988, Romanski & LeDoyx993). Other studies described the inhibitory circuits within
the amygdala that were found to be involved also in fear extinction, such as thellaisici
of the central nucleus (Sun & CassdlbD93), and inhibitory cells within the lateral and
basolateral nuclei (Mahanty & Sat998).

Consistent with the hypothesis that extinction results in new learning, not erasure of the
original o0&tSi+oJ&B, as spapgul ati on of neurons in
the CS response is maintained despite a decrease in the expression of conditioned fear with
extinction (Repa et al., 2001). THisding providesagaingvidence that the amygdala poypts
the maintenance of the original fear memory while at the sameatiove extinction learning
(Hartley and Phelps, 2010).

Early f MRI studies aimed to determine w
conditioning might be overlapped and valid withimethuman brain. LaBar and collegues
(1998) and later Buchel and collegues (1999), using a classical fear conditioning paradigm in
healthy humans demonstrateatreased amygdal@nctional activity in response to the CS
associated with USas compared taneutral stimulusln following fMRI studies using large
variety of CSand US, has beatemonstrated beyond any doubt the crucial role of amygdala in

fear conditioning in healthy human brain (for review see Dunsmoor et al., 2015; Milad & Quirk,
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2012). Togther these observations were critical and provided unequivocal evidence that

suggest that amygdala functionality was preserved across species.

HIPPOCAMPUS

The hippocampus plays assential role in contextulglarning (Bouton et 312006, Ji &Maren

2007), as well as for the acquisition and the extinction of context conditioning (Radulovic &
Tronson 2010). In particular, he ventral hippocampus (VHPC) projects directly to both IL
(PFC)and the BLA(amygdala)ndit follows that itis in an anatomichposition to modulate

fear responsesH{igues & Garcia 2007). It has been reported thapre-conditioning
hippocampal lesions selectively affects the acquisition of contextual memory (Phillips and
LeDoux, 1992). Also, rodents with hippocampal lesionsashapaired specific contextual
renewal of the conditioned fear responses (Wilson et al., 1995). Finally, lesions to the nucleus
accumbens (reached by hippocampal projections) disrupt contextual fear responses without
affecting the explicit knowledge of cditioning itself (Riedel et al., 1997).

Extinction recall relies on contextual factors, suggesting a key role of the hippocampus
in the retrieval extinction learning. It is important to highlight that, hippocampus involvement
depends on the specific contigal renewal paradigm adopted @BA 6vs ABC6 Bouton et
al, 2006). A clearer picture is emerged from studies using pharmacological inactivation of
rodent so h Ingotpating aitmgefare extinction learning negatively affects the
successful retrial of extinction in later days, thus it has been noted an enhancement of
conditioned fear responses compared to the controls (Corcoran, &0@b). Also, the
inactivation of the hippocampus before extinction recall phase prevented the renewal, thus it
has been observed a reduction of conditioned fear responses as compared to the controls.

(Corcoran and Maren, 2002004; Hobin et al, 2006)Notably, converging evidence are
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observed with inactivation of the mPFC (SielMarcado et al, 2006), suggestingtkhe mPFC
may be an important target of the hippocampus for contextual extinction recall (Hobin et al,
2003; Corcoran and Quirk, 2007).

Currently, hippocampus is considered essential to control the cespexific reall of
extinction both indirectly tough projections to the vmPFC, and directly through projections
to the LA (or a reviewsee Maren et al., 2013). Also, it has reported that different hippocampal
subregions have been found implicated in different aspects of behaviour. In particular, the
dorsal part for spatialelated behaviours and the ventral one for anxielgted behaviours (for
a review see Bannerman et al., 2004). Converging evidence suggest that hippocampus and
different subregions are implicated in different characteristics ottealitioning (Kin & Jung,
2006). Thus, the hippocampus appears to be essential for consolidation of extinction, especially
in tasks such as inhibitorgvoidance, which crucially require the hippocampus (Quirk &

Mueller, 2007).

PREFRONTAL CORTEX

Oneof the firstevidence about the involvement of PFC in fear conditioningdeasonstrated

by Morgan et al. (1993) who found that rodents w#ntral PFC lesions required more
presentations of the CS to extinguish conditioned fagrarticular, authorseportedthat pre
training lesions of the ventral PFC had no effect on the acquisition of conditioned fear but
impaired fear extinctiom laterdays.Subsequentlyf iwas foundin electrophysiologicadtudies

that infralimbic cortex (IL) would bethe functional homologous region of the vmPFC in
humans (Quirk et al., 200@)inceit inhibits the expression of conditioned fear during extinction
through reciprocal connections with the amygdddad and Quirk (2002) reported thét

neurons showd increased activity to the CS during extincti@cal (Quirk et al., 2003and
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after surgical lesion, reduced conditiorredporseto aCS+ even before the extinctigililad
et al., 2004).

Phelps and colleagues (2004) conducted the firstlfstRdy to determine whether
vmPFC in humans has the same functiop@aperties as monkegr rodentsiL in fear
conditioning Authorsshowed thahumanvmPFC increased its activation duritige recall of
extinction learning Further studiesreported thatduring extinction recall, thestrengthof
vmPFC activation t@n extinguished stimulus was positively correlated with strengthof
extinction retentionNlilad et al 2007. It follows that, the stronger the activation of the vmPFC,
the better the abiljtto inhibit conditioned responding during extinction recatiditionally,
analysis of the thickness of the vmPB&@d te dorsal anterior cingulate (AACC) was positively
correlated withCR assessed by skin conductance responses (@@Ry theconditioning
phase (Hartley et al2011).dACC involvement has been noted in previous studies of fear
conditioning (Buchel et 811998 Phelpset al, 2004 Knight et al, 2004) but itsnvolvement
was nothighlighted However, dACC activatio has been observed in response to both CS and
US (Dunsmoor et gl2008, Knight et al 2010).Also, it hasobserved that when the participants
anticipate the shock occurrence, dACC was also activated (Linnman 201d). These
evidencesupport the ra@ of dACC in the expression of conditioned fear in humawenif it
is not deeply studiedRegarding other parts of the PRfghaviouraktudies found no evidence
for their involvement in feaconditioning There areonly few evidencesabout Esionsin rats
in the dorsal medial PEGhatenhance fearesponses during acquisition but rdinction
(Morgan and LeDoux, 1995) or mice (Vouimba et al., 2000).

Consistentto evidence ofvmPFC functional alteration it has reported thaPTSD
patientshadnormalability to acquire fear conditioningnd extinction, buthe abilityto recall
extinction memory the following dawere alteredGarfinkel et al., 201¢ In particular this

deficit in extinction recall was associated with hypoactivation in the #@Pand
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hyperactivation in the dACC (Milad et al 200%imilar observations have besported in
schizophrenic patients, in which vmPFC has been fdumctional impaireqHolt et al 2009.
Takentogetherthis evidencesuggestghat alterationin fear corditioning circuits mightbe
transversahcrosgnanypsychiatricdisorderan humanginsel et al 201D

Although classicastudies and interpretation agreed on the crucial role of amygdala
orderto acquire fear conditioninggmerging evidence suggests that vmPFC may be also
involved in the process underlie the acquisitiear. For exampleit has been reported that
vmPFC activity is initially suppressed by CS+ versus -C&uring the acquisition of
conditioning; such functional suppressiaradually diminish over thecourse of extinction
learninguntil there is no functional difference in response to both sti(8chiller & al., 2008
Schiller and Delgado, 2010Ylore recently Fullana and collegue2Q16;2018) reported in a
reported intwo metaanalysis stuigs of neuroimagingn humans including a total of more
than 1300 participantsvidence about the involvement afrfhan vmPFC during the acquisition
as well as the extinctiorn fact, lesults showed that it was not possible to separadethus
identify specific brainnetwork from acquisition ofconditioning as compared to extinction
(Figure 1). Moreoveresultshighlighted a prominent involvement of prefrontal coneare

than it emergeBom individual studies. It follows that, the Pla@d amygdala are both involved

during acquisitiorandextinction

Figure 1. Neural correlates of fear conditioningrses extinction learning estimated by meta
analysis (Fullana et al., 2018). Ressh®wed that it was not possible to separate specific brain

activity from conditioning as compared to extinction
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Some explanation has been argued about this resultsydnadsgxplainthat extinctionwould
bea form of implicitmotiora Ire@ulation és reported bgchiller and Delgado, 20),0vhile
during acquisitionengages prefrontadorticalr e gi ons | i nked with more
forms of emotion regulatiofDelgado et al., 2008 ullana et al., 2016 Also, behavioural
studies suggest that cognitivegulatory factors may be more involved in human fear extinction
learning than conditioningLfvibond, 2004).0ther interpretation may be ground iarker
fMRI studies of fear conditioning (Milad et al., 2007; Schiller et al., 2008yhich authors
have reported that vmPFC deactivatiopessibleto represent processing of the-@GS a non
threatcug highlighting the inhibition of fear. Comparable iddws/e also been supported in
fear extinction studiessing contextin which there are many evidences to suggest that vmPFC
activity may be involved in the distinction between +tbreatening and threateningntextual
cuesafter conditioning. Although thprecise role of vmPFC processing may vary across fear
learning paradigm, one idea is that the distinction betweena@® CS+ trigger a common
neural substrate for the representation of reward value, in whicra€8ompared to CS+, has
an intrinsic pogive reward value (Schiller et al., 2010).

In conclusion, ecently Dunsmoor and collegues (2019) repoggdinthat vmPFC
appears more active during the presentation oft@&h CS+ &sFullana et al., 2016eeFig.
2), suggesting@gainits possible ra in discriminating safety from thre&t. conclusionactivity
hasalsoshown in the dmPFC, suggesting its possible role in the conscious appraisal of threat

(Mechias et al., 2010
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Figure 2. Significant brain functional deactivationtotheG8¢r sus CS 1 det er mi
analysis(Fullana et al., 2016)Results are displayed on the Montreal Neurological Institute
Abbreviations: AG, angular gyrus; aPFterior prefrontal cortex; Hipp, hippocampus; IOFC,
lateral orbitofrontal cortex; PCCppterior cingulate cortex; PH, parahippocampal formation;

SI, primary somatosensory cortex.
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PSYCOPHYSIOLOGICAL MEASUREMENT S

Human emotionsire generallystudied on differentesponse levelsubjectiveverbal reports
aboutfearexperiencd, behavioural, and physiologidalelas well as neurobiological changes
(e.g. Bradley& Lang, 200QLonsdort et al., 2017). For ethical and methodological reasons, the
conditioned fear- responses acquired in human are rarely strong enough to bktiagioural
response such as flight (Low et al., 2015).

Psychophysiological indices are the most commonly applied in human researches. They
have the distinct advantage of not being biased by the participant itself and usually providing a
direct compariso to animal research. The most commonly used physiological indices in human
fear conditioning are Skin Conductance Responses (SCRs), Fear Potentiated Startle (FPS)
reflex, Heart Rate (HR) and Pupillary Response (PS). However, such techniques needed
methoddogical considerations before to be employed and should be specifically tailored to
each fear conditioning research.

The most important (Steckle, 1933; Switzler, 1934) and still most employed
psychophysiological index of conditioned fear responses igldatrodermal activity (EDA;
Dawson et al., 2007). EDA may be measured as skin conductance response (SCR) or as skin
conductance level (SCL). It is important to differentiate that, SCR refers to a phasic response
to a stimulus, that can be computed agiifference between a pstimulus and the peak pest
stimulus. On the other hand, SCL refers to the average levels during a specific time period and
it is not related to a specific stimulus (Lykken and Venables, 1971). In fear conditioning
research, CS+ osselicits a stronger SCR (i.e. larger responses) as compared to-thEh€S
application of SCL is mainly applied in context conditioning, where a larger level of
electrodermal activity may be observed for the acquisition context (A) than for the extincti
context (B; Lonsdorf et al., 2017). SCR are slow respotisggeach their peak 0.5 s later

the stimulus onsef hus,experimentablesignneeds to allow for acceptaltlemporal spacing
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(between experimental stimut) allow a return to its baselindus avoiding the superimposed
of stimuli. Indeed, a fast sequence of stimuli leads to superimposed SCR which suffer from
distorted amplitudes and temporal characteristics (Boucsein et al., 2012).
The fear potentiated startle response is a defensiveseg|of reflexes elicited by the occurring
of a sensory eventHintet al., 198). In humans, the most reliable component of the startle
reflex is the startle eyeblink response (Blumenthal et al.,2005), usually assessed by the use of
electromyography (EMG)ver the orbicularis oculi muscle (Lonsdorf et al., 2017). The startle
reflex is a probed response which is typica
white noise with an instantaneous ftsee administered binaurally (Lissek et al., 238D
However, the use of fear potentiated startle can be problematic and leading to methodological
problem difficult to disentangle. In particular, the physical properties of the auditory startle
probe, such as intensity, time, and bandwidth affect baitlestamplitude and startle
probability. Other issues could be that, the probing is in every trial, for both CS+ amthdCS
this could affect participantdés | earning (Pa

The human pupillary response has also been described aslsleregheasure for
conditioning (Bitsios et al., 2004; Reinhard et al.,2006) and can be assessedrhglegg or
pupillometry. Pupillary responses can be quantified in terms of pupil dilation to a mean baseline
pre-stimulus. In contrast to slow SCRs, thépillary response is fast and reflects a measure of
psychological index both sympathetic and parasympathetic (Granholm and Steinhauer, 2004).
Pupil response is really fast after stimulus onseti(@.4s Beatty andLucerdVagoner, 2000)
and it should beemployed in paradigms with short stimulus presentation and/or fast inter
interval stimulus (Lonsdorf et al., 2017).

Heart Rate (HR) as a measure of human fear conditioning has been employed in
different recent studies (Lonsdoft et al., 2017). It is widadyeed that HR response to

conditioned fear involves both deceleration and acceleration (Castegnetti et al., 2015). HR
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decelerationseflects conditioned fear respongeesumably indicatingn orientingresponse

to the CS presentation. The subsequent Bi¢teleration reflecta defensiveesponsédo the

US predicted by the CSaind, thus, reflecting fedgarning (Hamm et al., 1993). Taken together,
conditioned HR changes seem to reflect the stage of learning during CS processing (Lang et al.,
1997). Compaed to the past where HR has been extensively used$essment of autonomic

tone its use for investigating differences in emotional learning is relatively new. Recent studies
have shown how HR may represents a useful tool to study fear conditioningt @liy2013;
Pappens, et al., 2014; Castegnetti et al., 2015; Tzovara et al., 2018). Indeed, low Heart Rate
Variability (HRV) has been associated with elevated contextual anxiety (Sevenster et al., 2015),
higher levels of HRV at rest were associated Wétier extinction (Wendt et al., 2015; Pappens

et al., 2014). Such studies suggest that HRV at rest may reflect the capacity of tlevdiigh
cognitive function to inhibit subcortical fear responses in the presence of safety or when former
threat cues angresented in the absence of threat. Also, higher HR¥sSeciated with a general

ability to flexibly adapt to environmental demands (Lyonfiedtlal, 1995; Thayer et al., 2012

as well as specifically with more successful inhibition in the preseneenofional stimuli
(Krypotoset al, 201]). Importantly, it has been shown that persons with low resting HRV have

difficulty in adjusting their response to safety signals in a context where threat stimuli might

occur (Melziget al 2009;Parket al,2 0 1 3 ; Ruet &, 200&Ruiaz Padi al & T

2014.
The use obuchdifferent andout complementary methodologies to study physiological
responses of fear conditioning might serve as markers for maladaptive fear learning and

contribute to the iddification of individuals prone to the development of psychiatric disorder
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THESIS OUTLINE

The aim of this thesis is to describe recent developments in understanding the neurobiological
basis ofhumanfear conditioningboth in healthy and braindamagd individuals In the
subsequent chaptettse studies that | accomplished during my Rl be reported irdetail
In the subsequent paragraphs, the conducted stwiidse briefly reported highlighting the
experimental hypothesis and the most relevantitses

Thestudyl aimed toexamine the influence of normal aging on contgspendent recall
of extinction tofear conditioned stimuludHealthy young and old adujtfor a total of 48
subjectswere tested in a mulphase study over two day®&/e used a -2lay differential threat
conditioning and extinction procedure to determine whether young and older adults differed in
the contextual recall of conditioned responsesth@riirst day conditioned stimuli were paired
with an aversive electric shk in a contexdangerand then extinguished in a different context
(safe) Onthe second dayhe extinguished stimiulverepresented towvestigate botlextinction
recall (n safe context), andontextual fearenewal (n danger context)Results shoed that
young participants were able to use contextual informatioadtptively guide theirfear
responses whereas older participants showed impaired modulation of the responses by
contextual information

The study 2 aimedo determinethe causal role othe PFC in the acquisition déar
conditioning by systematically test the effect cfedectivelesionof thevmPFC In this study,
participantsweredivided into three group 10 patients with a lesion to the vmPF) brain
damaged control patients Wit lesion that did not involve the PFC or medial tempoiz
and 10healthy control adults with no brain lesidResults suggeghat healthy controls and
braindamaged contrgdatients had successful acquisition and extinction of threat conditioning.
On the contrary, vmPFC patients were impaired in the acquisitioneafaiditioning.It is

important to highlight that vmPFC patients were comparabi&JS&wareness as the other two
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groups.The results of the present study shed new light into theofopgefrontal cortex in
acquisition of fear conditioning in humans. Unlike studies in animals and previous, anecdotal
repats, the present results suggest raPFC is a crucial brain structure for fear conditioning
in humans. Thus, damage \mPFC in hunans would impair the ability to shape defensive
anticipatory responses to tfear conditioned stimuludut spare the ability to learn explicit
contingencies regarding the conditioning.

The study &aimed tadisruptthe reconsolidation process of acquiredrfmemory using
a noninvasivebrain stimulatiorprotocol(i.e. TMS) The modification of emotional memories
has been classically attempted with pharmacologichéhaviouraproceduresHowever, both
approaches present limitations in terms of applidggéind effectivenessr humansTo this
end,70participants underwent a muliession paradigm in three experimental days: on the first
day participants acquire fear conditioning, on the second day participants reactivate the
previously acquired fear meny and afterwards TMS was applied, and finally on the third day,
participants recalled the fear memory, both before and after a reinstateroestiure In
particular,the experimental manipulationterfered with thenemoryreconsolidation process
by appying repetitive TMSprotocolover the right and left PFC or in other control cortical sites
immediately after thenemoryreactivation in the second day. Results showed that interfering
with activity in both left and right PFC prevents the recall of the, i@ contrast tothercontrol
groups. These results suggest that-imwasive stimulation of the PFC following memory
reactivation may attenuate the expression of fear to a previoaustjtionedstimulus and argue
in favourof a critical role of the PE in the neural network th& underliethe reconsolidation
in humans

The study 4, a theoreticalethodological study on physiological measures have been
carried out in the same framework of the previous studies. Here, it has been investigated

whether he parasympathetiocvagal- modulation of heart rate might reflect the anticipation of
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fearful as compared to safe outcomes during classical fear conditioning paradigm. To this aim,
despite old and outdated analysis, it has proposed a new methodologgotte cheart rate
modulations.In particular,the presence of nestationary mechanisms (i.gansitory vagal
responses) were assessed with a ditod Fourieranalysis an@pplied to heart rate variability
recorded throughout the tatgkcatch specificamponent oheart rateKIR) that could be reflect
conditioning It has beehypothesized a different pattern of M&riability for CS+as compared
to CS when participants (n = 50) anticipatéiae fearful outcome administratioResults
showed asignificant cluster of power contribution from 0.450.30 Hz (i.e., higtirequency
band, larger for the CS+ than the €3eflecting the vagal contribution and occurring at the
time in which participants expected to receive the shock administratiese results indicate
that the presentation of CS+ elicits a strong and selective vagal response compared to CS
sustaining bradycardia during the acquisition ph@kas, it implies that fear conditioning has
occurred, revealing a specificomarkerof cadiac autonomic modulation in humans.

Evidence reported in this PhD thesis might provide key insights and deeper
understanding of critical issues concerning both theoretical and methodological aspects

underling the acquisition, the extinction and the reconsolidation of fear memories in humans.
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STUDY 1.

CONTEXT -DEPENDENT EXTINCTION OF THREAT MEMORIES:

INFLUENCES OF HEALTHY AGING
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ABSTRACT

Although a substantial progress has been madecent years on understanding the processes
mediating extinction of learned threat, little is known about the codiExéndent extinction

of threat memories in elderly individuals. We useddag differential threat conditioning and
extinction proceduréo determine whether young and older adults differed in the contextual
recall of conditioned responses after extinction. On Day 1, conditioned stimuli were paired with
an aversive electric shock in a O0dasegéed co
context. On Day 2, the extinguished stimulus was presented to assess extinction recall (safe
context), and threat renewal (danger context). Physiological and verbal report measures of
threat conditioning were collected throughout the experiment.c8kiductance response (SCR

data revealed no significant differences between age groups during acquisition and extinction
of threat conditioning on Day 1. On Day 2, however, older adults showed impaired recall of
extinction memory, with increased SCRtoth& t i ngui shed sti mulus i n
reduced ability to process context properly. In addition, there were no age group differences in
fear ratings and contingency awareness, thus revealing that aging selectively impairs extinction
memories asndexed by autonomic responses. These results reveal that aging affects the
capacity to use context to modulate learned responses to threat, possibly due to changes in brain

structures that enable contaldpendent behaviour and are preferentially vulderdhring

aging.

39



INTRODUCTION

Extinction of threat memories is a phenomenon that allows animals and humans to adapt their
behaviour to a changing environment. During extinction, repeated presentation of the
conditioned stimulus (CS) alone after Pavlovian or classical, threat conadifiqdS
unconditional stimulus (US) pairings) causes attenuatiode®énsive responsegPavlov,
1927;see for recent revieunsmootet al.,2015. Several key studies (Bouton, 1993; Bouton,
2004) indicate that extinction does not involve permanent ergse:, unlearning) of the
original associative (i.e., G8S) memory. Instead, there is converging evidence from animal
(Quirk, 2002; Rescorla, 2008enn et al., 2014Chhatwal, 2005) and human (Hobin et al.,
2003; Kalisch et al., 2006) studies thatetimechanisms supporting extinction entail new
learning (i.e., C$ho US) that competes, and temporarily interferes, with the expression of the
original conditioning trace. During this competition, contextual information appears to be a
critical regulatory &ctor in determining whether the original threat memory or the new
extinction memory should control defensive CS responses. For example, a renewal of
responding is observed (Bouton & King, 198Rpsas & Bouton, 1997; Boutol
Swartzentruber, 1986) when,taf extinction in a context (Context B) different from the
acquisition context (Context A), the CS is presented in the original acquisition context (Context
A). This AABA renewal effecto has been repeat
1979; Bouton & Ricker , 1994; Rauhut et al.,, 2001) and humans (Mineka et al., 1999;
Mystkowski et al., 2002), and suggests that extinction involves just one more form of learning
that is particularly contexdependent (for excellent comprehensive reviews @athaxtinction
and renewal, sdeunsmooret al.,2015 Vervlietet al., 2013; Maren et al., 2013).

It is widely agreed that aging is accompanied by a cognitive decline in laboratory
animals, as well as in humans (P&kschwarz, 2000; Buckner, 2004; Hedd&nGabrieli,

2004). Declines in the ability to process contextual information, and flexibly adapt behaviour
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to situational changes, may represent a fundamental mechanism -célaigd cognitive
alterations Braver et al. 2001). Furthermore considerableesearch in animals and humans
reveals that contextual regulation of extinction memory requires coordinated activity of regions
of prefrontal cortex, hippocampus, and amygdala (Maren, 2013). Of these, prefrontal cortex
and hippocampudependent behaviouase preferentially vulnerable during aging, suggesting
that impairments within these structures could underlie extinction deficits in advanced age
(Salami, 2014; Van de Vijver, 2014). Although a substantial progress has been made in recent
years on underanding the processes mediating extinction of learned threat (Dunsmoor, 2015;
Milad & Quirk, 2012) the impact of healthy aging on the contiefiendent extinction of threat
memories has been relatively unexplored.

Previous deficits in the extinction of epeafrom spatial water maze have been reported
in aged rats (Oliveira, 200Dereet al., 2005). However, these rats were also impaired at the
initial acquisition of spatial water maze, thereby confounding clear assessment of how aging
may specifically alteextinction. Recent studies have specifically demonstrated a decline of the
capacity to extinguish in aged rats (Kaczorowski, 2012; Oler & Mark@88), and mice
(Sanders2011) associated with difficulties in contextual regulation of extinction mernory
older animals. Interestingly, agelated extinction deficits occurred in the absence of
impairments in the initial acquisition and expression of defensive responses to threat stimuli,
thus indicating that older animals have a selective difficulty usorgextual information to
modulate the expression of stimultesponse contingenciggléren, 2013).

In humans, one prior study by LaBar and colleagLaBé4r, K. Set al.,2004)examined
the impact of aging on the acquisition and subsequent extincttbneatt conditioning using a
simple conditioning paradigm conducted within a single session. LaBar éaBlar(et al.,
2004) reported no ageelated reduction in threat conditioning and immediate extinction,

provided that awareness of theiCE contingacy and arousal, assessed by unconditioned
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responding, were taken into account. There is increasing evidence from the animal (Lebron,
2004; Milad & Quirk, 2002; Quirk, 2000; Rhodes & Killcross, 2004; Santini, 2004), and human
(Kalisch et al., 2006; Garfirgt et al., 2014; LaBar & Phelps, 2005) studies that wiigission
extinction (i.e., extinction conducted immediately after threat conditioning or-t&rort
extinction) and betweesession extinction recall (e.g., lotgrm extinction memory) involve
different mechanisms and neurobiological substrates. To date, however, no prior study has
directly examined ageelated differences in delayed recall of extinction memory, and the
contextual dependency of logrm extinction recall in young and older adults.

To test for contextlependent recall of extinction memory in aging, we useetiay?2
differential threat conditioning and extinction procedure, modified from that previously
described by Milad and colleagu&sgrfinkel et al.2014 Milad et al. 2005)see Fig. 1). This
protocol l ncorporates a tempor al del ay (24
probing of extinction and threat memories, thus providing a more ecological test -@&tong
extinction memories in young and older adults. Ory Da subjects received conditioning
followed by extinction, with pictures of common objects as CSs, and electric shock as the US.

To manipulate context, we presented visual CSs embedded within pictures of two
distinct rooms, such that, on Day 1, threatussitjon and extinction training were performed
in contexts A and B, respectively. On Day 2, participants were presented with two additional
phases: extinction recall, and threat renewal, in context B (extinction context) and context A
(conditioning contety, respectively. No US was delivered on Day 2. Physiological (skin
conductance) and verbal report measures of threat conditioning were collected throughout the

experiment.
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Day 1 Day 2

Threat Acquisition Extinction Extinction Recall Threat Renewal

Figure 1. Stimuli and experimental designThreat acquisition and extinction were established

on the first day (Day 1). Participants were threat conditioned in the danger context, in which
the conditioned stimulus (CS+) was associated with a shock pulse on 60% of trials, while the
CSi1 wa s ciatenl twitharsy €amsequence. Extinction followed this phase, during which
both CSs were presented within the safe context and none of them was associated with the
shock pulse. Extinction recall and threat renewal were administered on the second day (Day 2)
The recall of extinction was tested presenting the conditioned stimuli (CSs) within the safe
context (in which extinction occurred on the first day). Subsequently, renewal of threat was
tested presenting CSs within the danger context (in which the #asatiation was learned on

the first day). On the second day, all CSs were presented in absence of the shock pulse.

Consistent with prior aging studies in humans andmanan mammals (Kaczorowski, 2012;

Oler & Markus, 1998; Sanders, 2011), we hypstbed no significant age group differences
during acquisition and extinction of threat conditioning on Day 1. However, we expected that,
compared to young adults, older adults would show a selective deficit in contextual processing
of extinction memory oay 2. The results of the present study should thus yield insights into
ageassociated changes in the extinction of threat memories and the mechanisms that enable

contextdependent behaviour.
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METHODS

Participants. A total of 48 righthanded healthy adsl participated in the study. Participants
were divided into two age groups: twetibur young adults (12 female; mean age24.79
years, SD=3.59 years; age range:!&D years; mean education 14.45 years, SD=, 2.32
years), and twentfour older adult12 female; mean age, 66.12 years, SD= 7.60; age
range: 6070 years; mean education 13.33 years, SD=, 2.41 years). The young group was

composed of Bologna University students recruited through campus advertisements, whereas
the old group was recruited through a referral from the Center for Studies and Research in
Cognitive Neuroscience of Bologna Univeysiwhere the study was conducted, or other
referral sources. Prior to participation, subjects were screened to ensure that they had no history
of neurological, psychiatric, or cardiovascular conditions. None of the participants were taking
any medication féecting the central nervous system regularly. All participants had normal or

correctedto-normal vision. The two groups were matched for level of education (t(F23)
1.453; p=,0.159). It is widely known that anxiety and depression may affect SCR sicalhs

conditioning42. To account for such variability, levels of anxiety and depression were measured
by means of the StafErait Anxiety Inventory(Spielbergeret al., 1983) and the Hospital
Anxiety and Depression Scal@igmond et al., 1983) The two goups did not show any

significant difference in terms of anxiety (young group meaB9.14, SD= 5.32 years; old
group mean=, 36.83 years, SD=, 5.83 years; t(1,23F, 1.386; p=,0.179), and depression
(young group mears, 4.68, SD=, 1.89 years; old group mea=, 5.37 years, SD=, 2.97
years; t(1,23)=, d 0.939; p=, 0.357).The study was conducted in accordance with the ethical

principles of the World Medical Association Declaration of Helsinki and was approved by the

Ethics Committee of the Department of Psychology of the University of Bologna. All
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participants gave informedritten consent to participation after being informed about the

procedure of the study.

Neuropsychological assessmenYoung and older adults were given a series of standardized
neuropsychological tests. The primary objective in performing these test®wale out the

possibility that any older adult participants included in our sample were affected by age
associated cognitive deficits, rather than to assess differences between young and old groups.
The battery included tests of abstract reasoning dRa&rogressive Matrice$Spinnler &

Tognonj 1987, verbal shorterm and longerm memory (Verbal Span with disyllabic words,

and Prose RecalSpinnler, & Tognoni1987), selective attention (Attentional Matrices Test

Spinnler & Tognoni 1987, and exeet i ve functi on (SpenlegHG&s Sort
Tognoni, G, 1987). Normative scores derived from a nationally representative sample of adults
are available for each test. For all tests,
scores4padjusted for age and years of education. Equivalent scorepeiatscale, ranging

from O to 4, with O = pathologi c®l =perofrorare
performance. The neuropsychological testing session was held one or two fiagstle
experimental session, and only participants who were within normal ranges were asked to
participate in the experimentable 1shows the means, standard deviations of the equivalent

score on each test for young and older participants in the study.

Equivalent Scores

Test Young old t(23) p
Raven Progressive Matrices 3.91 (+0.28) 3.79 (x0.58) 0.9 0.376
Verbal Span 3.12 (+0.94)  2.66 (+0.46) 1.141 0.265
Prose Recall 3.83 (x0.38) 3.70 (+0.46) 1.269 0.216
Attentional Matrices Test 3.33(x0.70) 3.58(x0.65) 1 1. 2 0.207

Wei gl 6s Sortin 3.75(x0.67) 3.45 (x0.77) 1.231 0.231
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Table 1. Means, standard deviations (in brackets) and statistical comparitast) (between

old and young participants of the equivalent scores on eacH lesbattery included tests of
abstract reasoning (Raven Progressive Matrices), verbakttshortand longerm memory
(Verbal Span, and Prose Recall), selective visual attention (Attentional Matrices Test), and
executive functi on (sigreficagtidifesenc&owere found belveen t ) .

young and older participants.

Materials. The experiment was implemented in MatR®016 (The MathWorks, Inc., Natick,
Massachusetts, United States) software, and ran on a Wisithses PC (Lenovo ThinkCentre
Desktop Computer). Stimuli were created with Blender (Blender Foundation, Amsterdam,
Netherlands) and Cinema 4D R17 software (MAX Computer GmbH, Friedrichsdorf,

Germany), and were presented on a computer screen (screen size: 43 inches; resolution: 1920
X, 1080; refresh rate: 6B1z). Context scenes consisted of images of 2 different indoor scenes

(i.e., ayellowblue room,andagyr ed room), representing the a
and the extinction (6safed) cont ext of t hr
participants in each age group, the acquisition context and the extinction context were the
yellow-blue oom and the greyed room, respectively. Context assignment was reversed for

the other half so as to counterbalance across subjects which environment was associated with a
shock. Conditioned stimuli (CSs) were images of two everyday common objects, anplant

lamp, embedded within the context scer@arfinkel, S. N. et al.2014; Milad, M. R. et al,
2005).For half of the participants in each grou
were the plant and the lamp, respectively, and vice versa for the other half. Neutral, rather than
intrinsically emotional (i.e., spiders, snakes, or angry facas)lstvere used as CSs, because
conditioned responses to very salient CSs can be confounded by the ceiling effects of the
respective outcome measures.

A mildly aversive electrdactile stimulation served as unconditioned stimulus (US). The shock

pulse vas generated by a Digitimer Stimulator (Model DS7, Digitimer Ltd., UK) and delivered
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to the participantsdé |l eft inner wrist for 20
i ndividually by assessing the gndardtwork uppant 0 s
procedure prior to threat acquisition. It wa

participants reported it as a fAhighly annoyi

SCR Recording The skin conductance response (SCR) was recondigdtwo Ag/AgCI

electrodes (TSD203Model; Biopac Systems, USA), filled with isotonic hyposaturated
conductant and attached to the distal phalan
left hand. A DC amplifier (Biopac EDA100C) was used whileording the SCR. A gain factor

was 5 €S/ Vpangd ftihlet ¢ owwas set at 10 Hz. The .
a Biopac MPL50 di gi t al converter at a 200 Hz r
AcgKnowledge 3.9 (BIOPAC Systems, Inc., GojJ&talifornia) and converted to microsiemens

for offline analysis.

Procedure The study was performed at the Center for Studies and Research in Cognitive
Neuroscience of the University of Bologna, in Cesena, Italy. Participants were tested
individually. They were comfortably seated in a silent and dimly lit room, and their position

was centered relative to the computer screen
recording, and for shock pulse administration were attached to the participantCRheaS

recorded continuously while participants completed the task and data were stored for offline
analysis. Participants were asked to remain as quiet and still as possible during the task and to
keep their attention at the center of the screen. Aftefyirgy that SCR was being properly

recorded, the intensity of the shock pulse to be used as US was adjusted for each participant as
described above. Finally, participants were informed that they had no effect on shock

administration.
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The experiment condied in a modified version of a classical differential threat conditioning
and extinction procedur&grfinkelet al, 2014; Milad et al, 2005 Milad et al, 2009)(see Fig.
1). During the experiment, each trial consisted in the presentation of acantext® f or 1
foll owed by one of the two CSs presented wit
context scene still visible for 1 more second. The intertrial interval (ITI) was a white fixation
cross on a black background, with a variableluraon r anging from 11 to
the ISI was chosen to avoid complete masking of conditioned SCRs by preceding unconditioned
SCRs to the shock. The experimental protocol was administered over two separate days.

On Day 1, three different phasegre presented: habituation, threat acquisition and
threat extinction. At the beginning of the session, participants were informed that different
images would be presented on the screen, and the task of the participant would be to carefully
observe the inges, as some of them might be paired with the electrical stimulation. The
habituation phase included 4 trials, i n whioc
random order either within the O6danageaofd6 cont
any baseline differences within and between age groups in response to the CSs. Few habituation
trials were used to avoid retardation of learning due to nonreinforced exposure to CS+ (the
latent inhibition effecfLubow,1973. The threat acquisitiophase consisted of 20 CS+ and 20
CSi1 trials, all pr esent e éluewvoom brigreyed réom). @nd ang e r
CS (plant or lamp) was associated with the administration of a shock pulse, resulting in the
conditioned stimulus (CS+), whildhe¢ other CS was never paired with any consequence,

resulting in the ne+ytrasathe US tshockimlasuagminister8sd6p% | n
of times (12 out of 20 trials), 3.8 after the CS+ onset, andt@minated with the CS+. In CS

trials, the USwas never administered. The trials were psewasolomly presented to
participants such that no more of three identical CSs occurred in a row. During the extinction

phase, which foll owed i mmediately, thé CSs w
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In this phase, participants learned that the CS+ was no longer followed by the US. Both CS+
and CS1T stimuli were presented 20 times wit!l
and ITI were as in the acquisition phase.

On Day 2, (24hr after he extinction phase), two additional phases were presented:

extinction recall, and threat renewal, during which the ability to selectively retrieve extinction
memory as a function of context (safe vs. dangerous) was tested. Participants were told that the
procedure for this second part of the experiment would be the same as on the previous day.
During extinction recall, 10 CS+ (without th
context, where extinction learning previously occurred. During thegatval, 10 CS+ (without

the US) and 10 CSi were presented within t|
conditioning was learned. Stimulus and ITI timings were identical on Days 1 and 2.

To assess the acquisition of a conditioned response taSC&swas measured during all the
experimental phases, and the responses related to CS+ were contrasted against those related to
CSi1 . It has to be noted that shocks were del

and never delivered in all othphases of the experiment.

SCR data analysisSCR data were offline analyzed using custmiade MATLAB scripts, and

all statistical analyses were performed with STATISTICA (Dell Software, released September
2015, StatSoft STATISTICA for Windows, versiob3.0, Round Rock, Texas, USA).
Assumption of normal distribution of data was verified. MbdEsign analyses of variance
(ANOVASs) were used to investigate differences within and between age group$oPost
analyses were conducted with Newnitéeulstesta d t he signi ficance thr
Data were extracted from the continuous signal and calculated for each trial as tee ek
amplitude of the | argest deflection during t

minimum responseriterion was 0.02, and smaller responses were encoded as zero. SCR
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following the US was analyzed to assess unconditioned responding, whereas SCR following
the CS was analyzed to assess conditioned learning. Regarding SCR to the US, stimulus onset
was repesented by the time of shock administration; regarding SCR to CS, stimulus onset
referred to the time of CS appearance.

Raw SCR scores were squaioet transformed to normalize the data distribution and
scaled to each p aroottiarcssbripea S résponse.ct@accountidgfar imtere
individual variability Schiller, et al.,2008).To reduce interindividual variability, raw scores
were range corrected by dividing each indivi
US (Lykken, 1972) This procedure can reduce error variance, thus increasing statistical power
when comparing gups of participants. In this way, conditioned responses can be directly
compared across groups without confounding baseline differences in skin conductance levels
(LaBar et al., 2004)Because after range correction the resulting distribution was positive
skewed, these data were then squaot transformed prior to statistical analysggl(lle,et al.,

1988). Regarding the response to the US, mean SCRs to the 12 shocks were analyzed.
Concerning the response to the &B5d MSICRt adttar i
of each phase (threat acquisition and threat extinction on Day 1; extinction recall and threat
renewal on Day 2), as learning typically varies across time within each learning@hd3ay

1, to assess conditioned responses ¢0GB separated from unconditioned responses to the
shocks themselves, only nosinforced CS trials were analyzed. Learnietpated changes

were hypothesized to be found in the 61 ate a

previously Garfinkel et al, 2014 Milad et al, 2005).
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RESULTS

US intensity and unconditioned responding Oneway ANOVAs were used to evaluate
differences in US intensity and mean SCR to the US. Results showed no difference in the

i ntensity of shoOR, ppl sebf. (2F8)1, Bé) weefl. you

SD = 2.21 mA) and ol der (mean = 7.56 mA, SD
bet ween young (mean = 1.02 ¢S, SD = 0.16) ar
found in the mean SCRinresponsee US (F(1,46) = 0.781, p = 0

the intensity of the electrical stimulation received by participants, the subjective quality of
perception (Ahighly annoying, but not painfu

arousability) did not differ significantly between age groups.

Habituation (Day 1). To analyze habituation, a ® 2 repeated measure ANOVA was
performed on SCR, with Group (young/old) as a betwsadiject factor, and Stimulus
(CS+/CS), as a withirsubjectfactor. Analysis showed no significant main effect of Group
(F(1,46) =, 0.23, p=0.632, partialn2 = 0.02), Stimulus (F(1, 46¥, 0.304, p= 0.58,
partialn2, = 0.01), or Group by Stimulus interaction (F(1, 46)1.22, p =, 0.277, partiah2
,=,0.01), thusrevealing that at baseline there were neither within group nor between group

di fferences in orienting responses to the CS

Threat acquisition and extinction (Day 1) To analyze SCR data recorded in Day 1, & 2
2, X 2 repeated measure ANOVA witBroup (young/old) as a betweenbject factor, and

Stimulus (CS+/ CSi1 ), anslbjeBtfacaskvas(caraed dutyséparatdlye ) a

for each phase (threat acquisition and extinction; see Fig. 2).
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Young Participants

Day 1 Day 2 con
0,7 —s-
0,6
g 0,5
o
o
0,4
0,3
0,2
Early Late Early Late Early Late Early Late
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Figure 2. Skin conductance responsesraphs illustrate mean skin conductance responses

( SCRs) to the conditioned (CS+) and neutral
young (A) and older (B) participants on Day 1 (threat acquisition and extinction phase) and
Day 2 (extinction recalind threat renewal phase). Data demonstrate no effect of aging on threat
acquisition and extinction on Day 1. In contrast, only older participants failed to recall the
previous extinction in the safe context on Day 2, while young participants speciidajtyed

their conditioned responses according to the context. Error bars represent standard error.
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During threat acquisition, results showed

p < 0.001, d2 = 0.58), ref(lyaoungqggrsdaumnmgeanr
SD = 0.17 ¢S, ol d group mean = 0.59 €8S, SD
mean = 0.43 ¢85, SD = 0.14 ¢S, ol d group mean
Bl ock (F(1,46) = 17. 4loréflecteghigher BCRODera)l dugnglate 0 . 2

than early acquisition block. This result implies that that differential threat learning to the CS+

took place overall during the acquisition phase. Importantly, the analysis revealed neither a
significant main #ect of Group, nor interaction of Group with Stimulus or Block (all

ps > 0.23), thereby suggesting that conditio
older participants.

During extinction, analysis revealed a significant Stimulus by Blodkraction
(F(1,46) = 7.17, p = 0.010, d2 = 0.13), but
factor Gr oup (-hoc Bnalyses shkrowed .th@t8articipaf® Isadl significantly
stronger responses t o CS+ onh(&$%t+: youmg gto8p dur
mean = 0.36 ¢S, SD = 0.22 ¢8S; old group mea
mean = 0.33 ¢85, SD = 0.18 ¢8S; ol d group mean

bet ween CS+ (young group neagr egu P . 2nk a:nS = &

0]
O
I

0.17 ¢€S) and CSi (young group mean = 0.

SD = 0.14 ¢€S) disappeared for both groups du
Thus, overall results showed equivalent responding of the two experingentgs

across all three phases (i.e., habituation, threat acquisition, and extinction) of Day 1, prior to

the extinction recall and threat renewal manipulations of Day 2.
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Extinction recall and threat renewal (Day 2) To analyze SCR data collected inyd3 a 2
X2 X 2 repeated measure ANOVA with Group (young/old) as a betselject factor, and

Stimul us (Cs+/ Cs1) , a n d -suBdctofactors, (wasacartieg /olita t e )

separately for each phase (extinction recall and threat renewal; seg Fig. 2

During extinction recall, analysis showed
p = 0.001, d2 = 0.22), whi ch reflects el ev
mean = 0.44 €S, SD = 0.24 e¢S;reldtpgveupom€Sn
group mean = 0.41 ¢S, SD = 0.22 ¢S, old gro
ef fect of Bl ock (F(1,46) = 14.368, p = 0.00

conditioned SCRs during the extinction recall phaseath groups. Crucially, the analysis
reveal ed a significant Group by Stimulus 1in
Follow-up NewmarKeuls tests showed different pattern of SCRs between groups.

Specifically, no difference in SCR was foundrithg extinction recall in the young group

(p = 0.27) . I n the old group, however, t he !
CS1 (p < 0.001), demonstrating a return of
Other comparisonswerenotstadt i cal ly significant (ps > 0.3

influence of depression and anxiety on extinction recall, we repeated the significant Group X
Stimulus x Block analysis using ANCOVA with levels of depression and anxiety as additional
covaiates. The Group by Stimulus interaction remained statistically significant even after
controlling for depression (F(1,45) = 3.981,
p = 0.03, dq2 = 0.096) . Thus, ohextinctign memaosy, a S S 0 C
both in the early and late portion of the phase.

During threat renewal, an ANOVA showed a significant main effect of Stimulus
(F(1,46) = 38.551, p < 0.001, d2 = 0.456), i

CS+ (younggr oup mean = 0.53 ¢85, SD = 0.29 ¢85, ol

54



t han t o CSi (young group mean = 0.40 ¢S,
SD = 0.18 €€S), in both groups. A main effect

and a Group by Block interaction (F(1, 46)

This result reflected reduced SCRs overall during late than during early threat renewal in young

(p < 0.001), but not i n ol eramsign(figant mainkeife2tdf7 ) , a

Group nor interaction of Group with Stimulus

showed differential SCR to CS+ compared to C
To directly assess contedependent modulation of extinctionemory in young and

ol der participants, the differential threat

to CST from the SCR to CS+, both during ear

Extinction recall analysis focused on the firstblack t ri al s (6early extin

to avoid confounding extinction memory with new extinction learning taking place during the

extinction recall phase itselMflad et al, 2007) For the same reason and to be consistent,

threat renewal alsofc used on the first block of trials

with Group (young/old) as a betwesubject factor, and Phase (extinction recall/threat

renewal) aswithrs ubj ect factors, showed a main effec
d2 = 0.47) and, more <critically, a Phase by
d2 = 0. 1-tp)NewmdrKéuls tests revealed that the young adults showed normal

contexts ensi tivity during extinct i ontherestoctoh | |, Wi
(safe) compared with the acquisition (danger
not demonstrate a significant effect of conif
Group interaction r emai afterddjustinggfor ithe influanoetof ( p <
depression and anxiety levels as additional covariates, suggesting that impaired- context
dependent modulation of threat and extinction memories were mediated by aging, and not by

depression or anxiety. These resultg(B) suggest that on Day 2 young participants adapted
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their responses to threat based on the context in which the stimuli were presented. Differently,
older participants did not recall extinction memory, responding specifically to CS+ regardless

the conéxt in which it was presented.

— Young
0.25 - Older
0.2
n
¢}
h 015
1S
o
Q
vy
<
0.1
0.05

Extinction Recall Fear Renewal

Figure 3. pSCR (cal cul ated by subtracting SCR to
extinction recall and threat renewal (Day 2). While young participants adjusted their
psychophysiological response based on the cordikparticipants show a similar activation

regardless of the contextual information. Error bars represent standard error.

Subjective fear ratings and contingency awarenessA 2 X, 2 X 5 repeated measure
ANOVA with Group (young/old) as betweeubject fator, Stimulus (CS+/C&) and Phase

(habituation/acquisition/extinction/extinction recall/threat renewal) as wahinject factors,
was used to assess participants6é fear rating

(Fig. 4). A significant Stimalus by Phase interaction (F(1,184)40.439, p< 0.001,n2 =,

0.49) was found, indicating that sedport level of fear to CS+ and @ Xiffered depending
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on experimental phases. The Stimulus by Phase by Group interaction was not significant

(F(1,184)=,1.081, p=,0.367,n2,=,0.02), indicating that the old group did not differ from

the young group in the level of sedport fear to the conditioned stimuli during the
experimental phases. NewmHKeuls test for the significant interaction showed that, in the

habituation phase, seléport fear to CS+ (young group mean2.58, SD =, 0.92; old group
mean =, 2.66, SD= 1.27) and C8 (young group mearr, 2.87, SD=, 1.22; old group mean

.= 2.79, SD = 1.41) werenot significantly different (p=, 0.846). Instead, in the acquisition
phase, seifeport fear to the CS+ (young group mear6.87, SD =, 1.39; old group mearr
575,SD=1. 42) was significant higher=295a5D fear
.=, 1.17;0ld group mean=, 2.62, SD=, 1.46; p <, 0.001). During extinction, seteport fear

to the CS+ (young group mean 3, SD = 1.17; old group mear, 2.29, SD= 1.04) and CS

d (young group mearr, 3.33, SD=,1.30; old group mear, 2.87, SD=,1.19) were not
significantly different (p=, 0.967), as well as in the extinction recall phase (CS+, young group
mean =, 2.70, SD =, 1.26; old group mearr, 2.79, SD=0.93; C3l, young group mear,

2.12, SD=,1.19; old group mear, 2.45, SD=,0.88; p=,0.506). Finally, durig threat
renewal, selfeport fear to the CS+ (young group mearb.125, SD=0.99; old group mean
~=.4.41, SD=,1.61) was significant higher compared to thedC§&oung group mears,

3.04, SD=,0.90; old group mearr, 3.08, SD=1.24; p <, 0.001).Irrespective of the group,

all participants correctly associated the context scenes with the administration of the electrical
stimulation; moreover, 91% of young participants and 88% of older participants correctly
paired the CSs with the correspondingcootme (p = 0. 574) . Thus, b

participants were able to verbally express\ TS as well as contexdS, contingencies.
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Young Participants B cs+
DAY 1 DAY 2 B cs-

Subjective Fear Experienced

0 (—

Threat Acquisition Extinction Extinction Recall Threat Renewal

Older Participants

Subjective Fear Experienced

Threat Acquisition Extinction Extinction Recall Threat Renewal

Figure 4. Subjective fear ratings.Graphs illustrate the level of sekported fear to the
conditioned stimuli duringhe experimental phases in young (A) and older (B) participants.
Error bars represent standard error.

Neuropsychological assessmenEquivalent scores on each neuropsychological test were
compared between young and older participants in the study amghifacant differences were

found GeeTable 1).
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To further test the impact of neuropsychological variables, four separate stepwise regression
analysis (forward selection) were performed on each task phase (threat
acquisition/extinction/extinction  recall/threat renewal). The raw scores of all
neuropsychlmgical tests were used as regressors (namely, Raven Progressive Matrices, Verbal
Span, Prose Recall, Attentional Matrices Tes:¢
conditioned response (SCR) was used as a de
For the extinctionphase ( Day 1), the best model (F(1
reported a significant effect only of Weigl:¢
the extinction recall phase (Day 2)repotede bes:
a significant effect only of the Attentional

5). No significant effects were found for acquisition and threat renewal phases.

0.4 e Young
Older
0.3

0.2

0.1

ASCR (CS+- CS-)

-0.1

-0.3
40 45 50 55 60 65

Attentive Matrices Test

Figure 5. Impact of neuropsychological variablesRegressio analysis reported a significant
i nfluence of selective visual attenti on, as

measured during early extinction recall phase.
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Influences between acquisition and recall of threat and extinctionTo test fora possible
relation between the conditioned responses (
between threat acquisition (Day 1) and threat renewal (Day 2), and a correlation between
extinction (Day 1) and extinction recall (Day 2), werecaddted separately within each group.
Furthermore, to test for a possible relatiorl
each testing session, a correlation between threat acquisition and extinction (Day 1) and a
correlation between threat renevaadd extinction recall (Day 2), were calculated separately
within each group. Pear s o-taifed Boofermomcerdlectel p on  c o
value are reported.

Young participants showed a trend in the correlation between threat acquisition and

threat renewal, but this resulted rsignificant when Bonferrortorrected (r=, 0.40, p >, 1).
No significant correlations were found between extinction and extinction recalld(0.02, p
_>. 1), between threat acquisition and extinctior=(10.09, p >, 1), and between extinction

recall and threat renewal & 0.006, p>, 1) in this group.

Older participants showed a significant positive correlation between threat acquisition

and threat renewall (r = 0.48, p & béweén2 4) ,
extinction recall and threat renewal (r = 0.
bet ween extinction and extinction recall (r
extinction (r = 0.2, p = 0.32) in this group

Taken together, these results seem to indicate that similar processes may be involved in
the acquisition and renewal of a threat in older and, possibly, in young participants. This second
interpretation, however, has to be taken cautiously, as this trerglikeybut not significant
when applying a Bonferroni correction. However, extinction recall and threat renewal clearly

seem to involve similar processes in old, but not in young participants.
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DISCUSSION

Learning to disregard a stimulus that no longedjots an aversive outcome, i.e., extinction, is
critical for adaptive behaviour in a changing environment. Contextual information is
particularly important in regulating the expression of responses to threat after these responses
have been extinguishedBduton 1993). Declines in the ability to process contextual
information may represent a fundamental mechanism efegted cognitive changeBraver

et al, 2001) The present study was the first to examine the influence of normal aging on
contextdepenent recall of extinction of responses to threat. Healthy young and old adults were
tested in a multphase study over two daySdrfinkel et al. 2014 Milad et al, 2007).During

the first day, participants were threat conditioned to two visual stim8li{C and CST1 ) wi t
specific (danger) visual context, and then underwent threat extinction within a different (safe)
context. On the second day, the ability to selectively recall extinction memory within these two
different contexts (danger asdfe wasassessed.

Results showed that young participants were able to use contextual information to
flexibly guide their learned responses to threat (as expressed by SCR), whereas older
participants showed impaired modulation of the responsesbitextual information. More
specifically, on the first day, all participants were equally able to acquire and completely
extinguish a threat conditioned response (I
threat acquisition, and equal SCRtoC8+a CS1T during extinction).
participants showed a conted@pendent modulation of the autonomic responses, as higher
SCR to CS+, compared to CSi, was observed in
(Vansteenwegen et @2005) In stark contrast, older adults showed an impaired cogtegded
recal l of extinction, with higher SCR to CS

context (Fig. 2).
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These results are consistent with the presence of either a specifatiemtnecall deficit, or a

more general contextrocessing deficit. Our finding that differential responding to the CS+
versus the CST increased from the safe (exti
but not in the older participants stgiy suggests that aging is associated with a more general
loss of context sensitivity in memory expression (Fig. 3). Moreover, on Day 2, there was a
significant positive correlation between differential threat responses in the safe (extinction
recall) anddanger (threat renewal) context in the older, but not in the young, adult group. This
further suggests that aging is associated with loss of contextual control of extinction, causing
extinguished threat memories to inappropriately renew in any contertestingly, all
participants were equally able to learn and explicitly report the association between conditioned
stimuli, context scenes, and aversive US (i.e. contingency awareness), as well as rate how
fearful each stimulus was in each context (i.efecfratings), thus revealing that aging
specifically precludes recall of extinction memories as indexed by physiological responses
(Figure 4).

The present findings were not related to differences in global autonomic responsivity,
as unconditioned respses to the shock were the same across both groups. Likewise, results
were unlikely due to changes in trait anxiety, or depressive conditions, since we did not find
differences in these control variables between young and old participants. Regarding
neuropsychological performance, it is important to note that all participants performed within
the normal range compared with age and educaiijusted norms, and that the groups did not
differ on age and education adjusted scores (Table 1). Therefore, thamengan context
dependent extinction recall in older participants was not related 4@kged cognitive decline
(American Psychiatric Association, 1994).

Taken together, these findings indicate that older adults were less able to use contextual

information to recall extinction memory and modulate the expression of the defensive responses
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to threat in a contexdependent manner, despite their preserved ability to acquire and extinguish
a threat conditioned response.

Evidence of ageelatedchanges in threat conditioning from rRbuaman studies tend to
report normal acquisition of simple forms of threat learning, but deficits in more complex
aspects, such as acquisition and retention of contextual conditiddieg& Markus, 1998
Doyeéreet d., 2000; Houston& McNamara 1999; Stoehr & Wenk, 1995; Ohta et al., 2001).

In line with the present findings, during tone threat conditioning, old mice exhibit a deficit in
the use of context to modulate responses to threatening $aedefs2011).In particular,
compared to young mice, aged mice showed low levels of threat responses regardless of the
context, whereas young mice demonstrated cowtepéndent expression of renewal of
responsesSanders2011). Remarkably, both threat conditioning andmediate extinction

were similar in the two groups.

In humans, LaBar and colleaguesaBar et al., 2004) suggested an agelated
impairment in threat conditioning as secondary to pootUSSontingency awareness. More
specifically, they found an agelated impairment in the expression of both threat conditioned
responses and discriminative conditioning accounted for by a lack of awareness ofUse CS
contingencies. Although awareness is neither necessary nor sufficient for normal conditioning
learning (Lavibond, & Shanks, 2002; Bellebaum & Daum, 2004), it may play an important role
in complex learning paradigms. Age effects may be at least partially due to a higher number of
unaware subjects in old populatiortsn(ittinen et al., D01), and it seems likelyhat old
participants have more problems in recognizing the rule predicting US presentation during
acquisition (Bellebaun& Daum 2004). The present results show that older participants had
threat acquisition and explicit awareness oflCS and contextUS antingencies comparable
to those of young participants. As such, results of the present study are in line with LaBar

(LaBar et al., 2004) findings in showing no ageelated reductions of threat learning and
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extinction when contingency awareness is corglThus, the failure in contegiependent
extinction recall we observed in older participants does not seem to be due to a general learning
deficit, or to a lack of contingency awareness and explicit knowledge acquired during the task.

In Pavlovianconditoni ng, the context is often refe
is a modulating stimulus whose role is to disambiguate the current meaning of the conditioned
stimulus Bouton 2004 Trasket al.,2017) Thus, in extinction procedures, context sea®s
an occasion setter that inb&$% mamoryg in the éxtinctienv a | o]
context, a n diU$ memoryih theaacduisitiord (or @y other) context (Holland,

1992; Schmajuk& Holland, 1998), which in turn inhibits and excitegspectively, the
conditioned responsé€Todd et al., 2014)In older adults, the persistence of conditioned
responses in the extinction context indicates an inability to correctly use contextual information
to modulate responses to threat. In other words)der participants, the context appears not
able to operate as a gate that di sambiguate
(Trask et al., 2017; Starosta et al., 2016). Current theorizing in cognitive aging offers a wide
variety of accountsoir performance decline in context processing and its utilization as occasion
setter, including poor distribution of attentional resources (Braver et al., 2001; Hartley, 1992),
reduction in workingmemory capacity (Just Carpentey 1992; Van der Linden etl., 1999)

and failure of inhibitory processelddsher & Zacks1988) These represent distinct but highly
interdependent mechanisms that may influence each other (Spencer & Raz, 1995). Importantly,
the present study found that the magnitude of the psyisagogical index of extinction recall

was positively correlated with accuracy in the attentive matrices test (Fig. 5), a visual search
task thought to index selective visual attention (Spinnler & Tognoni, 1987; Della Sala, 1992).
That is, individual andagerelated differences in selective attention performance predicted
subsequent contexiependent recall of extinction memory. Thus, we tentatively suggest that

agerelated declines in the efficiency of selective attention, possible due to-relatpel
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reduction in available processing resourc&xafk & Byrd, 1982) may lead to weak
representation of contextual information and reduced ability to encode the approprate CS
context relationship, thus promoting overgeneralization of threat responses toangaxycin
older adults. These results are consistent with emerging theories thaladgd declines in
processing contextual information are attributable to poorer selective attention and/or greater
inhibitory deficits in older adultsRowell et al.,2018). Additional research is certainly still
warranted, however, that directly examines the relationship between selective attention and
context dependency of extinction in young and older adults.

Although the present study did not direcithyestigate the neural substrates of threat
conditioning and extinction in aging, deficit of contgxtided recall of extinction may be linked
to agerelated changes in the neural structures underpinning catgprindent behaviour
(Foster et al., 2012).t&dies in animals support the view that a neural circuit that involves the
hippocampus and medial prefrontal cortex is essential for contextual retrieval of threat and
extinction memoriesMaren, et al.,2013 Maren & Holmes, A.2016). Consistent with tlg
view, brain imaging studies in humans (Kalisch et al., 2006; Garfetkal., 2014) reported
that the ventromedial prefrontélippocampal network is selectively involved in cortext
dependent regulation of extinction and threat memories. More spewifidalling recall of
extinction memory, the medial prefrontal cortex would act to inhibit the amygdala, preventing
a response to threat, based on contextual information provided by the hippocampuse{Hobin
al., 2003; Kalisclet al., 2006; Delamatg2004). There is substantial evidence that a number
of structural and physiological alterations preferentially influence the prefrontal cortex and
medial temporal lobe in advanced aging, even in the absence of diBem&aeg; 2004
Bartzokiset al., 2001; Andnes-Hannaet al., 2007). These disruptive brain changes may
underlie impairments in contegependent extinction recall, as well as cause the decreased

efficiency with which older adults use contextual information to determine when and where it
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is approprige to express fear. Additional research will be needed to clarify the underlying
neuroanatomical mechanisms of extinction recall and context processing deficits in aging,
providing important clues to the pathophysiology of these disorders. Moreover aggadodld
help to advance our understanding of the neural mechanisms underlying behavioural therapy,
such as exposure therapy (Lovibond, 2004; Rauch et al., 2003) aimed at limiting pathological
fear.

The results of this study are tempered by a numbemdgliions. First, the present study
used mildly aversive electtactile stimulation as US. Since differences in threat learning and
extinction may derive from differences in US reactivity, there is the need to replicate these
results with a different typef US, for instance, aversive auditory stimuli, such loud noise or
complex human scream. Second, extinction recall, and threat renewal were both tested at a
singletmepoi nt after extinction | earning (24 hr
vary the interval between extinction training and recall/renewal testing, to determine whether
aging may interfere with, or simply delay, the consolidation process of extinction memories.
Third, we obtained one set of subjective measures following eachgfitasestudy rather than
continuous assessment. Online (i.e., 4oialtrial) measures could be used in future studies to
provide a more accurate assessment of US expectancy and CS valence during learning and
extinction. Note, however, that in older ingiuals the value of including ratings during the
experimental learning phases should be carefully balanced against the possible impact of rating
procedures on attention and executive resources, which in turn may affect the time course and
strength of threaconditioning (Carter et al., 2003).
In conclusion, the present study documented the influence of normal aging on -context
dependent recall of conditioned emotional responses. Contextual processing is especially
vulnerable to advanced agin§pencer & Raz1995 Braveret al., 2005; Fogelson, 2015). In

line with this, the present data showed that (a) young and older participants were equally able
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to acquire and extinguish an autonomic conditioned response to threat, and that (b) older
participants failed tanodulate such response based on a coult@xn retrieval of threat
memories, raising the possibility that their extinction recall deficit is a consequence of a more
general impairment in using contextual information. This lack of flexible adaptation to
contextual cues may play a role in the development oblaset anxiety disordefke Roux et

al., 2005) due to neural alterations that normally accompany healthy aging, particularly in the
frontal and medial temporal lobdsefizeet al.,2011).However there is still a need for studies
directly linking together the use of contextual information for flexible responses to threat, and
agerelated alterations of relevant neural structures underpinning aversive learning and memory

processes.
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STUDY 2:
LESION TO THE VENTROMEDIAL PREFRONTAL CORTEX
IMPAIRS THE ACQUISITION OF FEAR CONDITIONING

IN HUMANS
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ABSTRACT

The role of the ventromedial prefrontal cortex (vmPFC) in Pavldearconditioning has been
largely attributed to extinction (Phelgt al, 2004) rather the acquisition of conditioning
However, ecent neuroimaging studies have questioned this view by showing the activation of
vmPFC also during the acquisition of conditian(Fullana et al., 2016].he lack of studies on

the acquisition ofearconditioning with patients with vmPFC injury does not allow a complete
view of this phenomenon. The only existing stwdyh vmPFC patients,eports a preserved

skin conductance rpensgSCR)to the presentation of an image previously associated with an
aversive sound, indicating a preserved acquisition of conditigBieghara et al., 1999This
evidence must be taken with caution due to the limited sample size and the ditfetegy.e

The aim of the present study is to investigate the role of vmPFC in the acquisifiesr of
conditioning.Ten patients witlspecificvmPFC lesion, ten healthy participants and ten patients
with controlbrainlesionsunderwent classical feacondtioning paradigm, during which SCR

was recordedUnlike healthy participants and control patients, vmR¥afientsshowed no
conditioned response during conditioning acquisition. This effect is not attributable either to
differences in the intensity of théS, or to a lack of SCR response to the presentation of the
US. Furthermore, vmPFC patients show a preserved explicit awareness -0OfS CS
contingencies.Overall, these resultsliemonstratedvmPFC injury seems to cause more
pervasive difficulties than previsly theorized The preserved physiological response to the
US and the preserved explicit awareness of the contingency between CS and US suggest that
these processes are mediated by differetworksfrom the one responsible for the conditioned
psychophymlogical responses, which do not require vmPFC. Finally, the deficit in the SCR
conditioned response despite the preserved explieWE8ontingency awareness suggests that

declarative memory is not sufficient to produce conditioned responses.
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INTRODUCTI ON

In humans, the role of the ventromedial prefrontal cortex (vmPFC) in Pavlovian threat
conditioning has been largely relegated to the extinction (Paeids2004) or reversal (Morris

& Dolan, 2004) of previously acquired €8 contingencies. The adgiiion of threat
conditioning has been mainly imputed to the amygdala (Beehatal999; LaBaet al, 1998;
LaBaret al, 1995). However, recent neuroimaging evidence questions this view by showing
activity in the vmPFC also during threat acquisit{@unsmoor et al., 2019; Fullana et al.,
2016), rising the hypothesis for a more prominent role of this region than previously thought
during the early stages of conditioning.

The vmPFC has a crucial role in value and stimolutome representation (His&r
Koenigs, 2018; Schoenbaueh al, 2009; Schoenbaurt al, 2011) as well as modéhsed
computations (Wilsoret al, 2014). In fact, the acquisition of Pavlovian thréafear i
conditioning consists in updating the value of encountered stimuli basezhamges in
stimulusoutcome contingencies. Cognitive and computational models have traditionally
described this updating in terms of model free mechanisms, in which prediction errors following
the unexpected occurrence of unconditioned stimuli (US) thizzécrement of predictions for
conditioned stimuli (CS; Rescorla & Wagner, 1972; Sutton, 1988). Nevertheless, recent
evidence shows the recruitment of medated mechanisms to represent Pavlovian
contingencies (Paulet al, 2019; Prévostet al, 2013), suggesting that also an abstract
representation of the underlying structure of the Pavlovian contingencies is taken into account
when computing predictions for CS, at least in humans.

The possibly neglected role of vmPkCthreat acquisition may have been reinforced
also by a lack of neuropsychological studies assessing the consequences of a lesion to the
vmPFC on the acquisition of threat conditioning. In fact, the only existing study found

preserved conditioned skin mductance response (SCR) to the presentation of an image
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previously associated with an aversive sound, despite patients with vmPFC lesion failing to
show anticipatory SCR to negative (and positive) outcomes during a gambling task (Bechara et
al., 1999). Neertheless, this evidence should be taken cautiously because of the limited sample
size (n=5) and the diversetiologyof the lesion among patients. For example, one patient had

a frontal cyst, which developed during childhood and was never removeageagsm for the
development of compensatory neural circuits. Additionally, the acquisition of conditioning was
evaluated as an increase in SCR to a CS+ during acquisition as compared to habituation and
extinction, lacking the comparison of SCR to a corgtohulus (CS). In fact, given that the
vmPFC has been hypothesized to have a role in discriminating threat from safety (Fullana et
al., 2016), the impairment in the acquisition of threat conditioning in patients with vmPFC
lesion may consist in a failune generating differential SCR between CS+ and, @8her than

an overall failure in increasing SCR to a CS+ during acquisition.

The present study aims to revaluate the role of the vmPFC in the acquisition of
Pavlovian threat conditioning. Ten patienishva bilateral lesion to vmPFC, a group of healthy
participants and of patients with a lesion outside PFC or medial temporal lobe completed a
differential threat conditioning paradigm, while their SCR to CS+, &@ US was recorded.
Explicit awareness d8S-US contingencies was also assessed. Impaired conditioned responses
during threat acquisition would indicate that, in humans, the vmPFC plays a causal role in this

task.
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METHODS

Participants. Thirty right-handed adults participated in the study, equdiVided into three
groups, namely patients with lesion to the ventromedial prefrontal cortex (vmPFC}, brain
damaged control patients (BDC) with a lesion that did not involve the PFC or medial temporal
lobe, and healthy controls (HC, see Table 1 for deapigc and clinical information). Groups

were matched in terms of sex, education, illness chronicity, and neuropsychological assessment
scores (see Table 1). BDC and HC differed in terms of age; therefore, this variable was used as
covariate in all analyse(seeTable 1).

Participants were recruited at the Center for Studies and Research in Cognitive
Neuroscience of Bologna University, where the study was conducted. They had normal or
correctedto-normal vision and were naive to the purposes of the stutipaiicipants gave
informed written consent to participation after being informed about the procedure of the study.
The study was conducted in accordance with the ethical principles of the World Medical
Association Declaration of Helsinki and approvedh®y/Bioethics Committee of the University

of Bologna.

Demographics

VmMPFEC BDC HC ,

(n =1 (n = (n = F df P A

-  51.NM0 67 0. ¢C .

Ageyr 58.fB06 T, g, 6.42, 170 °0.¢
Educa N . 13.80 13. . .

[y, Li.fmo 1 SRR gr, 1.0 2, 10,30

Chr(oy”r 5. 080.722. 8D. 2 - 1.71, 10.:0.¢

. . 7. Bl .
Shorks 5. 82.5¢7. AB. 9 0 0.8 2, 10.20.¢C
X2(2~
Sexm/ 6/ 4 6/ 4 4/6:1 2, 0.t -
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Neuropsychol ogi cal assessment

VmMPEC BDC ,
(n9y (n = -~ ° 9t P @

Rav B B

Progr: 3.55 N 3 RN 1 - 1.4 1. . 0.:20.°¢

Mat r*i

Stroop 2 N 1. 2.5 N - 0.41, 10.Et0.¢C

Tower 1 490.66 104 N - 0.1 1, .0.€0.C¢

Lond

Di git 3.4.863.16 [ - 0.1 1, .0.70.¢C

Phone 4 19 R 3.16 | - o0.01, .0.¢9-¢

FI uei 1

semal 4 44 N 3.66 [ - 0.3 1, 0.50.C

FI uei

Table 1. Demographic characteristics and neuropsychological assessment forgabbups.

All measures are reported as mean * standard deviation, except for Sex, reported as frequency.
vmPFC = ventromedial prefrontal cortex lesion group; BDC = kdamaged control group;

HC = healthy control group. *Equivalent score. #Standard scosthBc analysis reported a
significant difference between BDC and HC p=0.003 only, all other p>0.18.

Lesion.Lesion aetiologies for the vmPFLoup were aneurysm of the anterior communicating
artery (n=8), aneurysm of the anterior cerebral artery (n=1) and meningioma of the anterior
cranial fossa, (n=1). Lesion aetiologies for the BDC group were Occipital Meningioma,
Cerebellar Stroke, Vascul&ncephalopathy, Occipital MAV, Brain Ascess, Posterior Artery
Stroke, Basal Brain Abscess, Brain Anoxia, HSV Encephalopathy, and Occipital Stroke.

For each vmPFC patient, lesion extent and locatiere documented using the most
recent clinical computered tomography (CT; n=8) or magnetic resonance imaging (MR,
n=8). Lesions were traced directly on each slice of the normalizegeighted template MRI
scan from the Montreal Neurological Institute (Holmes et al.,, 1998). This template is

approximately orieted to match Talairach space and distributed with MRIcro (Holmes et al.,
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1998). MRIcro was used to estimate lesion volume (in cc) and generate brain lesion overlap
images. Figure 1 shows the extent and overlap of brain lesions in vmPFC patients. IRF@ vm
group, the lesion included Brodmann's areas (BA) 11 and 25 for all patients, and also BA 47,
10, 24, 32 for 9 patients. The region of maximal overlap occurred in BA 11 (M = 18.54 cc,
SD=12.41), BA 10 (M = 9.51 cc, SD =8.07), BA 32 (M = 5.67 cc, SD55BA 25 (M = 3.48

cc, SD=3.12), BA 47 (M = 3.20 cc, SD =5.92).
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