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Abstract

PTSD isjoften characterized by deficits in memory encoding and retrieval and aberrant
fear and extinetion learning. The hippocampus plays a critical role in meandrgontextual
processingy@and has been implicatedtrinsic functional connectivity networks (ICNs)
involved in selfsreferential thought and memaejated processe$his review focuses on
hippocampahctivationfindings duringmemoryandfear and extinction learning tasksswell as
resting statdippocampatomectivity in individuals with PTSDA preponderance of functional
neuroimaging-studie® date usingmemory fear learningand extinctioritasksreportdecreased
or “controls:camparable” hippocampal activation in individuals with PTSD, wisiasually
associated.witpoorer performance on thaskimaged Existing evidencethus raises the
possibilitythat greater hippocampadcruitmentin PTSD participants may be required for
similar performancéevels Studieof resting state functional connectivity PTSD
predominantly reponteduced within network connectivity the default mode networkQMN),
as well as greater coupling between the DMN and Salience Network (SN) tigpoeampus.
Together these findings sugg#sat deficient hippocampal activation in PTSD may be
associated with poorer performance during memory, extinction recall, angheaval tasks.
Furthermarestudies of resting state connectivity implicate the hippocampus in decreased within

network DMNconnectivity and greater coupling with SN regions characteristic of PTSD.

1. ArReview of Hippocampal Function in Post-Traumatic Stress Disorder
Posttraumatic stress disorder (PTSD) is a serious and debilitating condition with a
lifetime prevalence of appxanately8% in general populatigrwith higher rates associated with
exposure to multiple traumatic evefiessler, 2000; Kessler et al., 2005; Tamburrino et al.,

2015; Thompson, Gottesman, & Zalewski, 2008)SD is characterized by recurrent traumatic
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memoriesas well as other trauma-experiencing- dreams, flashbackstc. (American
Psychiatric Association, 2013), as wella®rgeneralization of fear responses deficitsin
utilizing contextual information to disambiguate potential th(Babwn et al., 2013; Garfinkel et
al., 2014; Levy-Gigi, Szabo, Richter-Levin, & Kéri, 20143lentifying reural mechanisms
underlying PT.SD and associated symptasrmportantfor thedevelopment oéffective
preventiveandtargeted treatmesitrategiesRecentstudiesexaminingneural underpinnings of
PTSD symptomsare beginning to suggest patterns of increased activation in brain regions
involved in"émotion response and processing (e.g. amygdala, insula), decreasedraictiva
regions involved in emotion regulation (e.g. PFC), altered or dimmishedactivation in

regions involyved in memory modulatiamd contextualizatio(e.g. hippocampus and PFC)
(Duval, Javanbakht, & Liberzon, 2015; Hayes, Vanelzakker, & Shin, 2012; Shin & Liberzon,
2010).Interestingly, while theonsensus surroundimgminished activation during emotional
regulation and extinctiorelated tasks in the medial and lateral PFC in PTSD has been emerging
(Rabinak et al 2014; Bremner dl., 1999), hippocampal function across relevant tasks in
PTSD, hassbeeimterrogatedess oftenwith noted exceptiondMilad, Wright, Pitman, Quirk,
Rauch, 2007;:dovanovic, Kazama, Bachevalier, & Davis, 2012; Milad et al., Gafthkel et

al., 2014)er incorporated in theoretical formulations.

Therhippocampus is implicated in emotional memory formation and contextualization
(Dere, 2010), andlargebody of thditeratureover the last 20 yealsmsdocunentedsmaller
hippocampal volumes PTSD(Logue et al., 2018; Chao, Weiner, & Neylan, 2013; Childress et
al., 2013 Forlatest review, also see: Nelson & Tunpap, 2017). Furtherraidence suggest
that smallerhippocampal volume prior to trauma exposure is a risk factor for deV@@pment
and persistencsilbertson et al., 2002; van Rooij et al., 2015). While original hypotheses
regardingchanges imippocampalolumes in PTSD were based on cytotoxic effects of
hypercortisolism (Sapolgk 2000;Bremner 2006), more recent hypotheses invaiternative
mechanisms.such asippression of neurogenesis in the hippocampus due to stress exposure
(Niibori, YusEpp, Akers, Josselyn, & Frankland, 2012), which can negatively impactigegnit
functions like.memory, contextualization, and learning (McEwen, 1999). In fact, patight
PTSD have been shown to have general deficits in memory, learning, and corzatbumali
(Levy-Gigi et al., 2012; Vasterling et al., 2002), lending support to the idea that hippocampal

function underlies important cognitive and emotional processes relevant to PTSD.
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Giventhe evidence foabnormalities in hippocampal structumePTSD, as well as
deficits in hippocampal-dependent functions like memory and learning, the hippocappassa
to be an important target for further investigation and possible intervention. Hotieve is
no clear consensus neystematic examinatioof functional differences ihippocampus,
associated witlf? TSD,using in vivo functional neuroimaging approaches. The goal of this
review is to.summarize the literature to date, focusedmpocampal function in PTSD, in an
effort to'synchronize findings and identify areas of concordance, as wedlsasia need of
further investigation.

A literaturesearch waperformed in PubMed, PsycINFO, and Web of Science
databasessSearch termsrechoserbased on previously studied functions of the hippocampus
and behavieral'deficit®d PTSD gichenbaum, 2017; Opitz, 2014; Janak & Tye, 2®iBrra
Mercado, PadillegCoreano, & Quirk, 2011; McCormick, Rosenthal, Miller, & Maguire, 2018
As structuradifferences have beaddressed momextensively in the literaturg.ogue et al.,

2018; Chao, Weiner, & Neylan, 2013; Childress et al., 2013; Nelson & Tunpap, 2017), this
review focuseaolely on hippocampal functiorSearch termsicluded combinations of the
following: [*Hippocampusbr ‘Hippocampal Activation'or ‘Hippocampal Functioi and

[ PTSD or:Post-Traumatic Stress Disordgy ‘fMRI’, [ Fear Learning or ‘Fear Conditioning ,

[ Fear Generalizationor ‘Memory], and[* Context’, ‘Context Processitjg or ‘RestingState.

The search was constrained to articles published in the last 10 year2 Q€8¢ his search
initially yielded forty onearticles Twelve manuscriptsvere therexcludedirom further review

for notrepartingempiricalfMRI data with result@assessingctivation or resting state functional
connectivitysinithe hippocampus ateharticles were excludeoecausehey did not specifically
examine participants with diagnosed PTSD. This resultethgteen articles publishdbm

2008 to 2017 utilizing a variety of tasks targeting hippocampal activation in PTr8€iaats.

A metaanalysis,was not conducted as the goal of this review wassts® TSDrelated
differences.acrosarange of functions associated with the hippocampus, thus combining all the
studies in_assingle metnalysis would not be informativ&he included studies can be grouped
into three general categories: memory (semantic and episodic) tasks, fear associated learning
(acquisition, extinction, extinction recall and fear renewal) tasks, andgeséte connectivity

task. We havethus organized our findingeccordingly
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2. Memory and L earning

2.1 Functional Neuroimaging Studies of Memory in PTSD

The key roleghehippocampus plays imanumber of memory processieas been well
establishedFor latest reviews seBichenbaum, 203 Opitz, 2014). The hippocampus is
critically invelvedin declarative memoryJQohen & Squire, 1980; Eichenbaum & Cohen;
Huijgen & Samson, 2015) encoding (Geuze, Vermetten, Ruf, de Kloet, & Westenberg, 2008
Carrién;"Haas, Garrett, Song, & Reiss, 2010; Hayes et al., 2011; Brown et al., 2014), or the
storage of'newstimuli in memomgetrieval (Cisler et al 2015), or recall of stored information,
with research demonstrating that hippocampal damage elicits deficits in both sementic
episodicmemery (Scoville &Milner, 1957; Allen, 2018 Some models suggest that the
hippocampus playa primaryrole mainlyin early encoding and retrieval (Frankland &
Bontempi, 2005; Bergstrom, 201&jith others purporting that the hippocampus is continuously
involved in_shaping memory retrieval over time (Nadel & Moscovitch, 1997; Bergsg016).
Whether hippocampus is criticalelyto original encoding, or encoding and maintenance of
memoriesbothithe original encoding éfaumatic memory and maintenance (expressed as
intrusive symptoms) he been postulated as key mechanisms involved in PTSD development
(Meyer &et.al., 2018)Hence, research on neural correlatesiemory processes the
hippocampuss highly relevant to elucidation &fTSDpathophysiology.

Memory deficits have been well documented in PTSD (Geuze &088; Carrion et al
2010; Hayes et al2011; Brown et al 2014), with behavioral data suggestihgt PTSD
participantggerform more poorly on memory tasks involving both neutral (Samuelson, 2011)
and emotional{(Ehlers & Clark, 2000; Brohawn, Offringa, Pfaff, Hughes, & Shin, 2010)
information. PTSD participants had diminished semantic memory for neutral vasnggced to
bothasymptomati¢rauma exposedontrols TEC) and nontrauma exposkcontrols NEC,
Geuze et al.,.2008; Carrion et al., 2010). Similarly, PTSD participants have demechsss
detailed memory for episodic autobiographical and future imagined events ednpdiEC
(Brown et ali;72014). Together these findings are quite consistent but ratheriotuitites, as
theoretical’eonceptualizations of PTSD often postulate hypeitgétithe hippocampus in
conjunctionwith memoryperformanceOn the other handpwirical evidencesupporting
hyperactivity in the hippocampussagiated wittgeneral or traun¥inked memory processes in

PTSD beyond subjective symptom reporting, is still missing.
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2.2 Semantic Memory Encoding in PTSD

A number of studieBave examined semantic memory encodingreawek reported
hypoactivatioror comparable activation to controls in the hippocampus, in PTSD during
memory encodingwhich was associated wiglmorer performance during later retrievethe
majority of these studies identified the hippocampus as an a priori region o$tiatede
examined activationsing an AAL anatomical mask; however, one study identified hippocampal
activationthrough an exploratory whole brain analysis (Werner, &0419) and another
conducted'an"ROI analysis using activation based hippocampal coordbetee et al 2008).
One study reported decreased hippocampal activation in PTSD participantsexbiopBEEC
during enceding of negative imagéess hippocampal activation was associated with poorer
retrieval of'negative images, due to a greater false alaenmr@TSD participantdHayes et al
2011).Two dudies that reportelévels of hippocampal activation in PTSD that wesenparable
to controls’ during encoding of neutral woralsoreported poorer performance on later retrieval
tasks in PTSD participant&éuze et al 2008; Carridon et 312010). This suggestisat similar
levels of hippecampal activatidretweerPTSDand control groups during encoding might not
be sufficient tessupport similar performartoetweergroups. One study using neutral words and
another usingegativeemotional words reportegreaterthippocampal activation in PTSD
participantsduringmemoryencoding.This geaterhippocampahbctivationwas however
associted with memoryperformancen PTSDthat was similar tohat of the controgparticipants
(Werner et.al 2009 Thomaes et gl2009. Together, hese studiesupport the notiothat
greater hippecampaécruitmentin PTSD duringnemory encodings required forperformance
comparablesterthat seencgontrolparticipants In addition, failure to activate hippocampus to a
similar degree as healthy individuals during encoding was associated with r@oeal of
encoded information in individuals with PTSD.

2.3 Semantic Memory Retrieval in PTSD

While alteredhippocampal function during encodingayncontributeto memory
alteration insPTSDit is possible thatlifferencesn hippocampal activation duringemory
retrieval arelso related t& TSD-associated memondeficits Five studiesexamined
hippocampal activation during retrieval in individuals with PTSD compar®&tE®. Similarly to
research on memory encoding, studies of memory retrieval also primarilfietehippocampal

function using an anatomical hippocampal mask, as the hippocampus was identified as an
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priori region of interest. In addition, a few studies first conducted exploratory whate bra
analyses to identify the hippocampus as a region of interest for subsequens &Halyss et al.,

2011; Geuze et al., 2008)hieeof thesestudies (Geuze et al., 2008; Carrion et al., 2010; Cisler

et al., 2015)eparted lowehippocampahctivationduring retrieval of neutral words PTSD

with no group.differences durimgior encoding. This lower activation during retrieval was
associated\witlpoorersemantic memory performand2ecreased hippocampal activation during
memory'retrieval has also been associated with greater symptomatology in individuals with
PTSD (Carriénet al2010; Cisler et al., 2015). These findings suggest that reduced hippocampal
activation(in individuals with PTSD is associated with retrieval deficits and more severe
symptoms;

In contrast,Thomaes et a[2009) reported comparable hippocampal activation during
memory retrieval, and comparable performance for both negative and nearttaliwPTSD and
TEC participants. Hayes et al. (2011) did not report group differences in retiewaltral
images in PTSD participants comparedNteC; however, écreasd hippocampal activation was
associatedwwith decreased accuracy in retrieval of negative ima@&SD participants
comparedtdNEC. Previous research has suggested differences in memory for emotional and
non-emotienal informatior{Sharot, & Yonelinas, 2008as evidence suggests that emotional
memory_issdependent on modulation of the hippocampuleblpasolateral amygdalBLA) and
infralimbic mPFC (Pape & Pare, 2010). These nepn@atesseassociated withetrieval of
emotional’‘compared to neural informatimay contributeéhe decreasm hippocampal
activation during retrievalf negative imaget®r PTSDparticipantsn this study

2.4 Episodic Autobiographical Retrieval in PTSD

In addition to assessirtgppocampal activation during semantic memory retrieval, some
studies ve examinethippocampal activation during retrieval of autobiographical and trauma-
related narrativesisinga whole brain analysi€fsler et al., 2015) or an ROI analysis with the
hippocampus.identified as arpriori region of interest(St. Jacques, Botzung, Miles, & Rubin,
2011). Altheugh deficits in episodic memory retrieval in PTSD have been demah$Bede/n
et al., 2014)the role ofthippocampl recruitmentin this process remains unknown. Only one
study has compared hippocampal activation in PTSON& @ during retrieval of
autobiographical memory. Compared\BC, PTSD participantsemonstrated increased

hippocampal activation during retrieval of negative autobiographical nesramddecreased
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hippocampahctivation during retrieval of positivautobiographicamnemorieqSt. Jacques et al.,
2011).

3. Pavlovian Fear Learningand Memory in PTSD

3.1 Fear Associative Learningin PTSD

Literaturehas also focused on the role of the hippocampus in modulating amygdala-
dependent process of fear learning and memory in individuals with PTSD. Feaitamyis
primarily dependent on processing of fearful stimuli in the basolateral amygdala (BLA)
moderated*by-activity in the midline and orbital PFC and the hippocampus (Janak & Tye, 2015
SierraMercado, Padilla-Coreano, & Quirk, 2011). Although fear learnimgs$eciated with
amygdala.function (Janak & Tye, 2015; LaBar, Gatenby, Gore, LeDoux, & Phelps, 1998),
extinction Jearninginvolving the processing of contextual informatibas been associated with
hippocampus and mPFC function (Maren, Phan, & Liberzon, 2013; Liberzon & Abelson, 2016
Figure ). Therefore, in addition to probing the function of timygdala, fear learning can be
used to probe hippocampal-dependent contextual processing involved in fear modulation.
Hippocampal-dependent contextual processing is critical in forming adagspenses to
ambiguous stimuli that signal fear or safetypending on the context. Fear associative learning
paradigmgfear-conditioning, extinction, extinction recall and fear renewal) allowmtest
utilization of visual, cognitive, and instructional information comprising the coneoessary

for approprate interpretation of ambiguous cues.

3.2 Fear Acquisition

To dateghere is little evidenct suggest neurobiological or behavioral differences in
fearacquisitionsin PTSD compared to controls (Liberzon & Abelson, 2016; Garfinkel et al.,
2014; Milad"etal., 2009). PTSD participantsrai differ fromNEC or TEC inneural activation
or Skin Conductance Response (SCR) during fear acquisition dRaiwrigvianconditioning
paradigmgGarfinkel et al., 2014, Milad et al., 2008teiger, Nees, Wicking, Lang, & Flor,
2015. However, one study reportgdeater hippocampal activatioluring fear acquisitiom the
PTSD groupwvas associated witlireater avoidance symptoms (Sripada, Garfinkel, & Liberzon,
2013).Theseresults raise the possibility thatreased hippocampal activation might be present
during fear acquisition isomeindividuals withmore severe PTSDncreased hippocampal

activation was reported in PTSD in one study, however this was observed duringiaoquiisit
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contextual information. During a context acquisition phase in in a context conditioning
paradigm, increased hippocampal activatmmPTSD compared to TEC alNEC was observed

during “dangerous” context trials (Steiger et al., 2015).

3.3 Extinction Learning, Extinction Recall, and Fear Renewal

It isdmportant to note that while cued fear conditioning alone is context independent, fe
extinction, anddthus extinction recall and fear reneara dependent on conteat information,
thus theylikely requireintact hippocampal function. Indeed, activation in the ventral
hippocampus has been linked to contextual processing during extilegramgparadigms
(Lopresto; Schipper, & Homberg, 2016; Wotjak & Pape, 2013). In comsgaience suggests
that hippocampal-dependent context processing may be associated withaexteastiing and
recall in individuals with PTSD (Jovanovic, Kazama, Bachevalier, & Davis, 2012zbibhé&
Abelson, 2015k One study reported diminished SCR habituation during extincgicedlin
PTSD patientsompared to TEGvhich was associated with redudagdpocampal activatioto
extinguished.CS (Milad et al., 2009). However, another staithd to findgroup differences
between PTSD andEC or TEC during extinction recalBgeiger et al., 2015). The same group
also reportednereased hippocampal activation in PTSD compar&tEG during a modified
ambiguous«extinctiorecall/fear renewgbhase; however, interpretation of these results is
complicated athis was conducted in a novel context rather than following a ABA or ABB
design used inther extinction learning studi€®Vicking et al., 2016). Few studies have
examined_ hippocampal activation during fear renewal in PTSDGardinkel et al (2014)
reportedowerhippocampal activation iIRTSDcompared taEC participantand bluntedSCR
responseluring fear renewal

Additional research should be conducted to understand how hippocampal activation
underlying contextual processing relates to aberrant fear and extinction learning praddieses.
evidence toe.date hasipporedgroup differences in hippocampal activateomdbehavioral
performanee-durinfgaracquisition (Liberzon & Abelson, 2016; Garfinkel et al., 2014; Milad et
al., 2009;Steiger et al., 20)5andpresenfindings suggest diminished or comparable to
controls’ hippecampadctivationfor PTSDduringextinctionrecall, and fear renewéGarfinkel
et al., 2014; Milad et al., 2009; Steiger et al., JOPBor research has shown that PTSD
participants fail to appropriately recall extinction in a “safety” context or renew an appeopriat
fear response in a “threat” context (Garfinkel et2014), indicating deficient utilization of
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contextual information. This inability to use contextual information to disambiguate potential
safety and threat suggests that hippocardppkendent contextual processing cigfimight play
an important role in altered fear responses in PTSD.

4. Resting State Connectivity in PTSD

While.important information about the function of hippocampus and other regions is
gained using specific taddased activation paradigms discussed above, additional information
can be ascertained by examining intrinsic functional connectivity netw@hkss) of the brain
during rest."In"the past decade, a large body of functional neuroimaginmifgéedtacuments the
presence 0OICNSs, consisting of regions that demonstrate low frequency BOLZaciation with
one-another,and are anti-correlated with BOLD variation in other regions, ihdbeca of a
specific task (Fox et al., 2005). A number of resting-state functional networks leave be
identified (Mitrax& Raichle, 2016; Power et al., 2011) and are related to patgarats (e.g.
impulsivenesstrait anxiety, life experience, presence and duration of psychiatric symptoms,
cognitive and motor abilities, and perception in healthy and disordered populationto(&orni
Bullmore, 2010; Vaidya & Gordon, 2013). Among the various ICNs, an important network of
regions that are active at redbefault Mode Network (DMN), has been identified and linked to
mind wandering and self-directed thought (Greicius, Krasnow, Reiss, & Menon, 2003). The
hippocampus has been identified as a central node in the DMN, consistent with reports
implicating the hippocampus in mind wandering, which often occurs during resting state
assessment, and involves episodic memagspospatial imagery, and mental time travel
(McCormigk;"Rosenthal, Miller, & Maguire, 2018). A number of studies have examined
connectivityawithin the DMN and between the DMN and other networks, to investigate
functional connectivity in PTSDsing a se#-based whole brain analysis.

Overall, consistent findings of reduced resting state functional conngttativeen
regions within.the DMN in PTSD participants compared to controls has been egn@tgtel et
al., 2012; Patriat et al., 2016; Sripada et al., 2012). PTSD participants with (Milles,Hay
Hayes, Spielberg, Lafleche, & Verfaellie, 2017) and without mild traumatic lmjaries
(mTBI; Patriat.et al., 2016; Sripada et al., 2012) have exhibited reduced connectivityrbttevee
hippocampus and prefrontal regions, such as the medial prefontal cortex (MPFC)gedampar
TEC (Spielberg, McGlinchey, Milberg, & Salat, 2015; Jin et2014). This reduced within
DMN connectivity may contribute to characteristic symptoms of PTSD suchrasiwvet
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memories, dissociation, or avoidance (Akiki, Averill, & Abdallah, 2017). PTSD participants with
more severe avoidance and numbing symptoms had less functional connectivity Withjn D
between the hippocampus and PCC, compared to TEC (Meiltdr,2017).

In healthy samples, BOLD signals in DMN regions are commonly inversely correlated
with BOLD_signals from regions of the Salience Network (SN), which is tiipiaative during
decision making or attention-based tasks. Thus, healthy adults demossfgratgatiofetween
DMN and'SN:"However, studies have demonstrated that participants with PTSD dataeonst
lesssegregatiometween the DMN and SN regions, via the hippocampus (Seedty2009;

Akiki, Averill, & Abdallah, 2017; Sripada&t al, 2012).

Overallyreting state findings suggest that PTSD participants may have less connectivity
betweertherhippocampus and other regions of the DMN, compared to controls, and that the
degree of withilDMN connectivity is associated with symptom severity. PTSD particisdsis
demonstrate less ardorrelation between DMN and SN compared to controls, with these
aberrant cennections often involving hippocampus.

5. Discussion

There'is‘a increasing body afeuroimaginditerature on hippocampal function in
individuals.with PTSD. W revieved existingevidence fomalteredhippocampal activation
during learning and memory tasks\d resting state functional connectivityindividuals with
PTSDin the last decad®©verall the preponderance ofidence suggesthatdecreased or
comparable to controls’ hippocampal activation in PTSD during encoding or a¢wiethe
memory traceregardless ofunctionalperformance omemoryandextinctionretentiontasks
with these leved of hippocampal recruitment, is poor@rerall, present evidence suggests that
decreased or comparable activation in individuals with PTSD compared to controfs duri
memory encoding and retrieval is associated with poorer performance onyrvarda@xtinction
retention tasks (Geuze et al., 2008; Carrion et al., 2010; Cisler et al,, T201& ). This was
presentacross.semantic and episodic memory, and during recall of safety cuesti@xti
retention), howevethere is no evidence for similar defgih other memory/learning systems
like acquisition of fear learningyhich are largely dependent on other anatomical centers like
amygdalg(Janak & Tye, 2015; LaBar, Gatenby, Gore, LeDoux, & Phelps, 1998)

“INSERT TABLE 1 ABOUT HERE"
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Interestingly greater hippocampal activation in PTSD participastsompared to
controls has been reported on some memory tasks (Werner et al., 2009; Brohawn et al., 2010;
Thomaes et 312009). In these studies, greater hippocampal activation was usually associated
with memory performance comparable to control groOpe study reported increased
hippocampal.activation in PTSD compared to controls for negative autobiographmaftyne
and decreased activation for positive autobiographical memory (St. Jacques et al., 2011)
Overall'the"empirical evidence for “emotional memory” is even more limiteduatitef
research isrequired teetterunderstand patterns of hippocampal activation during emotional
semantic and episodic memory tasks. Whether memory performance/circuitsofammal vs.
non-emotionakitems in PTSD differs is still an open question, iagibssible that modulation of
the hippocampus by the BLA and mPFC in emotional memory could contribute to patterns of
activation thadiffer from noremotional stimuli in PTSD (Pape & Pare, 2010).

With respect to the role of hippocampus in fear associated learning in PTSD stitegexi
human and animditerature clearly sugge#itat hippocampal-dependent context processing is
integral toextinction learning and recdlecreased activation in PTSD participants has been
associated'with failure to habituate to CS+ during extinction randlfear renewgMilad et al.,
2009; Gariinkel et al., 2014However,as few studies have specifically examined hippocampal
function during fear learning paradignfigitherresearch is needéd establish pattesof
deficient hippocampal function during extinction learnirggall, and fear renewal PTSD.

Evidence from resting state functional neustivity studiesin PTSDhasbeen consistent
with, replicatedreports ofdecreased withHDMN connectivity between the hippocampus and
other regions.of the DMN, such as the PCC (Mideal, 2017), andnPFC (Jin et al., 2014;
Spielberg(et al., 2016). Studies have also demonstilatedasedegregatiometween DMN and
SN regions via the hippocampus (Seeley et al., 2009; Akiki, Averill, & Abdallah, 2017d8&ripa
et al, 2013. Deficient connectivity within DMNandless segregatiobetween DMN and Sk
PTSD extend.findings from task-based analyses, and further suggests dygsfumatnetwork
of regions.including hippocampus, involved in self-referential thought, episodic memory,
visuospatiakimagery, and mental time travel (Greicius, Krasnow, Reiglgntn, 2003).

There are several limitations of this reviand the existing literatur&irst, because we
were interested in examining PT&Bsociated differences in hippocampal function vargety

of memory and learning tasks, as well as during rest, a meaningfabnalysis was not
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feasible As the literature grows, megaalyses would be a useful next step to better understand
relationships betweespecifichippocampal function and PTSD symptoni$ere have been
surprisingly few studies conducted in the past decade focused on hippocampal activatgn duri
episodic memory encoding and retrieval, and modulation of fear associateddearAir SD.
Additional research is needed in theseaa. Given that recent reviews have summarized PTSD
associated differences in hippocampal structure, we chose to focus our reviedies ssing
hemodynamiciimaging to examine hippocampal function during task and at raste $tutlies
should continuéo examineboth hippocampal structure and function associated with
performance omemoryand learning taske PTSD Studies examining links between
hippocampal function and structure would be particularly informative in estalgjipbtential
underlyingmechanisms associated with performance deficits in PR8Pent evidence suggests
that contextual processing deficits, associated with hippocampal function enaagdciated
with difficulty modulating emotion in participants withTSD (iberzon & Abelson, 2016
Animal studies have already identifiddferential processes in hippocampal subfields associated
with encodingrand retrieval of contextual information (Nakashiba et al., 2012;GKlesrter, &
Lee, 2001): Several examples of human studies, using high resolution neuroimagirggés;hni
have replicated these findingshealthy adult¢Berron & et al., 2018; Davachi, Nicholas,
Souheil, &iila, 2012). However, none of the literature reviewed has examined hippocampal
subfields or distinguished between activation in anterior and posterior hippocampus. nOur ow
review of thehippocampal coordinateeportedn the includedstudies revealed pesk
distributedthroughout the hippocampus with few consistencies between task type, likely due to
thelimited resolutionnherent inmagingmethods used. Future studies using tasks specifically
designed to probe contextual memory associated with hippocampal sabfie&tion and high
resolution_scanning parameters, are needed in both healthy adults and parinthaPTsSD.
Overall,.the evidence emerging from the literature to slaggests that PTSD diagnosis
and PTSD.symptoms are associated with abeteagrdiminished hippocampal function during
a number_ofimemory and fear associated learning tasks, as well as deficient connectivity between
hippocampus,and other regions invalve memoryrelated processes at rest. Despite recent
advances in our understanding of hippocampal involvement in learning and memory processes i
PTSD, much remains to be learned. Future efforts should focus on conductirenadgses to

identify consistent patterns of hippocampal function associated with memory and learning,
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developing studies to further investigate hippocampal function associated with @ pisoaory
and contextual modulation of fear, examining relationships between hippocampalkstruct
function, and performance, and utilizing higksolution imaging techniques to examine
hippocampal subfield structure and function in PTSD.
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Table 1 Summary of studies reviewed reporting differences in hippocampal amtivzatd task-
based performance across memory and fear learning literature.
Control
Group Hippocampal
Study (NECor Coordinates
TEC) Activation Performance
Memory
Semantic
Encoding
Werner et al. (2009) R [30-31 1]
NEC 1 NA L [-30 19 —5]
Geuze et al. (2008) TEC — NA —
Carrion et al. (2010)NEC — — —
Hayes et al. (2011) R [32 -30 -8]
TEC ! NA L [-22 -34 -8]
Brohawn et al.
(2010) TEC — NA —
Thomaes et al. L [-27 —24 —6]
(2013) NEC 1 l
Retrieval
Werner et al. (2009)NEC — — —
Geuze et al. (2008) TEC ! ! L[-11-47 5]
Carrion et al. (2010) R (PTSS) [32-12
-22]
R (NEC) [26 —34
NEC l l 8]
Hayes et al. (2011) TEC ! ! L[-22 - 32 -10]
Brohawn et al. TEC 1 — R [22-28 —6]
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Episodic

Retrieval

Fear Learning

Acquisition

Extinction

Extinction

Recall

Fear Renewal
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(2010)

Thomaes et al.
(2013)

St. Jacques et al.
(2011)

Garfinkel et al.
(2014)

Milad et al. (2009)

NEC

NEC

TEC
TEC

Sripada et al. (2013 NA

Steiger et al. (2015) TECNEC

Garfinkel et al.
(2014)

Milad et al. (2009)

TEC
TEC

Sripada et al. (2013 NA

Steiger et al. (2015) TEC/NEC
Wicking et al. (2016 TEC/NEC

Garfinkel et al.
(2014)

Milad et al. (2009)

Steiger et al(2015) TEC/NEC

TEC
TEC

NA

NA

NA

NA

NA

29

L [-23 —15-19]

R [9-33-6]

L [-12 —33 —6]
R [33, -27, -9]
L [-30 —38 6]

R [36, -30, -12]

L[-14 -9 -17]

R [15-36 —9]
L [-24 36 6]
R [32-9 —27]
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Garfinkel et al. R [18 6—27]
(2014) TEC ! — L [-213 —-27]

Arrows preceding citations indicate greater or less activation in PTSD compared with TEC or
NEC. Dash.indicates no group differences. NA indicates that a control group was not included
or that hippecampal performance or activation was not measured.

Hippocampus

OLc

LC not shown on brain

Figure Lalllustrationof regions, including hippocampus, involved in fear extinction processes
(from Liberzon"& Abelson2016 Neuron).
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