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Abstract

Post-traumatic stress disorder (PTSD) is often characterized by deficits in memory
encoding and retrieval and aberrant fear and extinction learning. The hippocampus
plays a critical role in memory and contextual processing and has been implicated in
intrinsic functional connectivity networks involved in self-referential thought and
memory-related processes. This review focuses on hippocampal activation findings
during memory and fear and extinction learning tasks, as well as resting state hip-
pocampal connectivity in individuals with PTSD. A preponderance of functional neu-
roimaging studies to date, using memory, fear learning, and extinction tasks, report
decreased or “controls comparable” hippocampal activation in individuals with PTSD,
which is usually associated with poorer performance on the task imaged. Existing evi-
dence thus raises the possibility that greater hippocampal recruitment in PTSD partici-
pants may be required for similar performance levels. Studies of resting state functional
connectivity in PTSD predominantly report reduced within-network connectivity in
the default mode network (DMN), as well as greater coupling between the DMN and
salience network (SN) via the hippocampus. Together, these findings suggest that de-
ficient hippocampal activation in PTSD may be associated with poorer performance
during memory, extinction recall, and fear renewal tasks. Furthermore, studies of rest-
ing state connectivity implicate the hippocampus in decreased within-network DMN

connectivity and greater coupling with SN regions characteristic of PTSD.
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memories as well as other trauma re-experiencing—dreams,
flashbacks, etc. (American Psychiatric Association, 2013), as
well as overgeneralization of fear responses and deficits in uti-
lizing contextual information to disambiguate potential threat

Post-traumatic stress disorder (PTSD) is a serious and debil-
itating condition with a lifetime prevalence of approximately
8% in the general population, with higher rates associated with
exposure to multiple traumatic events (Kessler, 2000; Kessler
etal.,2005; Tamburrino et al., 2015; Thompson, Gottesman, &
Zalewski, 2006). PTSD is characterized by recurrent traumatic

(Brown et al., 2013; Garfinkel et al., 2014; Levy-Gigi, Szabo,
Richter-Levin, & Kéri, 2014). Identifying neural mechanisms
underlying PTSD and associated symptoms is important for
the development of effective preventive and targeted treat-
ment strategies. Recent studies examining neural underpin-
nings of PTSD symptoms are beginning to suggest patterns
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of increased activation in brain regions involved in emotion
response and processing (e.g., amygdala, insula), decreased
activation in regions involved in emotion regulation (e.g., pre-
frontal cortex, PFC), and altered or diminished activation in
regions involved in memory modulation and contextualization
(e.g., hippocampus and PFC; Duval, Javanbakht, & Liberzon,
2015; Hayes, Vanelzakker, & Shin, 2012; Shin & Liberzon,
2010). Interestingly, while the consensus surrounding di-
minished activation during emotional regulation and extinc-
tion-related tasks in the medial and lateral PFC in PTSD has
been emerging (Bremner et al., 1999; Rabinak et al., 2014),
hippocampal function across relevant tasks in PTSD has been
interrogated less often (with noted exceptions: Garfinkel et al.,
2014; Jovanovic, Kazama, Bachevalier, & Davis, 2012; Milad
et al., 2009, 2007) or incorporated in theoretical formulations.

The hippocampus is implicated in emotional memory
formation and contextualization (Dere, Pause, & Pietrowsky,
2010), and a large body of the literature over the last 20 years
has documented smaller hippocampal volumes in PTSD
(Chao, Weiner, & Neylan, 2013; Childress et al., 2013; Logue
et al., 2018; for latest review, see also Nelson & Tumpap
2017). Furthermore, evidence suggests that smaller hippo-
campal volume prior to trauma exposure is a risk factor for
PTSD development and persistence (Gilbertson et al., 2002;
Van Rooij et al., 2015). While original hypotheses regard-
ing changes in hippocampal volumes in PTSD were based
on cytotoxic effects of hypercortisolism (Bremner, 2006;
Sapolsky, 2000), more recent hypotheses involve alterna-
tive mechanisms such as suppression of neurogenesis in the
hippocampus due to stress exposure (Niibori et al., 2012),
which can negatively impact cognitive functions like mem-
ory, contextualization, and learning (McEwen, 1999). In fact,
patients with PTSD have been shown to have general defi-
cits in memory, learning, and contextualization (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.

Given the evidence for abnormalities in hippocampal struc-
ture in PTSD, as well as deficits in hippocampal-dependent
functions like memory and learning, the hippocampus appears
to be an important target for further investigation and possible
intervention. However, there is no clear consensus nor sys-
tematic examination of functional differences in hippocampus
associated with PTSD using in vivo functional neuroimaging
approaches. The goal of this review is to summarize the liter-
ature to date, focused on hippocampal function in PTSD, in
an effort to synchronize findings and identify areas of concor-
dance, as well as areas in need of further investigation.

A literature search was performed in PubMed, PsycINFO,
and Web of Science databases. Search terms were chosen
based on previously studied functions of the hippocampus
and behavioral deficits in PTSD (Eichenbaum, 2017; Janak &
Tye, 2015; McCormick, Rosenthal, Miller, & Maguire, 2018;

Opitz, 2014; Sierra-Mercado, Padilla-Coreano, & Quirk,
2011). As structural differences have been addressed more
extensively in the literature (Chao, Weiner, & Neylan, 2013;
Childress et al., 2013; Logue et al., 2018; Nelson & Tumpap
2017), this review focused solely on hippocampal function.
Search terms included combinations of the following: [hip-
pocampus or hippocampal activation or hippocampal func-
tion] and [PTSD or post-traumatic stress disorder], fMRI,
[fear learning or fear conditioning], [fear generalization or
memory], and [context, context processing], or resting state.
The search was constrained to articles published in the last 10
years (since 2008). This search initially yielded 41 articles.
Twelve manuscripts were then excluded from further review
for not reporting empirical fMRI data with results assessing
activation or resting state functional connectivity in the hip-
pocampus, and 10 articles were excluded because they did not
specifically examine participants with diagnosed PTSD. This
resulted in 19 articles published from 2008 to 2017 utilizing
a variety of tasks targeting hippocampal activation in PTSD
participants. A meta-analysis was not conducted, as the goal
of this review was to assess PTSD-related differences across
a range of functions associated with the hippocampus, thus
combining all the studies in a single meta-analysis would
not be informative. The included studies can be grouped into
three general categories: memory (semantic, episodic) tasks,
fear-associated learning (acquisition, extinction, extinction
recall, fear renewal) tasks, and resting state connectivity task.
We have thus organized our findings accordingly.

2 | MEMORY AND LEARNING
2.1 | Functional neuroimaging studies of
memory in PTSD

The key role that the hippocampus plays in a number of
memory processes has been well established (for latest re-
views, see Eichenbaum, 2017; Opitz, 2014). The hippocam-
pus is critically involved in declarative memory (Cohen &
Squire, 1980; Eichenbaum & Cohen, 2014; Huijgen &
Samson, 2015) encoding (Brown et al., 2014; Carrién, Haas,
Garrett, Song, & Reiss, 2010; Geuze, Vermetten, Ruf, de
Kloet, & Westenberg, 2008; Hayes et al., 2011), or the stor-
age of new stimuli in memory retrieval (Cisler, Bush, James,
Smitherman, & Kilts, 2015), or recall of stored information,
with research demonstrating that hippocampal damage elic-
its deficits in both semantic and episodic memory (Allen,
2018; Scoville & Milner, 1957). Some models suggest that
the hippocampus plays a primary role mainly in early encod-
ing and retrieval (Bergstrom, 2016; Frankland & Bontempi,
2005), with others purporting that the hippocampus is con-
tinuously involved in shaping memory retrieval over time
(Bergstrom, 2016; Nadel & Moscovitch, 1997). Whether hip-
pocampus is critical solely to original encoding, or encoding
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and maintenance of memories, both the original encoding of
traumatic memory and maintenance (expressed as intrusive
symptoms) have been postulated as key mechanisms involved
in PTSD development (Meyer et al., 2018). Hence, research
on neural correlates of memory processes in the hippocampus
is highly relevant to elucidation of PTSD pathophysiology.
Memory deficits have been well documented in PTSD
(Brown et al., 2014; Carrion et al., 2010; Geuze et al., 2008;
Hayes et al.,, 2011), with behavioral data suggesting that
PTSD participants perform more poorly on memory tasks
involving both neutral (Samuelson, 2011) and emotional
(Brohawn, Offringa, Pfaff, Hughes, & Shin, 2010; Ehlers &
Clark, 2000) information. PTSD participants had diminished
semantic memory for neutral words compared to both as-
ymptomatic trauma-exposed controls (TEC) and nontrauma-
exposed controls (NEC; Carrién et al., 2010; Geuze et al.,
2008). Similarly, PTSD participants have demonstrated less
detailed memory for episodic autobiographical and future
imagined events compared to TEC (Brown et al., 2014).
Together, these findings are quite consistent but rather coun-
terintuitive, as theoretical conceptualizations of PTSD often
postulate hyperactivity in the hippocampus in conjunction
with memory performance. On the other hand, empirical
evidence supporting hyperactivity in the hippocampus asso-
ciated with general or trauma-linked memory processes in
PTSD beyond subjective symptom reporting is still missing.

22 |

A number of studies have examined semantic memory en-
coding and have reported hypoactivation or comparable
activation to controls in the hippocampus in PTSD during
memory encoding, which was associated with poorer perfor-
mance during later retrieval. The majority of these studies
identified the hippocampus as an a priori region of interest
and examined activation using an AAL (automated anatomi-
cal labeling) mask; however, one study identified hippocam-
pal activation through an exploratory whole brain analysis
(Werner et al., 2009) and another conducted an ROI analy-
sis using activation-based hippocampal coordinates (Geuze
et al., 2008). One study reported decreased hippocampal
activation in PTSD participants compared to TEC during
encoding of negative images. Less hippocampal activation
was associated with poorer retrieval of negative images, due
to a greater false alarm rate in PTSD participants (Hayes
et al., 2011). Two studies that reported levels of hippocampal
activation in PTSD that were comparable to controls during
encoding of neutral words also reported poorer performance
on later retrieval tasks in PTSD participants (Carrion et al.,
2010; Geuze et al., 2008). This suggests that similar levels
of hippocampal activation between PTSD and control groups
during encoding might not be sufficient to support similar
performance between groups. One study using neutral words

Semantic memory encoding in PTSD
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and another using negative emotional words reported greater
hippocampal activation in PTSD participants during memory
encoding. This greater hippocampal activation was, however,
associated with memory performance in PTSD that was simi-
lar to that of the control participants (Thomaes et al., 2009;
Werner et al., 2009). Together, these studies support the no-
tion that greater hippocampal recruitment in PTSD during
memory encoding is required for performance comparable to
that seen in control participants. In addition, failure to acti-
vate hippocampus to a similar degree as healthy individuals
during encoding was associated with poorer retrieval of en-
coded information in individuals with PTSD.

23 |

While altered hippocampal function during encoding may
contribute to memory alteration in PTSD, it is possible that
differences in hippocampal activation during memory re-
trieval are also related to PTSD-associated memory deficits.
Five studies examined hippocampal activation during re-
trieval in individuals with PTSD compared to NEC. Similarly
to research on memory encoding, studies of memory retrieval
also primarily identified hippocampal function using an ana-
tomical hippocampal mask, as the hippocampus was identi-
fied as an a priori region of interest. In addition, a few studies
first conducted exploratory whole brain analyses to identify
the hippocampus as a region of interest for subsequent analy-
sis (Geuze et al., 2008; Hayes et al., 2011). Three of these
studies (Carrion et al., 2010; Cisler et al., 2015; Geuze et al.,
2008) reported lower hippocampal activation during retrieval
of neutral words in PTSD, with no group differences dur-
ing prior encoding. This lower activation during retrieval
was associated with poorer semantic memory performance.
Decreased hippocampal activation during memory retrieval
has also been associated with greater symptomatology in
individuals with PTSD (Carrién et al., 2010; Cisler et al.,
2015). These findings suggest that reduced hippocampal ac-
tivation in individuals with PTSD is associated with retrieval
deficits and more severe symptoms.

In contrast, Thomaes et al. (2009) reported comparable
hippocampal activation during memory retrieval and com-
parable performance for both negative and neutral words in
PTSD and TEC participants. Hayes et al. (2011) did not re-
port group differences in retrieval of neutral images in PTSD
participants compared to NEC; however, decreased hippo-
campal activation was associated with decreased accuracy in
retrieval of negative images in PTSD participants compared
to NEC. Previous research has suggested differences in mem-
ory for emotional and nonemotional information (Sharot, &
Yonelinas, 2008), as evidence suggests that emotional mem-
ory is dependent on modulation of the hippocampus by the
basolateral amygdala (BLA) and infralimbic mPFC (Pape &
Pare, 2010). These neural processes associated with retrieval

Semantic memory retrieval in PTSD



JOSHI ET AL.

MIPSYGHOPHYSIOI.OGY

of emotional compared to neural information may contribute
to the decrease in hippocampal activation during retrieval of
negative images for PTSD participants in this study.

24 | Episodic autobiographical retrieval
in PTSD

In addition to assessing hippocampal activation during se-
mantic memory retrieval, some studies have examined hip-
pocampal activation during retrieval of autobiographical
and trauma-related narratives, using a whole brain analysis
(Cisler et al., 2015) or an ROI analysis with the hippocam-
pus identified as an a priori region of interest (St. Jacques,
Botzung, Miles, & Rubin, 2011). Although deficits in epi-
sodic memory retrieval in PTSD have been demonstrated
(Brown et al., 2014), the role of hippocampal recruitment in
this process remains unknown. Only one study has compared
hippocampal activation in PTSD and NEC during retrieval
of autobiographical memory. Compared to NEC, PTSD par-
ticipants demonstrated increased hippocampal activation
during retrieval of negative autobiographical memories and
decreased hippocampal activation during retrieval of positive
autobiographical memories (St. Jacques et al., 2011).

3 | PAVLOVIAN FEAR LEARNING
AND MEMORY IN POST-
TRAUMATIC STRESS

3.1 | Fear associative learning in PTSD

Literature has also focused on the role of the hippocampus
in modulating amygdala-dependent process of fear learning
and memory in individuals with PTSD. Fear acquisition is

™
O~ AN x“

LC not shown on brain

FIGURE 1

primarily dependent on processing of fearful stimuli in the
BLA moderated by activity in the midline and orbital PFC
and the hippocampus (Janak & Tye, 2015; Sierra-Mercado,
Padilla-Coreano, & Quirk, 2011). Although fear learning
is associated with amygdala function (Janak & Tye, 2015;
Labar, Gatenby, Gore, Ledoux, & Phelps, 1998), extinc-
tion learning, involving the processing of contextual infor-
mation, has been associated with hippocampus and mPFC
function (Liberzon & Abelson, 2016, Figure 1; Maren,
Phan, & Liberzon, 2013). Therefore, in addition to probing
the function of the amygdala, fear learning can be used to
probe hippocampal-dependent contextual processing in-
volved in fear modulation. Hippocampal-dependent contex-
tual processing is critical in forming adaptive responses to
ambiguous stimuli that signal fear or safety, depending on
the context. Fear-associative learning paradigms (fear con-
ditioning, extinction, extinction recall, fear renewal) allow
one to test utilization of visual, cognitive, and instructional
information comprising the context necessary for appropriate
interpretation of ambiguous cues.

3.2 | Fear acquisition

To date, there is little evidence to suggest neurobiological or
behavioral differences in fear acquisition in PTSD compared
to controls (Garfinkel et al., 2014; Liberzon & Abelson,
2016; Milad et al., 2009). PTSD participants do not differ
from NEC or TEC in neural activation or skin conductance
response (SCR) during fear acquisition in Pavlovian condi-
tioning paradigms (Garfinkel et al., 2014, Milad et al., 2009;
Steiger, Nees, Wicking, Lang, & Flor, 2015). However, one
study reported that greater hippocampal activation during fear
acquisition in the PTSD group was associated with greater
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Regions, including hippocampus, involved in fear extinction processes (from Liberzon & Abelson, 2016)
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avoidance symptoms (Sripada, Garfinkel, & Liberzon, 2013).
These results raise the possibility that increased hippocampal
activation might be present during fear acquisition in some
individuals with more severe PTSD. Increased hippocampal
activation was reported in PTSD in one study; however, this
was observed during acquisition of contextual information.
During a context acquisition phase in a context conditioning
paradigm, increased hippocampal activation for PTSD com-
pared to TEC and NEC was observed during “dangerous”
context trials (Steiger et al., 2015).

3.3 | Extinction learning, extinction
recall, and fear renewal

It is important to note that, while cued fear conditioning alone
is context independent, fear extinction, and thus extinction
recall and fear renewal, are dependent on contextual infor-
mation and therefore likely require intact hippocampal func-
tion. Indeed, activation in the ventral hippocampus has been
linked to contextual processing during extinction learning
paradigms (Lopresto, Schipper, & Homberg, 2016; Wotjak &
Pape, 2013). In concert, evidence suggests that hippocampal-
dependent context processing may be associated with extinc-
tion learning and recall in individuals with PTSD (Jovanovic
et al., 2012; Liberzon & Abelson, 2016). One study reported
diminished SCR habituation during extinction recall in PTSD
patients compared to TEC, which was associated with re-
duced hippocampal activation to extinguished conditioned
stimulus (CS; Milad et al., 2009). However, another study
failed to find group differences between PTSD and NEC
or TEC during extinction recall (Steiger et al., 2015). The
same group also reported increased hippocampal activation
in PTSD compared to NEC during a modified ambiguous ex-
tinction recall/fear renewal phase; however, interpretation of
these results is complicated as this was conducted in a novel
context rather than following an ABA or ABB design used in
other extinction learning studies (Wicking et al., 2016). Few
studies have examined hippocampal activation during fear
renewal in PTSD, but Garfinkel et al. (2014) reported lower
hippocampal activation in PTSD compared to TEC partici-
pants and blunted SCR response during fear renewal.
Additional research should be conducted to understand
how hippocampal activation underlying contextual process-
ing relates to aberrant fear and extinction learning processes.
Little evidence to date has supported group differences in
hippocampal activation and behavioral performance during
fear acquisition (Garfinkel et al., 2014; Liberzon & Abelson,
2016; Milad et al., 2009; Steiger et al., 2015), and present
findings suggest diminished or comparable to controls’
hippocampal activation for PTSD during extinction recall
and fear renewal (Garfinkel et al., 2014; Milad et al., 2009;
Steiger et al., 2015). Prior research has shown that PTSD par-
ticipants fail to appropriately recall extinction in a “safety”

IPSYCHUPHYSIOI.OGY K | son

context or renew an appropriate fear response in a “threat”
context (Garfinkel et al., 2014), indicating deficient utiliza-
tion of contextual information. This inability to use contex-
tual information to disambiguate potential safety and threat
suggests that hippocampal-dependent contextual processing
deficits might play an important role in altered fear responses
in PTSD.

34 |

While important information about the function of hippocam-
pus and other regions is gained using specific task-based ac-
tivation paradigms discussed above, additional information
can be ascertained by examining intrinsic functional connec-
tivity networks (ICNs) of the brain during rest. In the past
decade, a large body of functional neuroimaging literature
has documented the presence of ICNs, consisting of regions
that demonstrate low frequency BOLD covariation with
one another and are anticorrelated with BOLD variation in
other regions, in the absence of a specific task (Fox, Snyder,
Barch, Gusnard, & Raichle, 2005). A number of resting state
functional networks have been identified (Mitra & Raichle,
2016; Power et al., 2011) and are related to personality traits
(e.g., impulsiveness, trait anxiety), life experience, presence
and duration of psychiatric symptoms, cognitive and motor
abilities, and perception in healthy and disordered popula-
tions (Fornito & Bullmore, 2010; Vaidya & Gordon, 2013).
Among the various ICNs, an important network of regions
that are active at rest—default mode network (DMN)—has
been identified and linked to mind wandering and self-di-
rected 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 memory, visuospatial im-
agery, and mental time travel (McCormick et al., 2018). A
number of studies have examined connectivity within the
DMN and between the DMN and other networks, to inves-
tigate functional connectivity in PTSD using a seed-based
whole brain analysis.

Overall, consistent findings of reduced resting state func-
tional connectivity between regions within the DMN in
PTSD participants compared to controls has been emerging
(Patel, Spreng, Shin, & Girard, 2012; Patriat, Birn, Keding, &
Harringa, 2016; Sripada et al., 2012). PTSD participants with
(Miler et al., 2017) and without mild traumatic brain injuries
(Patriat et al., 2016; Sripada et al., 2012) have exhibited re-
duced connectivity between the hippocampus and prefron-
tal regions, such as the mPFC, compared to TEC (Jin et al.,
2014; Spielberg, McGlinchey, Milberg, & Salat, 2015). This
reduced within-DMN connectivity may contribute to charac-
teristic symptoms of PTSD such as intrusive memories, dis-
sociation, or avoidance (Akiki, Averill, & Abdallah, 2017).

Resting state connectivity in PTSD
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PTSD participants with more severe avoidance and numb-
ing symptoms had less functional connectivity within DMN,
between the hippocampus and the posterior cingulate cortex
(PCC), compared to TEC (Miler et al., 2017).

In healthy samples, BOLD signals in DMN regions are
commonly inversely correlated with BOLD signals from
regions of the SN, which is typically active during decision
making or attention-based tasks. Thus, healthy adults demon-
strate segregation between DMN and SN. However, studies
have demonstrated that participants with PTSD demonstrate
less segregation between the DMN and SN regions, via the
hippocampus (Akiki, Averill, & Abdallah, 2017; Seeley et al.,
2009; Sripada et al., 2012).

Overall, resting state findings suggest that PTSD partici-
pants may have less connectivity between the hippocampus
and other regions of the DMN, compared to controls, and
that the degree of within-DMN connectivity is associated
with symptom severity. PTSD participants also demonstrate
less anticorrelation between DMN and SN compared to con-
trols, with these aberrant connections often involving the
hippocampus.

4 | DISCUSSION
There is an increasing body of neuroimaging literature on hip-
pocampal function in individuals with PTSD. We reviewed
existing evidence for altered hippocampal activation during
learning and memory task, and resting state functional con-
nectivity in individuals with PTSD in the last decade. Overall,
the preponderance of evidence suggests that decreased or
comparable to controls’ hippocampal activation in PTSD
during encoding or retrieval of the memory trace, regardless
of functional performance on memory and extinction reten-
tion tasks with these levels of hippocampal recruitment, is
poorer. Overall, present evidence suggests that decreased or
comparable activation in individuals with PTSD compared to
controls during memory encoding and retrieval is associated
with poorer performance on memory and extinction retention
tasks (Carrion et al., 2010; Cisler et al., 2015; Geuze et al.,
2008; see Table 1). This was present across semantic and
episodic memory and during recall of safety cues (extinction
retention); however, there is no evidence of similar deficits in
other memory/learning systems like acquisition of fear learn-
ing, which are largely dependent on other anatomical centers
such as amygdala (Janak & Tye, 2015; Labar et al., 1998).
Interestingly, greater hippocampal activation in PTSD par-
ticipants as compared to controls has been reported on some
memory tasks (Brohawn et al., 2010; Thomaes et al., 2009;
Werner et al., 2009). In these studies, greater hippocampal
activation was usually associated with memory performance
comparable to control groups. One study reported increased
hippocampal activation in PTSD compared to controls for

negative autobiographical memory and decreased activation
for positive autobiographical memory (St. Jacques et al.,
2011). Overall, the empirical evidence for “emotional mem-
ory” is even more limited, and further research is required to
better understand patterns of hippocampal activation during
emotional semantic and episodic memory tasks. Whether
memory performance/circuits for emotional versus nonemo-
tional items in PTSD differs is still an open question, as it
is possible that modulation of the hippocampus by the BLA
and mPFC in emotional memory could contribute to patterns
of activation that differ from nonemotional stimuli in PTSD
(Pape & Pare, 2010).

With respect to the role of hippocampus in fear-associated
learning in PTSD, the existing human and animal literature
clearly suggest that hippocampal-dependent context process-
ing is integral to extinction learning and recall. Decreased
activation in PTSD participants has been associated with fail-
ure to habituate to CS+ during extinction recall and fear re-
newal (Garfinkel et al., 2014; Milad et al., 2009). However, as
few studies have specifically examined hippocampal function
during fear-learning paradigms, further research is needed to
establish patterns of deficient hippocampal function during
extinction learning, recall, and fear renewal in PTSD.

Evidence from resting state functional connectivity stud-
ies in PTSD has been consistent with replicated reports of
decreased within-DMN connectivity between the hippocam-
pus and other regions of the DMN, such as the PCC (Miler
et al., 2017), and mPFC (Jin et al., 2014; Spielberg et al.,
2015). Studies have also demonstrated decreased segregation
between DMN and SN regions via the hippocampus (Akiki,
Averill, & Abdallah, 2017; Seeley et al., 2009; Sripada et al.,
2012). Deficient connectivity within DMN and less segrega-
tion between DMN and SN in PTSD extend findings from
task-based analyses and further suggest dysfunction in a
network of regions including hippocampus, involved in self-
referential thought, episodic memory, visuospatial imagery,
and mental time travel (Greicius et al., 2003).

There are several limitations of this review and the exist-
ing literature. First, because we were interested in examin-
ing PTSD-associated differences in hippocampal function
on a variety of memory and learning tasks, as well as during
rest, a meaningful meta-analysis was not feasible. As the
literature grows, meta-analyses would be a useful next step
to better understand relationships between specific hippo-
campal function and PTSD symptoms. There have been
surprisingly few studies conducted in the past decade fo-
cused on hippocampal activation during episodic memory
encoding and retrieval, and modulation of fear-associated
learning in PTSD. Additional research is needed in these
areas. Given that recent reviews have summarized PTSD-
associated differences in hippocampal structure, we chose
to focus our review on studies using hemodynamic imaging
to examine hippocampal function during task and at rest.



7 of 11

IPSYCHUPHYSIOI.OGY K

JOSHI ET AL.

(sanunuo)))

[98¢—0c—11
[6- Lz— €€l ™

[9-¢e—zI-11
[9—¢cc— 6l ¥

l61—S1—¢€c—-11

[o—8z— Tl A
lor—ce—2z-11

[8 ¥€-92] QAN ¥
[cz—ci—zel (SSid) A
[SLy—T1-11

[9-vT— L]

[8—ve— 1T
[8—o0c—celd

[S—61—0¢—11
[11€—0¢€1 ¥

sdjeurpa00d redwredoddry

QInye1a)T| SuruIed]-1e9) pue AIoWwaW sso1oe dduewroiod paseq-yse) pue uoneanoe fedwesoddry ur soouaroyrp Suniodar pamaraal sarpnis Jo Arewrung

VN

VN

VN

VN

VN

VN

AuBULIO)RJ

o DL

— DAN/DHEL
! VN
| DAL

o DdL

! JAN

VN DN
! DAL
T AL

1 JaN
! oL
| DHAN

! OAN
| DL

! oL
o DAN
| DdL

! OAN

uoneAndy (DAL 10 JHUN) dnoas jonuo)

($107) ‘T8 10 [{uIRD

(S107) T8 10 133118
(€T02T) T8 12 eprdug
(6007) 'Te 10 pe[tA

($10T) T8 19 [ uLpIRD

(1107) 'Te 10 sonboef 1§

(€102) e 30 seewoy,
(0107) 'Te 30 umeyorg
(T102) ‘Te 30 seke

(0107) 'Te 32 uoLLe)
(8007) T& 10 9znan
(6007) "Te 10 1ouIoM

(€T0T) 'Te 10 sorwoy T,
(0102) 'Te 30 umeyorg

(1107) T8 10 sakey
(0107) ‘Te 30 uoLLIED)
(8007) ' 10 9znon

(6007) T® 10 JouI M

Apmyg

uonaounxy

uonisiboy

Surures] 1eaq

[eASIY

arposidyg

[eARIY

Surpoouyg
JNUBUIDS

KIOWQN

I HTdV.L



* | JpsvchopvsioLoey .7

(Continued)

TABLE 1

Hippocampal coordinates

Performance

Control group (NEC or TEC) Activation

Study

JOSHI ET AL.

TEC
NA

Milad et al. (2009)

R [36 =30 —12]

NA

NA

Sripada et al. (2013)

TEC/NEC
TEC/NEC

Steiger et al. (2015)
Wicking et al. (2016)

L[-14 -9 -17]

NA

Extinction recall

R [15 -36 -9]

TEC

Garfinkel et al. (2014)

L [-24 -36 6]
R [32 -9 -27]

TEC

Milad et al. (2009)

TEC/NEC

Steiger et al. (2015)

Fear renewal

R[18 6 —27]

TEC

Garfinkel et al. (2014)

L [-213-27]

Note. 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 hippocampal performance

post-traumatic stress symptoms.

left; PTSS =

trauma-exposed controls; NEC = nontrauma-exposed controls; R = right; L =

or activation was not measured. TEC

Future studies should continue to examine both hippocam-
pal structure and function associated with performance on
memory and learning tasks in PTSD. Studies examining
links between hippocampal function and structure would
be particularly informative in establishing potential under-
lying mechanisms associated with performance deficits in
PTSD. Recent evidence suggests that contextual processing
deficits associated with hippocampal function may be as-
sociated with difficulty modulating emotion in participants
with PTSD (Liberzon & Abelson, 2016). Animal studies
have already identified differential processes in hippo-
campal subfields associated with encoding and retrieval
of contextual information (Gilbert, Kesner, & Lee, 2001;
Nakashiba et al., 2012). Several examples of human stud-
ies, using high resolution neuroimaging techniques, have
replicated these findings in healthy adults (Berron et al.,
2018; Duncan, Ketz, Inati, & Davachi, 2012). However,
none of the literature reviewed has examined hippocampal
subfields or distinguished between activation in anterior
and posterior hippocampus. Our own review of the hip-
pocampal coordinates reported in the included studies re-
vealed peaks distributed throughout the hippocampus with
few consistencies between task type, likely due to the lim-
ited resolution inherent in imaging methods used. Future
studies using tasks specifically designed to probe contex-
tual memory associated with hippocampal subfield activa-
tion, and high resolution scanning parameters, are needed
in both healthy adults and participants with PTSD.

Overall, the evidence emerging from the literature to
date suggests that PTSD diagnosis and PTSD symptoms
are associated with aberrant (e.g., diminished) hippo-
campal function during a number of memory and fear-as-
sociated learning tasks, as well as deficient connectivity
between hippocampus and other regions involved in mem-
ory-related processes at rest. Despite recent advances in
our understanding of hippocampal involvement in learn-
ing and memory processes in PTSD, much remains to be
learned. Future efforts should focus on conducting meta-
analyses to identify consistent patterns of hippocampal
function associated with memory and learning, developing
studies to further investigate hippocampal function associ-
ated with episodic memory and contextual modulation of
fear, examining relationships between hippocampal struc-
ture, function, and performance, and utilizing high-resolu-
tion imaging techniques to examine hippocampal subfield
structure and function in PTSD.
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