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Abstract

Hippocampal volume reductions and functional impairments are reliable findings in post-traumatic
stress disorder (PTSD) imaging studies. However, it is not clear if and how hippocampal
dysfunction contributes to the etiology and maintenance of PTSD. Individuals with PTSD are
often described as showing fear responses to trauma reminders outside of contexts in which these
cues would reasonably predict danger. Animal studies suggest that the hippocampus is required to
form and recall associations between contextual stimuli and aversive events. For example, the
hippocampus is critical for encoding memories in which a complex configuration of multiple cues
is associated with the aversive event. Conversely, the hippocampus is not required for associations
with discrete cues. In animal studies, if configural memory is disrupted, learning strategies using
discrete cue associations predominate. These data suggest poor hippocampal function could bias
the organism towards forming multiple simple cue associations during trauma, thus increasing the
chances of fear responses in multiple environments (or contexts) in which these cues may be
present. Here we will examine clinical and animal literature to support a theory of hippocampal
dysfunction as a primary contributory factor to the etiology of PTSD, and discuss future research
required to test these hypotheses.

1. Introduction

Some of the most robust and significant neural markers associated with post-traumatic stress
disorder (PTSD) are altered hippocampal volume and activation differences. The
hippocampal complex is critical for encoding emotional memory and modulating
appropriate emotional responses to fear relevant stimuli. Here we will review the findings of
neural circuit abnormalties in PTSD patients with focus on hippocampal alterations, discuss
if hippocampal differences are markers of vulnerability traits or, rather, are linked to
alterations post trauma, and describe how these abnormalities might disrupt fear learning
processes during trauma exposure and recall. We will also propose future research avenues
to test the hypothesis that hippocampal abnormalities contribute to the etiology of this
disorder.

la. PTSD prevalence and symptoms

PTSD is unique among the mental health disorders in that symptoms are induced by
exposure to a known environmental stimulus, i.e. a life-threatening or traumatic event. This
external stimulus has been incorporated into the DSM diagnostic criteria as Criterion A,
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defined as having experienced both a traumatic stress (“experienced or witnessed actual or
threatened death, injury or threat to the physical integrity of self or others”) and reacted to
that experience with “intense fear, helplessness or horror”. Lifetime prevalence rates for
experiencing Criterion A events vary widely depending on the country studied (~80% in the
U.S. vs. ~20-30% in Germany and Switzerland; Breslau, 2009). However, of those that
experience this type of trauma in their lifetime, only a subset will go on to develop chronic
PTSD symptoms (~10% in the US; Breslau, 2009; Kessler et al, 2005) suggesting individual
vulnerability or risk factors play a role in development of PTSD (Vogt et al, 2007). Also, the
conditional risk for developing PTSD varies depending upon factors such as gender and type
of trauma, with females and individuals exposed to assaultive violence at highest risk
(Breslau, 2009; Galea, Nandi, & Vlahov, 2005; Breslau et al, 1998).

The symptoms that result from exposure to a Criterion A event in vulnerable individuals are
intrusive recollections of the traumatic event (Criterion B), avoidance of trauma reminders
and emotional numbing (Criterion C), and hyperarousal, e.g. irritability, difficulty sleeping,
and increased startle reactivity (Criterion D). If these symptoms persist for longer than 3
months, the condition is referred to as “chronic” (APA, 2000).

These symptoms invoke a significant toll on the individual suffering from the disorder, as
well as their families and their place of employment (Schnurr et al., 2009). PTSD is
associated with high levels of impairment across social and occupational domains (Alonso,
2004; Druss, 2008) with a work loss index and disability rivaling that of neurological
disorders and exceeding that of diabetes (Alonso, 2004). Annual productivity loss from
PTSD in the United States is estimated to be over 3 billion US dollars (Brunello, 2001). In
contrast to other anxiety disorders, PTSD is independently and significantly associated with
both suicidal ideation and suicide attempts (Sareen, 2005; Sareen, 2007). The lifetime
prevalence rate for PTSD has been estimated at ~ 7% (Kessler, et al, 2005), and the current
treatments are mainly psychotherapy based treatments (e.g. exposure therapy and cognitive
therapy), with modest efficacy of pharmacological treatments (Institute of Medicine, 2007).
There is a clear need for development of novel therapeutic approaches, which undoubtedly
will emerge with better understanding of the etiology of this disorder (Baker et al, 2009,
Steckler & Risbrough, this issue).

For a contemporary example of trauma and symptoms associated with PTSD, consider a
soldier in Iraq or Afghanistan who experiences attack by an improvised explosive device
(IED). Exposure to IED or mortar blasts are a common experience for soldiers deployed to
these theatres. Approximately 15% of infantry soldiers experience a significant blast, with
~33% of those going on to develop PTSD (Hoge et al., 2008). IEDs are often hidden in
walls, garbage bags, or piles of rubbish along side the road. Following exposure to an IED
attack, the soldier may develop a constellation of symptoms consistent with PTSD. For
instance, the soldier may experience distressing dreams or recollections of the explosion,
intense psychological and physiological reactions when exposed to cues that resemble
important aspects of the event (e.g., driving on roads littered with trash), avoidance of such
cues or conversations that may trigger memories of the event, a diminished interest in
activities or neglect of relationships, hypervigilance for signs of danger, irritability/anger,
insomnia, and increased startle reactivity. While we have provided a current, Western-
centric example of combat-related PTSD, it is important to note that this example holds
across various trauma types (i.e., a female raped by a bald man may experience intense
physiological and psychological reactions when later confronted by a different bald man,
etc.).

Neuropharmacology. Author manuscript; available in PMC 2013 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Acheson et al. Page 3

1b. Vulnerability factors and biomarkers associated with PTSD

As stated above, only ~10% of individuals exposed to traumatic stress develop chronic
PTSD (Breslau, 2009; Kessler, 2005). Thus, there is considerable variability in trauma
stimuli and their perception, as well as differential individual vulnerability to trauma effects.
Therapeutic interventions have been limited in part because the pathways that mediate
vulnerability to trauma, and hence that contribute to the etiology of PTSD, are not
understood.

Factors associated with increased risk for development of PTSD include psychosocial
factors and past trauma exposures (Vogt et al, 2007), as well as genetic and epigenetic
factors (Afifi et al., 2010; Yehuda & Bierer, 2009; Charney 2004; Crow 2004; Kent et al.
2002; Meaney et al. 2000; Merikangas & Pine 2004; Nemeroff 2004; Rasmusson et al.
2001; Saigh & Bremner 1999). Epigenetic factors that contribute to increased stress
responses in adulthood are particularly interesting as these can both be non heritable (e.g.
methylation occurring due to early life stress; McGowan et al., 2009) and heritable
depending upon the developmental period of epigenetic programming (e.g. in utero
methylation occurring in primordial germ cells that is passed on to subsequent offspring;
Dunn et al., in press). These factors are beyond the scope of this review but are reviewed in
this extensively elsewhere (Kremen et al, this issue; Mehta & Binder, this issue; Skelten et
al., this issue).

PTSD has also been associated with abnormal hypothalamic-pituitary-adrenal axis markers
(e.g. Bauer et al. 2010, Yehuda 2009) as well as neural circuit abnormalities (see below). In
the case of biological markers associated with PTSD however, there is debate over which of
these markers are related to a vulnerability traits vs. those that are related to biological
adaptations specifically after trauma exposure (e.g. state).

2. Neural Circuit Abnormalities Reported in PTSD

2a. Cortical and subcortical findings

Structural MRI and functional MRI studies in PTSD report differences in volume and
activation of limbic circuitry mediating stress responding, fear memory, and emotional
modulation (Garfinkel & Liberzon, 2009; Rauch, Shin, & Phelps, 2006). Given its central
role in the acquisition of the conditioned fear response, the amygdala is a region of interest
in imaging studies with hypotheses of increased function based on the increased anxiety/fear
responding in these patients (Shin et al., 2006). Due to its central role in the inhibition of
fear responses (Quirk & Mueller, 2008), the medial prefrontal cortex (particularly the
ventral region) has also been intensely investigated in this population where it is
hypothesized to have reduced function. Importantly, the medial prefrontal cortex is thought
to exert a top-down regulatory influence on the amygdala, and thus dysfunction in these
areas may be linked. A recent meta-analysis of functional neuroimaging studies in the
anxiety disorders supports the notion of dysfunction in prefrontal-limbic areas in PTSD,
showing modest amygdala hyperactivation along with more pronounced hypoactivation in
the medial prefrontal cortex as well as the rostral and dorsal anterior cingulate cortex (ACC;
Etkin & Wager, 2007). Ventromedial PFC activation however has been shown to be
increased in PTSD during a working memory task with combat imagery distractors (e.g.
Morey, Dolcos, Petty, Cooper, Hayes, LaBar & McCarthy, 2009). For a more in-depth
review of frontal dysfunction findings in PTSD see (Aupperle et al., this issue).

Another robust finding in neuroimaging research is reduced gray matter volume in the ACC
in patients with PTSD (Yamasue et al., 2003; Corbo et al, 2005; Kitayama et al., 2006).
Kasai and colleagues (2008) found that combat-exposed twins with PTSD had lower gray
matter volumes in the subgenual ACC compared to their trauma-exposed non-PTSD co-
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twins. This pattern of finding suggests that subgenual ACC volume reductions are an
acquired feature of PTSD, rather than a vulnerability factor. However, in another recent
study, Shin and colleagues (2009) used positron emission tomography (PET) to assess
resting metabolic activity in the dorsal ACC in veterans with PTSD and their non-combat
exposed co-twins. They found that veterans with PTSD and their co-twin both exhibited
higher resting metabolic rates than veterans without PTSD and their co-twins. This pattern
of results suggests that metabolic abnormalities in the dorsal ACC represents a pre-existing
vulnerability factor for the development of PTSD subsequent to trauma. More research is
needed to clarify the nature of prefrontal/ACC abnormalities in PTSD, and how they may
contribute to the development or maintenance of the disorder.

2b. Hippocampal abnormalities reported in PTSD

i. Structural MRI findings—The suggestion that PTSD may be associated with reduced
hippocampal volume has generated a large body of human structural MRI research and been
the subject of three recent meta-analyses (Kitayama et al., 2005; Smith, 2005; Karl et al.,
2006). Smith (2005) completed a meta-analysis of 13 structural MRI studies comparing
adult PTSD patients to matched controls (215 total patients and 325 total controls). Pooled
effect size estimates suggested significant bilateral hippocampal volume reduction in PTSD
patients compared to controls. Specifically, PTSD patients had, on average, 7.2% lower right
hippocampal volume and 7.0% lower left hippocampal volume. These reductions were
somewhat attenuated (Right: 4.3%; Left: 4.5%) when comparing PTSD patients to trauma-
exposed controls rather than control subjects without trauma exposure. A meta-analysis by
Kitayama and colleagues (2005) examined 9 studies comparing adult patients with chronic
PTSD (133 total) to healthy controls (148 total), and trauma-exposed controls (53 total).
They also confirmed bilateral hippocampal volume reductions in the PTSD patients
compared to healthy controls and trauma-exposed individuals without PTSD.

Using an expanded sample of structural MRI studies investigating hippocampal volume
abnormalities in PTSD, the meta-analysis by Karl and colleagues (2006) included several
moderators including MRI methodology, age, gender, PTSD severity and duration, and
medication use. Their results also supported findings of smaller hippocampal volumes in
PTSD patients relative to healthy controls. Bilateral hippocampal volumes were also
reduced in PTSD patients relative to trauma-exposed non-PTSD subjects, though this was
evident only in studies using samples with severe PTSD, suggesting a relationship between
hippocampus volume and PTSD severity. This relationship has been reported in some
previous studies (e.g., Gilbertson et al., 2002) though not in others (e.g., Pederson et al.,
2004). However, a positive correlation between effect sizes and PTSD severity in this meta-
analysis supports the relationship (Karl et al., 2006). Interestingly, hippocampal volume
differences were not observed in studies utilizing pediatric samples (Karl et al. 2006),
suggesting detectable volumetric abnormalities may be more specific to adult PTSD.

Thus, three recent meta-analyses have confirmed the presence of volumetric reductions in
PTSD subjects relative to healthy controls as well as trauma-exposed non-PTSD subjects.
There is some suggestion that these differences are more pronounced with more chronic,
severe PTSD, and may also be present in trauma exposed individuals without PTSD,
suggesting it may be a result of trauma as opposed to a pre-existing vulnerability factor.
Recent research has begun to investigate the structure of individual hippocampal subfields in
PTSD. Wang et al. (2010), using high-resolution MRI, found that the disorder was
associated with specific volume reductions in the cornu ammonis 3 (CA3)/dentate gyrus
(DG) subfields. These subfields are specifically involved in the encoding and retrieval of
spatial memory, as well as the encoding of geometric representations of the environment
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(Colgin et al., 2008; Kesner, 2007), a finding of importance to our later discussion of fear
learning and PTSD etiology.

ii. Magnetic Resonance Spectroscopy findings—Magnetic Resonance Spectroscopy
(MRS) is an MRI-associated method of determining metabolite concentrations in predefined
areas of the brain. Specifically, MRS collects information on concentrations of N-
Acetylaspartate (NAA), creatine (Cr), and choline (Cho), indicators of neuronal integrity.
Specifically, NAA is found localized to mature neurons, and is not found in glia (Karl &
Werner, 2010; Urenjak et al, 1993). Reductions in NAA have been interpreted as evidence
of neuronal death, glial proliferation, and metabolic dysfunction, and are thought to be a
general marker of altered neuronal structure/function (Karl & Werner, 2010; Martin et al,
2001a; Schuff et al, 2001). Though these interpretations are not without controversy (see
Sullivan et al., 2001; Arnold et al., 2001; Marting et al., 2001b), NAA alterations have been
reported in a number of pathologic and psychiatric conditions, including multiple sclerosis,
ischemia, schizophrenia, depression, bipolar disorder, and cognitive decline, strongly
suggesting an association with neuropathology (Glodzik-Sobanska et al, 2007; Olvera et al,
2007; Szulc et al, 2007 Sijens et al, 2006; Ross et al, 2005; Gruber et al, 2003).

In PTSD patients, studies have shown hippocampal dysfunction in the form of decreased
NAA even in the absence of structural abnormalities (Freeman et al., 2006; Schuff et al.,
2001). Karl and Werner (2010) conducted a recent meta-analysis of 16 total MRS studies,
12 of which provided data specific to the hippocampus. They found consistent bilateral
hippocampal NAA reductions in PTSD as compared to trauma-exposed non-PTSD subjects,
but not when compared to healthy controls. The authors suggested that these findings might
indicate resilience, indexed by higher pre-trauma NAA levels, in the trauma-exposed non-
PTSD controls, relative to a mixed sample of vulnerable and non-vulnerable individuals in
the healthy control groups. This explanation assumes that NAA levels are a pre-existing
vulnerability or protective factor, and not related to stress-induced changes in hippocampal
function.

In support of this notion, Siegmund and colleagues (2009) measured NAA levels and fear
behaviors pre and post-“trauma” (i.e. footshock exposure) in a mouse model of PTSD.
Hippocampal NAA levels were assessed before the mice underwent a procedure in which
they were placed in a conditioning chamber and received an unsignaled foot-shock. The
mice were then re-exposed to the conditioning chamber and a neutral chamber on weeks 4,
5, 18, and 32 post-shock and their fear behavior (freezing) in each chamber was assessed
(see Box 1 for a brief review of methods for studying context fear in animals). NAA levels
in the left dorsal hippocampus were negatively correlated with fear behaviors exhibited in
the conditioning chamber (i.e. contextual fear), the durability of this behavior over time, as
well as freezing in the neutral chamber (interpreted as generalized fear). These findings
support the hypothesis that pre-existing variation in hippocampal function (neuronal
integrity) is a vulnerability factor for the development of enduring anxiety-like behaviors
following exposure to stress. This conclusion is somewhat contradictory to the structural
MRI findings discussed above, and suggests that subtle neuronal abnormalities may be
present in the absence of detectable structural abnormalities. Whether these abnormalities
represent state vs. trait (or vulnerability) factors will be discussed below.
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Box 1
Methods for Studying Fear Learning in Animals
Context A Context A Context
TRAIN [ CONTEX CUE TEST
{Day = * TEST * (Day3)
(Day 2)
Papparmant Peppanmint Orange Odor

Animal (and human) models of aversive learning such as context and cued fear
conditioning have played a large role in identifying potential mechanisms in the etiology
of PTSD and other fear learning disorders (see Siegmund & Wotjak, 2007; Rau, DeCola
& Fanselow, 2005, Johnson et al. this issue). These tasks attempt to model cardinal
symptoms of PTSD - the intrusive recollection of the trauma as well as fear responses to
trauma-related cues.

Contextual learning in animals is typically studied via fear conditioning paradigms
(which are highly relevant to memory processes in PTSD). Fear conditioning is a simple
form of Pavlovian or classical associative conditioning in which an animal learns that one
or more stimuli in the environment reliably predict an aversive event. This association
results in robust, long-lasting memory (Sweatt, 2003) as measured by fear responses
when presented with the training environment or cues. Typically, a fear conditioning
protocol in rodents involves the following sequence of events. A rodent is first placed in
a novel context (e.g., a conditioning chamber with a shock grid floor) and allowed to
explore for a set period of time (e.g., 2 min). The rodent is then presented with a salient,
novel stimulus (e.g., a tone) for several seconds. During the last second of the tone, the
rodent receives a mild foot-shock. Foot-shock, the unconditioned stimulus (US), elicits
numerous reflex fear responses, including defecation, elevated blood pressure, ultrasonic
vocalizations, and freezing (Fanselow, 2000). Freezing is defined as the absence of all
movements except that which is required for respiration (Fanselow, 2000) and is a
common defensive behavior of prey animals under threat. These tone-shock pairings can
be repeated several more times within the conditioning session, with a brief interval
(approximately 1 min) between pairings. Rodents tested in this conditioning protocol
learn two associations. First is the association between the training environment
(regardless of whether it has been encoded elementally or conjunctively) and shock (US).
Once this association is formed, subsequent visits to the chamber itself will invoke
conditioned fear responses (such as freezing), even in the absence of a shock. This
environment-shock association is called contextual fear conditioning. The second learned
association is that the tone also predicts shock. Thus, even when the tone is presented in a
novel environment, the rodent will freeze. This tone-shock association is referred to as
auditory, or cued, fear conditioning. In both context and cued fear conditioning, retention
of the learned associations is assessed by measuring fear responses, such as freezing,
following conditioning. It is important to use a novel environment when measuring
retention of the tone-shock association in order to dissociate cued conditioning from
context conditioning. Importantly, this simple tone-US pairing is able to elicit
conditioned fear in many types of environments, and is thus context independent. That is,
the animal learns the association between tone and shock, not that the tone predicts shock
only in a certain time or place. This is a form of elemental learning. The presence of the
fear response during retention tests reflects the extent to which context-US associations
have been consolidated. Once formed, these memories can persist for days, weeks, or
years (Goelet et al., 1986).

iii. Functional Imaging Findings—To date, few functional neuroimaging studies have
examined hippocampal function in PTSD (Shin et al., 2006). Shin and colleagues (2004)
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used positron emission tomography (PET) to measure hippocampal regional cerebral blood
flow (rCBF) in both PTSD patients and controls during performance of an explicit memory
task. Relative to controls, PTSD patients displayed higher rCBF in the bilateral
hippocampus, which was positively associated with symptom severity, though the groups
did not differ on recall accuracy. Additionally, Osuch and colleagues (2001) found that
hippocampal rCBF measured in PTSD patients experiencing script-induced flashbacks while
undergoing fMRI was positively correlated with severity. In a recent study employing
functional MRI measures of hippocampal blood oxygen level-dependent response (BOLD),
PTSD patients appear to show greater hippocampal activation when successfully encoding
negative imagery compared to trauma matched controls, as well as greater coupling of
hippocampal and amygdala activiation when viewing negative images (Brohawn, Offringa,
Pfaff, Hughes & Shin, 2010). However when successfully encoding images that are trauma-
related, PTSD subjects have been reported to exhibit reduced hippocampal BOLD responses
(Hayes, LaBar, McCarthy, Selgrade, Nasser et al, in press). This study also found that
reduced hippocampal activation was associated with increased arousal symptoms. These
findings suggest an interesting possibility that hippocampal activation is high when
presented with novel aversive stimuli but low when presented with trauma-related stimuli in
PTSD patients. Finally, hippocampal activation was reduced in PTSD subjects compared to
controls when completing a spatial memory task (virtual-reality Morris water maze), and
was negatively correlated with PTSD severity (Astur et al., 2006). These subjects performed
as well as controls in the task, suggesting that they may have been utilizing non-
hippocampal strategies to complete the task.

A note of caution is that in fMRI studies can be difficult to interpret what the rCBF/BOLD
response differences means in terms of task performance or stimulus processing. Increases
in rCBF/BOLD response can be interpreted as a lack of efficiency and that this region is
“working harder” than the same region in the comparison group or simply that it is more
engaged by the task. Low levels can be interpreted that the region is either not functionally
engaged in the task or the opposite, that it is engaged and working with more “efficiency”.
rCBF/BOLD response to the various tasks in the above studies showed inconsistent
directional changes compared to controls. However these tasks engage different
hippocampal processes (response to trauma cues, spatial navigation learning, declarative
memory recall) and thus are likely engaging different hippocampal neural circuits (e.g.
hippocampus-cortex vs. hippocampus-amygdala). Nonetheless, these findings do suggest
that PTSD is characterized by abnormalities in hippocampal rCBF/BOLD response. More
functional imaging research combined with behavioral performance assessments are needed
to further clarify the nature of these differences.

3. Abnormalities in Hippocampus-dependent processes

A substantial body of research in both animals and humans has implicated the hippocampus
and parahippocampus in declarative memory (Squire, 1992; Eichenbaum, 2000). Declarative
memory refers to the ability to recall facts and events. It is commonly divided into semantic
memory (memory for specific facts) and episodic memory (memory for specific events).
The observation of hippocampal volumetric and neurochemical abnormalities in PTSD has
led to the suggestion that declarative memory may be affected in this disorder (Woodward et
al., 2009). Indeed, patients with PTSD experience problems with declarative memory
including loss of specific narrative memory for the traumatic event as well as intrusive,
inappropriate, emotion-laden memories (Bremner, 2006; Brewin, 2010).

Many neuropsychological studies have found deficits in verbal declarative memory in
patients with PTSD (Gilbertson et al., 2006; Buckley et al., 2000; Elzinga & Bremner, 2002;
Brewin, 2001; Golier & Yehuda, 1998; Bremner et al., 1993; Bermner et al., 1995;
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Gilbertson et al., 2001; Jenkins et al, 1998; Moradi et al., 1999; Roca & Freeman, 2001;
Uddo et al., 1993; Vasterling et al., 1998; Vasterling et al., 2002; Yehuda et al., 1995;
Barrett e al, 1996; Gil et al., 1990; Sachinvala et al., 2000; Golier et al, 1997), though some
conflicting findings have been reported (Stein et al., 1999; Zalewski et al., 1994). Brewin
and colleagues (2007) reviewed 27 studies on verbal and/or visual memory differences for
emotionally neutral material between PTSD and healthy controls. The results consistently
supported a small to moderate effect for poorer performance on verbal as opposed to visual
memory in PTSD subjects. This pattern of results suggests that declarative memory is an
important link between hippocampal abnormalities and PTSD symptomatology. However,
Woodward et al. (2009), while observing verbal declarative memory deficits in PTSD
patients, failed to find any correlation between these deficits and hippocampal volume. This
is surprising given that PTSD patients in this sample showed significant volume reductions
relative to controls in the hippocampus, parahippocampus, and total cerebral cortex
(Woodward et al., 2009). Further research is needed to clarify the relationship between
declarative memory deficits in PTSD and specific brain volumes.

4. Genetic Risk Factors Related to Hippocampal Function in PTSD

To date, there are few research studies linking candidate genetic risk factors with
hippocampal abnormalities in PTSD. Animal and human studies suggest that mutations in
the BDNF (brain-derived neurotrophic factor, a member of the neurotrophin family of
polypeptide growth factors) can influence acquisition of fear learning and extinction (for a
recent review see Frielingsdorf et al., 2010). A methionine in place of a valine in position 66
of the prodomaine of BDNF (Val66Met) has been linked with poor episodic memory and
low hippocampal activity in healthy controls (Dempster et al., 2005; Hariri et al., 2003), and
is also linked to reduced hippocampal gray matter in subjects exposed to early life stress
(Gatt et al. 2009). Although this variant has been linked to depression in some studies, there
is not suffient evidience to indicate it is linked to PTSD (Frustaci et al., 2008; Zhang et al.,
2006). Animal models suggest that stress alters BDNF expression levels in the hippocampus
via DNA methylation (Roth et al., in press; Kozlovsky et al., 2007), thus it is possible that
stressors that induce epigenetic modificaiton of BDNF expression could contribute to either
risk for development or maintenance of PTSD symptoms.

Recently a mutation in the estrogen response binding element of the pituitary adenylate
cyclase-activating polypeptide receptor (PAC1) gene was associated with PTSD in women
(Ressler et al. 2011). Interestingly this receptor is involved in hippocampal plasticity (Yang
et al. 2010), but it is unknown if this mutation is linked to hippocampal function or volume
in humans. Finally, there has been recent evidence that low expression of FKBP5, a
cochaperone peptide that inhibits nuclear translocation of bound glucocorticoid receptors, is
linked to risk for PTSD in subjects with early life stress (see Mehta and Binder review in
this issue). There are no studies to our knowledge examining the relationship between
FKBP5 and hippocampal function or structure in humans, however studies in animals
suggest that low FKBP5 expression in hippocampus is linked to reduced short term memory
(Soontornniymokij et al., 2010). Thus some candidate genes that alter hippocampal function
are linked to PTSD, however a mechanistic link between these genes, hippocampal
structure/function and PTSD has not been established. For a more extensive review of
genetic risk factors for PTSD see Cornelius et al. (2010).

5. Hippocampus abnormalities: state or trait?

In order to understand how hippocampal abnormalities contribute to development and/or
maintenance of PTSD, an important question is whether this reduced volume is a trait in
vulnerable individuals or, rather, a manifestation of the disease state after experiencing
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trauma. Recent research is beginning to support a conceptualization of these abnormalities
as a pre-existing vulnerability factor for development of the disorder. Gilbertson and
colleagues (2002; 2007) examined hippocampal volume and function in a sample of
monozygotic twins discordant for trauma exposure. In the first study, the authors compared
hippocampal volume, as assessed by structural MRI, across twins with and without PTSD,
and also correlated volume with PTSD severity in the exposed twin (Gilbertson et al., 2002).
Findings supported smaller, predominately right, hippocampal volume in severe PTSD vs.
trauma-exposed non-PTSD subjects. Interestingly, twins of severe PTSD subjects showed
hippocampal volumes comparable to their brothers and significantly lower than both trauma-
exposed non-PTSD patients as well as their non-trauma-exposed twins. Disorder severity in
PTSD subjects was negatively correlated with both their own hippocampal volumes and
with those of their trauma-discordant twin. Thus, hippocampal volume may be a
vulnerability trait that contributes to the development of PTSD upon trauma exposure.

In a follow up study, Gilbertson and colleagues (2007) tested the same subjects in a measure
of configural cue processing, a hippocampus-dependent function related to processing of
spatial cues (described in detail below). PTSD subjects showed significantly impaired
performance on the task relative to trauma-exposed non-PTSD subjects. This impaired
performance was also reflected in the trauma-unexposed twins of the PTSD subjects. These
deficits were significantly related to hippocampal volume in both twins and PTSD severity
in the PTSD twin.

Further support for hippocampal abnormalities as a vulnerability factor for disordered fear
processes comes from the study by Siegmund and colleagues (2009) mentioned above.
While human studies must infer from post-hoc twin studies, animal research allows for the
direct manipulation of a traumatic event following pre-trauma hippocampal measurements.
Indeed, in Siegmund et al. (2009), pre-trauma differences in hippocampal integrity, as
measured by MRS, predicted the development of PTSD-like symptoms.

A recent human structural MRI study, while replicating the finding of smaller hippocampal
volume in chronic PTSD patients, found no differences between Gulf War veterans without
PTSD and those who had successfully recovered from the disorder (Apfel et al., 2011). The
authors suggest that this pattern of findings may indicate that low hippocampal volume is a
state factor. However, the cross-sectional design of the study precludes any causal inference
in this regard. It is also possible, as the authors mention, that measurable structural
abnormalities are a trait factor predisposing individuals toward a more severe, treatment
resistant form of the disorder, or that hippocampal neurogenesis is a mediating factor in
successful recovery. Longitudinal imaging studies are necessary to disentangle these
competing hypotheses. Ongoing large prospective studies, such as the Marine Resiliency
Study (Veteran’s Affairs) and Army STARRS (National Institute of Mental Health) will be
critical for indentifying vulnerability factors such as hippocampal function in the etiology of
PTSD.

Support for the alternative idea that hippocampal reductions manifest only after trauma (i.e.
“state™) is predominantly based on evidence for stress- and glucocorticoid signaling induced
reductions of hippocampal volume (for review see Conrad, 2008; Bremner, 1999). Stress
induces acute release of glucocorticoids via activation of the Hypothalamic-Pituitary-
Adrenal (HPA) axis. The hippocampus has a large number of glucocorticoid receptors and
plays an important role in negative feedback to shut off HPA axis activation (Sapolsky,
2003). Severe and chronic stress, with concurrent elevations in circulating glucocorticoids
has been shown to induce hippocampal atrophy in rodents and primates (Magarinos et al.
1996; Sapolsky et al. 1990; McEwen et al. 1992; Sunada et al. 1995). These effects of stress
on hippocampal volume have also been shown to result in poor hippocampal-dependent
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memory performance (Luine et al. 1994). In humans, high cortisol levels (e.g. Cushing’s
Disease) are associated with low hippocampal volume and cognitive deficits, which are
reversed with successful treatment (Starkman et al., 2003). Based on these studies it has
been hypothesized that that trauma exposure induces HPA axis dysregulation, resulting in
hippocampal atrophy in vulnerable individuals (Elzinga and Bremner, 2002). Measures of
circulating cortisol levels in PTSD patients have been inconsistent however, predominantly
with reports of normal or low levels of cortisol and increased negative feedback (for review
see Yehuda, 2009). Thus there is not a clear link between dysregulation of cortisol and the
hippocampal abnormalities observed in PTSD. Recent findings of alterations in second
messenger systems involved in glucocorticoid signaling (Binder, 2009) suggest that,
although glucocorticoid levels may be relatively normal, patient’s ability to regulate
signaling at the cellular level may be impaired. It remains to be determined if these
downstream modifiers of glucocorticoid signaling are linked to the hippocampal
abnormalities reported in PTSD patients. Taken together evidence supports both the state
and trait hypothesis of hippocampal abnormalities in PTSD. Nevertheless, it is reasonable to
ask how these clear circuit abnormalities support development and/or maintenance of PTSD
symptoms.

5. Hippocampal abnormalities can explain PTSD symptomatology

5a. Brewin’'s Model of Intrusive Memory/Flashbacks

Brewin and colleagues (1996, 2001, 2010) have developed a dual representation model of
intrusive memories in PTSD involving two complementary forms of memory, one of which
is dependent upon the hippocampus. The hippocampal-dependent memory is termed
“verbally-accessible memory” or “context representation” (C-Rep, Brewin et al., 2010).
Under ordinary circumstances, C-reps are comprised of the spatial context for a given event,
which is encoded as allocentric (view-independent) representations of space in the
hippocampal and parahippocampal regions of the medial temporal lobe (MTL). During
recall, this allocentric representation is translated to an egocentric (view-dependent) frame
of reference in the posterior parietal cortex with head-direction input from Papez’s circuit.

The second form of memory is a sensation-based representation of the same event termed S-
reps (also termed situational-accessible memory). S-reps include autonomic markers of
affective valence, essentially amygdala and insula-mediated conditioned fear responses to
trauma stimuli. Theoretically, S-reps may be activated via a bottom-up pathway triggered by
environmental or internal cues reminiscent of the event, or via top-down activation of
higher-level mental representations of the event.

The crux of dual representation theory is the integration of C-reps and S-reps in the
precuneus (located in the medial longitudinal fissure of the superior parietal lobe) to provide
an accurate mental representation/imagery for the event. When an S-rep is activated, perhaps
by an environmental cue, its corresponding C-rep is also activated. The integration of the S-
rep with its corresponding C-rep allows for the event to be placed in the appropriate
semantic and autobiographical context and prevents it from being re-experienced in the
present, as well as allowing for top-down control of the S-rep through connections between
the prefrontal cortex and MTL. Thus, reminders (environmental cues) of an aversive event
trigger an appropriate memory of a past event, and not the perception of immediate threat in
the present context. Interestingly, there is some functional neuroimaging evidence that the
precuneus is less active during memory encoding in PTSD patients relative to controls
(Gueze, Vermetten, de Kloet, & Westenberg, 2008) and that precuneal activation is
positively related with a tendency to produce false recall of memory for trauma information
(Hayes et al, in press). More research is needed however to clarify the role of precuneal
dysfunction in PTSD. For example it is not clear if there is an abnormality in this region per
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se, or if reduced activity is due to abnormalities in upstream neural circuits (e.g.
hippocampus).

According to Brewin and colleagues (2010), intrusive memories associated with PTSD are
associated with strong S-reps for a traumatic event in conjunction with relatively
impoverished or absent C-reps, due to decreases in hippocampal function. When an S-rep
for an aversive event is activated, perhaps by an external cue, an adequate C-rep is not
concurrently activated to place the S-rep in its appropriate context. This reduction in C-rep
strength results in both the event/threat being experienced as occurring in the present, and in
the failure to activate appropriate top-down control over autonomic arousal associated with
the event. In this situation, the individual will respond to trauma-related cues as if the threat
is imminent, regardless of the actual spatiotemporal context in which these cues are placed.
Brewin and colleagues did not speculate if deficiencies in C-rep are a trait of vulnerable
individuals or are due to post-trauma pathology to the hippocampus and related structures.

Research supporting the dual representation model of intrusive memory is still in its early
stages. Bisby and colleagues (2009, 2010) have conducted 2 studies using alcohol (0.4 and
0.8 g/kg) to putatively perturb hippocampal functions while the subjects viewed a video of
horrific scenes (e.g. traffic accidents). Alcohol consumption did increase subsequent self
reports of intrusive memories of the horrific scenes in the following days (interpreted as an
increase in S-reps), as well as impair subjects in task of allocentric memory (a task of
requiring hippocampal function). The authors argued that these findings supported the idea
that spontaneous aversive memories (e.g. of the traffic accident scenes) are supported by an
imbalance between intact S-reps and disrupted C-reps. However, these studies contain
important limitations. First, frequency of spontaneous memories could only be measured by
self-report. Second, alcohol consumption is not a selective manipulation of hippocampal
function, thus leaves the question of a hippocampal specific role in C-reps vs. S-reps largely
untested. Additionally, as the authors note, it is unclear to what extent viewing the video is
an appropriate analog for real-life trauma (Bisby et al., 2010). Future studies seeking to test
this theory would benefit from employing fear learning paradigms that directly measure fear
(e.g. skin conductance changes, startle reactivity) as opposed to self-report. Such paradigms
are validated probes of the neurocircuitry underlying emotional memory, and may be more
representative of aversive experience (e.g. shock) and hence aversive association learning.
These paradigms could be employed across subjects with high and low hippocampal volume
(and/or high and low performance on hippocampal mediated tasks), to directly ask the
question of how hippocampal volume may affect C-rep vs. S-rep measures. A
complementary approach would be the employment of animal models in which specific
hippocampal manipulations can be employed (see below).

5b. Rudy Model of Context Representations

As discussed above, one of the hallmark symptoms of PTSD patients is inappropriate fear
responses to reminders of trauma in environments (or contexts) in which these cues lack
predictive meaning (e.g. the soldier who exhibits fearful and avoidant responses to litter on
the street after he/she returns to the US, a context in which IEDs are no longer predicted).
This deficient contextual control of fear to internal or external trauma cues could contribute
to both physiological symptoms of fear/anxiety (and possibly intrusive memories) and be an
important functional consequence of the reported hippocampal abnormalities in PTSD
patients. Work in animals by Rudy and colleagues (2004 Rudy and colleagues (2009)
supports the notion that the hippocampus is critical for contextual control of conditioned fear
responding.

The extent to which a memory for a traumatic event is recalled depends upon a number of
factors including 1) the form in which the features associated with the aversive event are
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encoded and 2) the relative strength of the association between these features and events.
Rudy and colleagues suggest that a given memory for an event can occur as a result one of
two ways (forms) in which the features are initially represented in the brain (for review see
Rudy et al., 2004; Rudy, 2009). In the first form, features (or elements, such as the tactile,
visual, odor, spatial, temporal stimuli) present at the same time as the aversive event are
encoded individually. In this view, referred to from here on as elemental strategy, each
element of the environment or “context” in which the trauma occurred subsequently
becomes independently associated with the aversive event, and thus presentation of each
specific element alone has the potential to induce a conditioned (fear) response. In the
second form, a conjunctive representation comprised of many individual elements present in
the environment is encoded as a whole. In this case the individual elements comprising the
environment are bound into one representation that defines a place (i.e. context) where the
event occurs (Rudy et al., 2004), and a conditioned response would only occur in the
presence of an environment with stimuli that matches the full representation, with no single
cue sufficient to induce a conditioned response. Conjunctive representation of the context is
also referred to as a cognitive map (O’Keefe and Nadel, 1978), hierarchical representation
(Nadel and Willner, 1980), unitary representation (Fanselow, et al., 1993), or configural
representation (Sutherland & Rudy, 1989; Rudy & O’Reilly, 1999), although in some of
these views the combined singular representation of multiple cues are also bound in a
particular spatial and temporal construct, whereas conjunctive strategies stresses that the
original spatial configuration is not essential, only that a majority of the original salient
contextual elements are present (see figure 1). For a brief review of context fear
conditioning procedures used in rodents, see Box 1.

i. Evidence for hippocampal involvement in context representations—Evidence
suggests that conjunctive and elemental forms of memory rely upon different neural
substrates. Whereas elemental associations rely upon the neocortex, the hippocampus is
required for conjunctive associations (discussed further in 5b.ii; Fanselow, 2000; Rudy et
al., 2002; 2004). Although both associative strategies can result in measurable contextual
fear conditioning due to the either individual elements in the environment or the conjunctive
representation associated with an aversive event, it has been suggested that the rate of
learning when the neocortex is involved (elemental) is slower than when the hippocampus is
involved (conjunctive) (O’Reilly and Rudy, 2001; Wiltgen et al. 2006). There is also
evidence that these different representational strategies compete with one another, with the
conjunctive strategy typically dominating the formation of elemental representations (Rudy,
2004; 2009). This last point is particularly relevant to our and other’s suggestion that
hippocampal dysfunction could thus bias learning strategies towards discrete (elemental)
associations between environmental features (stimuli) and the aversive event, and in relation
to PTSD, bias fear learning and recall towards simple associations over conjunctive or
contextual associations.

The clearest evidence of hippocampal involvement in the formation of a conjunctive
representation for an event comes from examination of the phenomena known as the context
preexposure facilitation effect (CPFE) (Rudy et al., 2002). CPFE occurs when pre-exposure
to a fear conditioning chamber is combined with an immediate shock (Rudy et al., 2002). As
the name suggests, in the immediate shock protocol a rat is presented with a single shock
immediately upon placement in the conditioning chamber. It is well established that a single,
immediate shock results in minimal contextual fear learning, a finding referred to as the
immediate shock deficit (Fanselow, 1986; Fanselow, 1990). If, however, a rat is placed in
the conditioning chamber for several minutes one day prior to the immediate shock session
(context pre-exposure), then the rat will exhibit substantial amounts of context fear memory
(as measured by the amount of freezing behavior) and the immediate shock deficit will be
eliminated. This occurrence is known as CPFE (Fanselow, 2000; Kiernan and Westbrook,
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1993; Rudy et al., 2002; Rudy and O’Reilly, 2001). Importantly, the CPFE depends upon the
acquisition of a conjunctive, rather than an elemental, representation of the context (Rudy
and O’Reilly, 1999). That is, whereas preexposure to the context in which the shock occurs
(i.e. an illuminated rectangular chamber with grid flooring) facilitates fear learning,
preexposure to the individual features of the context (i.e. a rectangular chamber, or a grid
floor or an illuminated, non-rectangular, chamber) does not (Rudy and O’Reilly, 1999).
Findings from hippocampal lesion and pharmacological studies indicate that the
hippocampus is critically involved in the conjunctive-dependent CPFE. For example,
neurotoxic dorsal hippocampal lesions prior to pre-exposure (Rudy et al., 2002) or infusion
of anisomycin (a protein synthesis inhibitor) into the hippocampus following context pre-
exposure (Barrientos et al., 2002; Rudy and Matus-Amat, 2005) significantly attenuate the
facilitation effect when long-term retention is tested. Transient dorsal hippocampal
inactivation by muscimol before context preexposure has also been shown to disrupt CPFE
(Matus-Amat et al., 2004). Similar results have been reported with transient inactivation
prior to the immediate shock and prior to the test for context fear expression (Matus-Amat et
al., 2004; Matus-Amat et al. 2007). Taken together, the CPFE studies indicate that
conjunctive representations of the context rely upon the hippocampus.

Recent findings using a novel paradigm also support the notion that the hippocampus plays a
critical role in the conjunctive encoding of a context and, furthermore, when the
hippocampus is damaged via lesion or temporary pharmacological inactivation, encoding
can only occur via an elemental strategy (lordanova et al., 2009). Specifically, lordanova
and colleagues first demonstrated that a “what-where-when” paradigm (a rodent model of
episodic memory in humans) in which rats learn that an auditory stimulus is played in a
“spotted” chamber in the morning (as opposed to a clicker played in a checkered chamber in
the afternoon)), requires conjunctive processing (i.e. the association of multiple elements, in
this case chamber type, time and auditory stimulus into one predictive cue, lordanova et al.,
2009). Either excitoxic lesions of the hippocampus prior to learning of this task or muscimol
inactivation of the hippocampus prior to retrieval significantly impaired performance
(lordanova et al., 2009). Rats with hippocampal damage performed normally in tasks which
only required elemental associations (e.g. learning simple associations between “what-
where” or “what-when”) (lordanova et al., 2009). The hippocampal findings are consistent
with the findings from the CPFE described above and strongly suggest that the hippocampus
is necessary for retrieval of conjunctive, but not elemental, associations (memories). Thus,
these findings suggest that elemental strategies remain intact in the presence of hippocampal
dysfunction, and it is reasonable to assume that elemental learning will thus predominate as
the associative learning strategy.

ii. Conjunctive representation deficits and the etiology of PTSD: a hypothesis
—Given that individuals who develop PTSD subsequent to trauma may have predisposing
hippocampal abnormalities and possibly deficits in hippocampal-dependent memory
(Gilbertson et al., 2002; 2007; Siegmund et al., 2009), it is logical to consider that difficulty
forming conjunctive representations of context may play a functional role in PTSD
development and/or maintenance. This difficulty would leave individuals potentially more
dependent upon an elemental strategy when encoding and recalling the separate features of
the context and subsequently forming associations between the features and threat. That is,
rather than associating threat with the context as a whole, these individuals would associate
threat with individual elements of the context, independent upon their relation to one
another. An individual with intact conjunctive/configural abilities might encode a
representation of a roadside bomb explosion in association with multiple elements of the
context as a whole (trash bag on the ground next to the humvee in the Iragi marketplace in
the sweltering desert), and a certain number of individual elements must be present on
subsequent occasions to reach threshold of similarity to the conjunctive memory and
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activate a fear response. In contrast, a vulnerable individual might encode the same
representation in association with individual elements rather than the whole, and thus one
highly salient individual element (i.e., the trash bag) may be able to subsequently trigger a
conditioned fear response in and of itself without the presence of any other contextual cues
(humvee, marketplace, desert). Thus, these individuals may respond with fear to stimuli
outside of the threat context (i.e., trash bag/litter on the roadside in the United States).
Interestingly, as indicated in section 2b.1., PTSD patients exhibit the most pronounced
volume reduction in the CA3/DG subfield of the hippocampus (Wang et al., 2010). This
region of the hippocampus has been implicated in particular in context memory (e.g.
McHugh & Tonegawa, 2009). These data suggest that the hippocampal abnormalities in
PTSD could specifically impinge on this form of conjunctive memory function.

As we indicated above, there are two schools of thought on whether hippocampal volume
differences are a trait or a state effect in PTSD individuals. This distinction is important to
consider when developing a learning model of PTSD etiology. That is, could such a model
account for only one effect or can it account for both? Animal studies suggest that the
hippocampus contributes to both the encoding and the retrieval of context fear memory, thus
in PTSD, either trait dysfunction before trauma or subsequent hippocampal dysfunction after
trauma can disrupt use of context/configural fear memory. Early lesion studies suggest that
both pre- and post-training hippocampal lesions severely impaired contextual fear memory,
while leaving cued fear memory intact (Kim and Fanselow, 1992; Phillips and LeDoux,
1992; Young et al., 1994). Pharmacological and genetic disruption of hippocampal signaling
also produces selective effects on contextual fear memory (Young et al., 1994; Bast et al.,
2001; Wallenstein & Vago, 2001; Quinn et al., 2005; Nakashiba et al., 2008). These data
suggest that hippocampal disruption either before or after fear learning will disrupt
contextual fear, hence both trait hippocampal dysfunction pre-trauma and post-trauma
hippocampal dysfunction could result in poor contextual fear memory.

More recent studies however have suggested that pretraining lesions of the hippocampus do
not always result in context fear memory deficits. These studies have found that in the
absence of the hippocampus, alternative regions (neocortex) can subserve context memory
(Frankland et al., 1998; Wiltgen et al., 2006; Maren et al., 1997). Along these lines, a recent
report suggests that while both hippocampal and extrahippocampal regions can subserve
context memory, the hippocampal-dependent memory usually predominates (Biedenkapp
and Rudy, 2008). For example, when alternative non-hippocampal regions are used, they
may be less efficient at forming context memory (perhaps due to use of an elemental
strategy) — indeed in instances where pretraining hippocampal lesions do not result in
context fear memory deficits, more training trials (i.e. more time in the context) are needed
in order to form context-event (shock) association. At first glance, these data contradict our
argument that hippocampus is necessary for contextual fear memory using a configural
strategy. However, a critical limitation to these studies is that it was not tested if
hippocampal lesioned animals were relying on conjunctive representation of the context or if
they were simply learning a simple (elemental) association with a few discrete elements
within the context (e.g. the shock grid). Hence, future studies should determine if the context
as a whole or just discrete elements of the environment are responsible for intact contextual
fear in lesioned animals. This distinction is critical to test our hypothesis that when
conjunctive memory formation is disrupted during encoding (e.g. trait hippocampal
dysfunction in PTSD vulnerable individuals), biases towards elemental learning will
predominate. Indeed, in both cases of pre and post hippocampal lesions, elemental
associations, which are context independent (like the tone-US pairing), are left intact. We
suggest that such a shift to a predominantly elemental strategy would thus allow elemental
cues to have a much larger role in behavioral responses to the environment, with each
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discrete cue encoded during trauma able to induce conditioned fear responses across
multiple contexts.

6. Future research

The theory outlined above suggests a testable hypothesis. Namely, that hippocampus
volume, identified through structural MRI, will be correlated with performance in a fear
conditioning paradigm which requires conjunctive processing in order to predict presence or
absence of an aversive event. In order to test this hypothesis, tasks need to be developed that
allow the researcher to demonstrate the use of either a conjunctive or elemental encoding
strategy by forcing the use of conjunctive memory recall for successful task performance
during some test phase. In addition, an ideal task would have a rodent analogue to allow for
cross-species translational research, and thus the possibility of direct manipulation of
hippocampal function. One potential task may be an object/cue array task, modified for fear
conditioning.

This task would involve presenting an array of objects or cues, which may be naturalistic or
arbitrary, that are repeatedly paired with an aversive event. This cue array represents the
context in which the aversive event occurs, and allows for the prediction of the event using
either a conjunctive or elemental representational strategy. More specifically, when this cue
array is paired with an aversive event, a conditioned response should develop regardless of
individual hippocampal volume. This conditioning may reflect the use of either a
conjunctive or elemental strategy for representing context. Additionally, when presented
with an array that contains no cues presented in the original array, all individuals should
show an absence of fear.

However, when presented with an array in which only a limited number of original cues are
present, differences among individuals should become apparent. Individuals with
hippocampal function in the normal range should show limited fear, as their original fear
response was conditioned to a representation of the conjunctive whole. That is, they will
require all of the cues of the array to be present in the original conjunctive arrangement in
order to display a conditioned response. Conversely, individuals with low hippocampal
function should display a fear response when presented with a limited number of cues
scattered among irrelevant objects. This result would reflect their reliance on an elemental
strategy due to weakened hippocampal function. Thus, the original fear response can be
demonstrated to have been conditioned to individual elements of the context rather than the
conjunctive whole, allowing these individual cues to trigger a fear response on their own. In
this example, the individuals with low hippocampal volumes are responding inappropriately
to a context that contains only a few elements of the original context, but nevertheless is
distinct. In order to recognize this context as safe, the individual must have employed a
conjunctive strategy during encoding.

Various parameters of the object array can be altered, including number of objects present
and the relationship of objects to one another, which provides additional flexibility in testing
this and related hypotheses of configural fear learning. In addition, the ability to use
arbitrary cues allows for a cross-species analogue that is basically identical to the human
version of the task. This procedure may allow for considerable versatility in conducting
translational research, as well as increased confidence in the generalizability of the results.
Together, these aspects of the task would make it a potentially powerful tool for
investigating the role of hippocampal function and conjunctive processing in the
development of PTSD following a traumatic experience, including testing the initial
hypothesis that hippocampal dysfunction can affect successful processing of contextual fear
cues.
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7. Conclusions

The presence of hippocampal abnormality is a robust finding in neurobiological
investigations of PTSD, with some evidence that this may be a pre-existing vulnerability
factor relevant to the etiology of the condition. Moreover, a large body of animal research
documents the contribution of the hippocampal formation to the encoding and retrieval of
memory for context. The present article proposes a mechanism through which hippocampal
dysfunction may interact with traumatic experience to influence the etiology and
maintenance of PTSD. Namely, an inability to adequately form conjunctive context
representations may leave an individual dependent upon an elemental context representation
strategy, and thus prone to respond with fear in the future presence of single elements
encoded during the trauma. This proposition suggests a potential avenue for future research
attempting to increase understanding of the pathophysiology of this disorder, and, if
supported, has potential implications for treatment and prevention efforts. For example, the
identification of hippocampal biomarkers may aid in more accurately targeting at risk
individuals for preventative interventions, such as resiliency training targeted specifically at
improving hippocampus-dependent functions. Further, elucidating the nature of
hippocampal dysfunction and its relationship to maintenance of fear responding in PTSD
may point toward targets for novel pharmaceutical or cognitive remediational interventions,
or as adjuncts to existing clinical treatments.
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Figure 1.

Schematic representation of the role of hippocampal function in context fear memory. Here
we suggest that such a shift to a predominantly elemental strategy would thus allow
elemental cues to have a much larger role in behavioral responses to the environment, with
each discrete cue encoded during trauma able to induce conditioned fear responses across
multiple contexts. The left side of the figure demonstrates how normal hippocampal function
allows for the formation of a conjunctive context representation consisting of a combination
of individual elements. This conjunctive representation is then associated with the traumatic
event (in this case an exploding grenade). Upon later exposure to a single element of the
original context (in this case the garbage bag), no fear response is triggered. The right side
of the figure demonstrates how impaired hippocampal function precludes formation of a
conjunctive representation. Instead, each individual element of the context is independently
associated with the traumatic event. Due to this single-element association, later exposure to
only the garbage bag (independent of other contextual elements) is then sufficient to trigger
a fear response.

Neuropharmacology. Author manuscript; available in PMC 2013 February 1.



