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Although most humans will experience some type of traumatic event in their lifetime
only a small set of individuals will go on to develop post-traumatic stress disorder
(PTSD). Differences in sex, age, trauma type, and comorbidity, along with many other
elements, contribute to the heterogenous manifestation of this disorder. Nonetheless,
aberrant hypothalamus-pituitary-adrenal (HPA) axis activity, especially in terms of cortisol
and glucocorticoid receptor (GR) alterations, has been postulated as a tenable factor
in the etiology and pathophysiology of PTSD. Moreover, emerging data suggests
that the harmful effects of traumatic stress to the HPA axis in PTSD can also
propagate into future generations, making offspring more prone to psychopathologies.
Predator stress models provide an ethical and ethologically relevant way to investigate
tentative mechanisms that are thought to underlie this phenomenon. In this review
article, we discuss findings from human and laboratory predator stress studies that
suggest changes to DNA methylation germane to GRs may underlie the generational
effects of trauma transmission. Understanding mechanisms that promote stress-
induced psychopathology will represent a major advance in the field and may lead
to novel treatments for such devastating, and often treatment-resistant trauma and
stress-disorders.

Keywords: PTSD, predator stress, intergenerational, DNA methylation, glucocorticoid receptors, FKBP5

Abbreviations: PTSD, post-traumatic stress disorder; OCD, obsessive compulsive disorder; GAD, generalized anxiety
disorder; GR, glucocorticoid receptor; hGR, human glucocorticoid receptor; Fkbp5, FK506 binding protein 5; Bdnf,
brain-derived neurotrophic factor; Dlgap2, Dlg associated protein 2; Avp, vasopressin; PND, postnatal day; Barx1, BARX
homeobox; AIMS, Amplification of inter-methylated sites; ADCYAP1R1, ADCYAP receptor Type I; CDV, Community
and domestic violence; CFTR, Cystic fibrosis transmembrane conductance regulator; COMT, Catechol-O-methyltransferase
gene; CORIN, Corin, serine peptidase genes; IGF2, Insulin-like growth factor 2; IL8, Interleukin 8; IL16, Interleukin
16; IL18, Interleukin 18; Nr3c1, Nuclear receptor subfamily 3 group C member 1; Nr3c2, Nuclear receptor subfamily
3 group C member 2; SMYD3, SET And MYND domain containing 3; SLC6A4, Solute carrier family 6 member 4; qPCR,
Quantitative PCR.
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POST-TRAUMATIC STRESS
DISORDER (PTSD)

Individuals exposed to highly traumatic experiences
(e.g., physical assault, rape, natural disaster, kidnapping,
combat, etc.) can develop post-traumatic stress disorder (PTSD).
The DSM-V classifies PTSD as a stress and trauma-related
disorder, defined by a set of symptom clusters that appear for
at least 30 days following severe trauma. Symptoms include
re-experiencing of the trauma (unwanted intrusion of the
memory in the form of thoughts, nightmares, and flashbacks,
intense upset evoked by conditioned cues or environmental
stimuli), avoidance of cues related to the traumatic event
(situations, places, activities), and hyperarousal (increased startle
response, irritability, sleep problems). Negative disturbances in
mood and cognition (dissociative amnesia, negative affect, and
anhedonia) are also recognized as core symptoms (American
Psychiatric Association, 2013). Women are twice as likely to
develop PTSD as men, and the disorder is often comorbid with
other anxiety disorders, as well as depression and substance
abuse (Kessler et al., 1995). Not only can exposure to trauma
affect the psychological status of an individual, but it can
also have deleterious consequences on the individual’s social,
professional, and family life. As a result, the fallout from
trauma carries a large burden for individuals and society
(Kessler et al., 1995).

Epidemiological studies have found that between 37% and
92% of people report past exposure to at least one traumatic
event (Van Ameringen et al., 2008; Kilpatrick et al., 2013;
Atwoli et al., 2015; Benjet et al., 2016; Kessler et al., 2017).
Of those, between 25% and 35% of trauma survivors go on
to develop PTSD (Yehuda, 2001; Kessler et al., 2005). These
figures contribute to the lifetime prevalence of the disorder
which is currently estimated at 6.1% in the United States
and 9.2% in Canada (Van Ameringen et al., 2008; Goldstein
et al., 2016). PTSD is, therefore, one of the most common
psychiatric disorders as most anxiety and affective related
disorders [e.g., generalized anxiety disorder (GAD), agoraphobia,
panic attacks, obsessive compulsive disorder (OCD), major
depressive disorder, bipolar disorder] for comparison have
relatively lower lifetime prevalence, ranging from 0.7% to 5%
(Kessler et al., 2012; Bandelow and Michaelis, 2015; Statistics
Canada, 2015). Among ‘‘highly exposed’’ groups (e.g., low-
income, low social support, urban populations), lifetime rates of
PTSD can be as high as 40% (Breslau et al., 1998). In the wake of
large-scale disastrous events, incidence and prevalence of PTSD
to populations endemic to the area involved can often by shifted
sharply upward, like those affected in the New York City area or
the Mississippi Delta following the 9/11/2001 terrorist attacks or
Hurricane Katrina in 2005, respectively (Galea et al., 2002, 2008).
Nonetheless, trauma event type confers differences in risk for
PTSD. Direct interpersonal victimization related to rape, physical
abuse, and kidnapping has the highest conditional risk, while
other trauma event categories such as automobile accident or
natural disaster are at low risk for PTSD prevalence (Kilpatrick
et al., 2013; Benjet et al., 2016; Kessler et al., 2017). In addition,
a dose-response relationship exists between symptom severity

and frequency of trauma experience: the more traumatic events
a person experiences, the greater the intensity of their PTSD
symptoms (Binder et al., 2008).

Although many individuals who present with the symptoms
of PTSD actively seek out psychotherapy, psychopharmacology,
or both (Van Ameringen et al., 2008) only about 60% are
responsive to interventions (Önder et al., 2006), with only about
a third of patients achieving full remission (Berger et al., 2009).
The disparity in those achieving full remission, coupled with
epidemiological studies estimating the lifetime prevalence of
PTSD at 5%–10% for the general population (Van Ameringen
et al., 2008), suggests a desperate need for understanding the
mechanisms that contribute to the vulnerability, development,
andmaintenance of PTSD ultimately leading to the identification
of candidate treatments (Reul and Nutt, 2008; Hauger et al., 2012;
Steckler and Risbrough, 2012).

As noted above, traumatic stress can have deleterious effects
on an individual’s mental health. However, recent data suggests
that the harmful effects of traumatic stress during one’s lifetime
can propagate into future generations (Blaze and Roth, 2015),
perhaps leading to an increased vulnerability to the development
of psychopathology. This review will examine recent work on the
intergenerational effects of stress in both human (with PTSD)
and rodent (predator stress) studies, with a focus on DNA
methylation as a potential underlying mechanism. As predator
stress is ecologically relevant and considered one of the most
comprehensive animal models of PTSD (see Deslauriers et al.,
2017), our discussion will focus on research using this model.
For the purposes of this review, we define intergenerational
effects of stress similar to that described by Klengel et al.
(2015). Briefly, intergenerational transmission involves direct
stress exposure to the parental (F0) generation and subsequent
offspring generation (F1) by means of either the developing germ
cell or fetus. If the stress exposure occurred while the fetus (F1)
was developing in utero, intergenerational transmission occurs
in the F2 generation. This is in contrast to transgenerational
whereby the germ cells have not been exposed to stress.

HUMAN STUDIES: STRESS EFFECTS
ACROSS GENERATIONS

There is a variety of research showing intergenerational effects
of stress. In a landmark study by Solomon et al. (1988), Israeli
veterans of the 1982 Lebanon War who were offspring of
Holocaust survivors weremore likely to develop PTSD than other
Israeli soldiers following their military experiences who did not
have parents interned in Nazi concentration camps (Solomon
et al., 1988). Likewise, PTSD in former Israeli soldiers captured
and held as prisoners of war during the 1973 Yom Kippur
War positively correlated with offspring PTSD (Zerach et al.,
2017). Furthermore, in a study of Cambodian refugees living
in the United States, parental PTSD predicted higher rates of
child PTSD for older children. A gradient effect was found such
that when neither parent had PTSD, 12.9% of the children had
PTSD; when one parent had PTSD, 23.3% of the children had
PTSD; and when both parents had PTSD, the percentage of
children with PTSD jumped to 41.2% (Sack et al., 1995). In a

Frontiers in Behavioral Neuroscience | www.frontiersin.org 2 May 2019 | Volume 13 | Article 113

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Bhattacharya et al. Stress Across Generations

more recent report, offspring of parents suffering from PTSD
that survived the 1994 Tutsi genocide in Rwanda showed greater
secondary traumatization symptoms and were less resilient
(Shrira et al., 2019). In addition to intergenerational effects,
data suggests transgenerational effects of stress. For example,
offspring of Israeli Holocaust survivors had a higher incidence of
PTSD, mood disorders, anxiety disorders, and substance abuse
disorders three generations downstream (Barocas and Barocas,
1979; Dasberg, 1987; Scharf, 2007; Yehuda et al., 2008, 2015).
Overall, these data suggest that parental traumatic stress make
offspring more vulnerable to mental illness.

Stress Hormones
Stress hormones appear to play a key role in the development
of, and vulnerability to, PTSD. Cortisol (principal human
stress hormone; corticosterone is the main glucocorticoid in
most other species) coordinates and prepares the body to
respond to environmental demands and stressors to achieve
systems homeostasis. Selye (1956) was the first to demonstrate
a common pathway of physiological activity in response to
stress. This pathway was later dubbed the hypothalamic-
pituitary-adrenal (HPA) axis. During a stressful event, cells of
the paraventricular nucleus of the hypothalamus respond by
secreting corticotropin-releasing hormone (CRH) into capillaries
in the median eminence of the hypothalamus. CRH released
into this portal capillary system stimulates neurosecretory cells in
the anterior pituitary which in turn release adrenocorticotropin
hormone (ACTH). From there, ACTH travels through the blood
stream and acts on the cortex of the adrenal gland where it
stimulates secretory cells to release glucocorticoids, particularly
cortisol, into the general circulatory system. Cortisol prepares
the body to adapt to current stressors by suppressing immune
system activity, counteracting insulin, supporting increased
glucose availability (e.g., gluconeogenesis), and regulating water
retention and electrolytic balance in the kidneys (Khani and
Tayek, 2001; Dunlop and Wong, 2019). Cortisol also acts to
decrease the activity of paraventricular nucleus and anterior
pituitary, negatively influencing its own release. This regulator
mechanism limits the stress response helping return the body
to homeostasis and is often referred to as the negative feedback
loop (Sapolsky et al., 1985). As the term stress is ambiguous
and not well defined, it is important to note that various daily
events that many might interpret as innocuous or pleasurable,
such as exercise or sex, evoke this canonical HPA axis stress
response (Stranahan et al., 2008; Jokinen et al., 2017; Finke
et al., 2018). Nevertheless, unlike sex and exercise, the stressors
that satisfy Criteria A in the DSM-5, while quite varied, are
traumatic, sudden, unexpected, involuntary, and uncontrollable
(American Psychiatric Association, 2013; Kilpatrick et al., 2013;
Kessler et al., 2017). Dysregulated or aberrant HPA axis activity,
especially in terms of cortisol, is often postulated as part of the
etiology and pathophysiology of PTSD in response to traumatic
events. The direction of this altered neuroendocrine activity
that might confer a susceptibility to developing and maintaining
PTSD, however, has yielded inconsistent findings (Zoladz and
Diamond, 2013).

Mason et al. (1986) were the first to report lower
mean 24-h basal urinary cortisol levels from inpatient PTSD
combat veterans. Although this study only compared different
psychiatric groups, subsequent studies have shown similar low
cortisol levels relative to healthy controls (Yehuda et al., 1993;
Kanter et al., 2001; Rohleder et al., 2004). Conversely, other
studies have reported increased basal cortisol levels (Lemieux
and Coe, 1995; Carrion et al., 2002; Young and Breslau, 2004)
or no difference in individuals with PTSD compared to healthy
controls (Duval et al., 2004; Yehuda et al., 2004; Otte et al.,
2007). Discrepancies in reported cortisol levels concern issues
around, but not limited to, sex, length of combat exposure in
veterans, differences in trauma type, childhood trauma, current
PTSD status, differences in naturally fluctuating levels of cortisol
throughout the day (at awakening or peak, nadir, fastening
state), comorbidity with other psychiatric disorders such as
major depressive disorder and substance use disorders, plasma
vs. urinary vs. cerebral spinal fluid cortisol levels, and lack of
statistical power (Zoladz andDiamond, 2013; Dunlop andWong,
2019). Given such inconsistences, these findings suggest that
basal cortisol abnormalities might only represent a subset of
the manifestation of PTSD. As such, basal cortisol is a rather
dubious biomarker for PTSD. Zoladz and Diamond (2013),
suggest investigating a more comprehensive role for cortisol in
multiple physiological processes. In particular, it is suggested that
impaired HPA axis functioning diminishes negative feedback
and increases sympathetic nervous system and immune system
activity, both linked to PTSD etiology and pathophysiology
(Zoladz and Diamond, 2013).

Similar to the heterogeneous findings of baseline cortisol
activity, mixed evidence linking altered cortisol levels in the
immediate aftermath of an acute traumatic experience to PTSD
have been reported. Specifically, one study found a negative
correlation between diminished cortisol levels peri-trauma and
to the development of PTSD (Ehring et al., 2008), whereas
other studies have found no correlation (Resnick et al., 1995;
Heinrichs et al., 2005), or a positive correlation, especially in
relation to childhood trauma and the development of PTSD
months later (Lipschitz et al., 2003; Delahanty et al., 2005;
Pfeffer et al., 2007). Here, it is probable that the ontogeny
of HPA axis during childhood contributes differently to the
development of PTSD compared to maladaptive adulthood
responses. In adults, administration of hydrocortisone to
patients undergoing very invasive surgeries show fewer PTSD
symptoms in follow-up sessions (Schelling et al., 2004, 2006),
providing credence for perturbed cortisol functioning in adults’
response to acute traumatic stress that goes on to develop
PTSD. Moreover, studies investigating cortisol levels in the
dexamethasone suppression test and trier social stress test of
individuals with PTSD have shown rather consistently robust
inhibition of cortisol in response to synthetic glucocorticoids or
psychosocial stress (Yehuda, 2002; Zoladz and Diamond, 2013;
Wichmann et al., 2017).

Interestingly, alterations in stress hormone release have
also been observed in the offspring of individuals with
PTSD. Yehuda et al. (2000) found lower serum cortisol
levels and greater cortisol suppression in the offspring
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of Holocaust survivor’s suffering from PTSD compared
to healthy subjects who were not offspring of Holocaust
survivors (Yehuda et al., 2000). Further, pregnant women
who developed PTSD in response to the September 11,
2001, World Trade Center collapse had infants with lower
cortisol levels compared with infants of mothers who did
not develop PTSD (Yehuda et al., 2005). Similarly, Yahyavi
et al. (2015) found that offspring of Iranian combat veterans
from the Iran-Iraq war with a current or past history of PTSD
had significantly lower serum cortisol levels than offspring
of combat veterans without a history of PTSD. Moreover,
beyond diurnal changes in stress hormones, youth offspring
of mothers with PTSD also show a blunted, maladaptive,
cortisol saliva response to an acute laboratory stressor
(Danielsona et al., 2015), a response seen likewise in female
PTSD patients (Pierrehumbert et al., 2009; Zaba et al., 2015;
Wichmann et al., 2017).

EPIGENETIC MODIFICATIONS: DNA
METHYLATION AND PTSD

Epigenetic modifications have been espoused to help explain
the transmission of experience to future generations. Epigenetic
modifications are changes in the transcriptional potential of a
cell by the environment, which occur independent of alterations
in the gene sequence. Epigenetic modifications provide a
mechanism that links genes and environment while playing
an important role in the modulation of behavioral responses
to stress (Day and Sweatt, 2011). Although the mechanism
by which epigenetic modifications lead to the transmission
of environmental influences to subsequent generations is not
known, one possibility involves the transmission of DNA
methylation (Meaney, 2001; Day and Sweatt, 2011; Dias and
Ressler, 2014).

DNA methylation is one of the most broadly studied and
well-characterized epigenetic modifications. DNA methylation
plays a significant role in the maintenance of cellular identity
and heritable changes in gene expression throughout the cell
cycle, typically by prohibiting DNA transcription by the addition
of a methyl group to a gene promoter region. Indeed, DNA
methylation may be important in fundamental mechanisms for
the induction and stabilization of PTSD (Zovkic et al., 2013).

As can be seen in Table 1, several studies have identified
alterations in methylation states of specific genes in people with
PTSD. Of the gene methylation studies in people with PTSD,
the most commonly studied target is the glucocorticoid receptor
(GR), a major regulator of the HPA-axis. GR, also known as
Nr3c1 (nuclear receptor subfamily 3, group C, member 1), is the
receptor to which cortisol and other glucocorticoids bind. The
GR is expressed in almost every cell in the body and regulates
genes controlling the development, metabolism, and immune
response. In the absence of cortisol or corticosterone hormone,
GR resides in the cytosol complexed with a variety of proteins
including heat shock protein 70 and 90 (hsp70 and 90), and
the protein chaperone FK506-binding protein (Fkbp5). Labonté
et al. (2014) found that individuals with lifetime PTSD had
lower morning cortisol release, higher mRNA expression of the

human GR (hGRtotal, 1B, and 1C) and lower overall methylation
levels in hGR 1B and 1C promoter regions. Similarly, lower
Nr3c1 1F promoter methylation was observed in combat veterans
with PTSD compared with combat veterans without PTSD
(Yehuda et al., 2014). Interestingly, DNA methylation of the
Nr3c1 promotor appears to be sex-specific as methylation at
the Nr3c1 1F promoter was linked to traumatic memories and
PTSD risk in male, but not in female genocide survivors in
Rwanda (Vukojevic et al., 2014). However, much more research
is necessary to fully assess the role of sex on DNAmethylation of
specific targets in people with PTSD.

As described by Klengel et al. (2015), it was once thought that
DNA methylation was completely erased during development
of the primordial germ cells and during fertilization. However,
this erasure, or reprogramming, appears not to be complete.
Evidence for certain loci that escape reprogramming is growing
with examples including imprinted genes and repetitive elements
(Kobayashi et al., 2012; Radford et al., 2014; Tang et al.,
2015). Hence, altered GR promoter methylation may be one
mechanism by which parental stress is translated into changes
in gene expression and physiology, ultimately resulting in
psychologically vulnerable offspring phenotypes (see Table 1).
Perroud et al. (2011, 2014) examined the impact of the Tutsi
genocide on the children of women who were pregnant while
genocide was ongoing in Rwanda. In 2011, more than 20% of
the Rwandan population met the criteria for PTSD. Peripheral
blood leukocytes were obtained and methylation levels of the
promoter regions of the GR NR3C1 was examined in trauma-
exposed woman and their children. As expected, both mothers
exposed to genocide and their children had significantly higher
levels of PTSD than the control group. They also showed higher
methylation levels at exon 1F promoter ofNr3c1, at CpG3-CpG9.
Furthermore, there was a negative correlation between Nr3c1
methylation and glucocorticoid levels in plasma (Perroud et al.,
2011, 2014). Changes in methylation of the GR receptor appears
to be dependent on parental status of PTSD. Offspring with
just paternal PTSD showed higher GR-1F promoter methylation,
whereas offspring with both maternal and paternal PTSD
showed lower methylation (Yehuda et al., 2014). Interestingly,
in comparison to demographical controls, Holocaust survivors
showed increased methylation of the promoter region for
FK506 binding protein 5 (FKBP5), a protein that lowers the
affinity of cortisol when it is bound to GR; thereby potentially
hindering the negative HPA axis feedback loop (Binder, 2009),
while methylation at this site was lower in Holocaust survivor
offspring (Yehuda et al., 2016). Although gender-specific effects
cannot be disentangled in this study, Yehuda et al. (2016)
suggest that Fkbp5 hypermethylation, leading to decreased Fkbp5
expression and increased GR sensitivity in the F0 mothers,
may result in lowered circulating glucocorticoid levels during
pregnancy, promoting demethylation in the fetus to optimize
or increase glucocorticoid levels. Alternatively, preconception
or postnatal social influences may also influence offspring
cortisol levels and hence regulate Fkbp5 methylation levels.
Currently, whether changes in glucocorticoids in offspring reflect
intergenerational consequences of parental exposure or offspring
recalibration of glucocorticoid regulation is not known. Future
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studies, perhaps using animal models (discussed below), are
necessary to fully understand the role of GR methylation in
development and vulnerability to mental illness.

While epigenetic studies investigating the intergenerational
effects of stress have primarily looked at changes in the
methylation state of GR, recent reports suggest that other
targets may play a role in this transmission (see Table 1).
While methylation of the Bdnf gene promoter region has been
associated with the development of PTSD (Kim et al., 2017;
Voisey et al., 2019), a recent report suggests that maternal
trauma exposure may be linked to high Bdnf methylation
levels in offspring (Kertes et al., 2017). Among 24 mothers
and newborns in the eastern Democratic Republic of Congo,
a region with extreme conflict and violence to women,
maternal experiences of war trauma and chronic stress were
associated with higher Bdnf methylation in umbilical cord
blood, placental tissue, and lower methylation in maternal
venous blood. While the studies described above examined
parental and first-generation methylation status of specific
genes, Serpeloni et al. (2017) examined the grandchildren of
grandmothers exposed to psychosocial stress during pregnancy.
Grand maternal exposure to community and domestic violence
(CDV) during pregnancy was significantly associated with
decreased methylation of the CORIN (corin, serine peptidase),
SMYD3 (SET and MYND domain-containing protein 3, is
a histone methyltransferase), and BARX1 (BARX Homeobox
1 is a protein-coding gene) genes, as well as increased
methylation of the CFTR (cystic fibrosis transmembrane
conductance regulator) gene in the grandchildren. CFTR and
CORIN genes are involved in circulatory system processes
and congenital abnormalities and dysregulation of these genes
impact the release of vitamin D, blood pressure regulation,
heart failure and hypertension. SMYD3 and BARX1 genes are
involved in embryonic development, craniofacial development,
odontogenesis, and stomach organogenesis. The exact role
methylation of these genes plays in the intergenerational effects
of stress, however, has not been elucidated.

In all, there appears to be strong support for epigenetic
regulation, specifically DNA methylation, in human PTSD (see
Table 1). Furthermore, evidence suggests that these epigenetic
changes may be passed on to future generations and lead to a
vulnerability to psychiatric illnesses in the offspring. Although
these findings are exciting, several limitations should be noted.
For instances, low sample size, age variability, a lack of replication
and sufficient controls, and a paucity of information on sex
effects/differences and ancestry information (Rady et al., 2010;
Zannas et al., 2016; Lacal andVentura, 2018) plague these studies.
Furthermore, maternal and paternal lineages may have differing
effects on the epigenetic transmission of stress. Moreover,
the exact nature of the transmission is dependent on which
parent underwent the stressor (and when) as the maternal
lineage can be observed in the F0, F1 and F2 generations, and
the transgenerational phenotype in F3, whereas the paternal
lineage can be seen in the F0 and F1 generations, and the
transgenerational phenotype in F2 (for review, see Bale, 2011;
Gabory et al., 2009). Hence, more research is necessary to fully
understand the role DNA methylation plays in the development

of, or vulnerability for, PTSD. In addition to these issues,
there are several confounds that must be considered in the
human research that question the role of epigenetics in the
transmission of stress effects across generations. For instance,
it may be that the children of survivors of trauma adopt
ineffective coping techniques like their parents. Alternatively, the
children may have shared trauma with their parents, and/or been
exposed to parental PTSD symptoms, or experienced parental
emotional abuse or neglect. These, and others not listed, may
contribute to the increased likelihood of a child developing a
stress-induced psychopathology (Yehuda et al., 2005; Sturge-
Apple et al., 2012; Lehrner et al., 2014). Both ethical limitations
and the logistical constraints associated with human research
limit full understanding of the mechanisms underlying these
transgenerational effects. For this reason, recent efforts have been
made to assess transgenerational effects of stress in rodents.
Rodent models are useful because they: (A) simulate a human
condition in a controlled setting; (B) allow the disease to
be studied as it develops; and (C) facilitate the preliminary
evaluation of pharmacological and other treatments for humans.

PREDATOR STRESS AS AN ANIMAL
MODEL OF PTSD

While there is no one ideal animal model of PTSD that
recapitulates all symptoms of the disorder, Predator Stress
paradigms are arguably one of the more comprehensive
approaches used by researchers (see Deslauriers et al., 2017).
Predator stress typically involves acute exposure of a prey species
(mouse or rat) to a predator or predator cue (typically a cat, rat, or
ferret). A considerable volume of literature exists demonstrating
that cat exposure generates high levels of anxiety-like behavior,
avoidance of trauma-related cues, hyperarousal, and impaired
spatial memories (Adamec and Shallow, 1993; Adamec, 1998;
Adamec et al., 1999, 2004, 2005, 2008; Blundell et al., 2005;
Diamond et al., 2006; Cohen et al., 2009; Lebow et al., 2012;
Fifield et al., 2013, 2015; Goswami et al., 2013; Zoladz et al.,
2015; Lau et al., 2016; Schöner et al., 2017; Cohen et al.,
2018). Other similarities to PTSD include the fact that female
mice appear more susceptible to predator stress (Adamec
et al., 2006) and common pharmacological treatments of PTSD
(e.g., sertraline) are efficacious in reducing anxiety-like behaviors
and hyperarousal following predator stress (Adamec et al., 2004;
Matar et al., 2006). In addition, predator stressed rodents show
the modifications in glucocorticoid levels, gene expression, and
the release of CRH in the amygdala similar to that seen in PTSD
(Adamec and Shallow, 1993; Adamec et al., 1998; Blanchard
et al., 2001; Dielenberg et al., 2001; Cook, 2002; Hebb et al.,
2003; Rosen, 2004; Schulkin et al., 2005; Takahashi et al., 2005;
Roseboom et al., 2007; Armario et al., 2008; Campeau et al., 2008;
Yao et al., 2008; Zoladz et al., 2008; Clinchy et al., 2011; Whitaker
and Gilpin, 2015; Lau et al., 2016). Furthermore, predator stress
induces long lasting potentiation of rodent amygdala afferent and
efferent transmission in right hemisphere, the degree of which
is highly predictive of changes in rodent anxiety (Adamec et al.,
2005). Finally, amygdala dendritic length is increased following
predator stress (Adamec et al., 2012; Cohen et al., 2014).
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RODENT STUDIES: PREDATOR STRESS
EFFECTS ACROSS GENERATIONS

While predator exposure alters behavior indicative of stress-
induced psychopathology in humans (see section above), there
is growing laboratory evidence that predator stress during
pregnancy has deleterious outcomes to rodent offspring. In
mice, exposure to predator rat urine during the 1st week of
pregnancy leads to a decrease in the litter size and survival
of offspring (de Catanzaro, 1988). Predator odor exposure
also induces heightened levels of circulating corticosterone
in pregnant female rodents and alters offspring development
(Weinstock et al., 1988). In rats, exposure to a live predator
prenatally leads to a predisposition to seizures associated
with alterations in hippocampal plasticity in the offspring
(Ahmadzadeh et al., 2011; Saboory et al., 2011; Korgan
et al., 2014). More recently, adult offspring (postnatal day
90) of mice exposed to a predator odor during the last half
of pregnancy display increased predator-avoidance behavior,
alterations in social behavior, novelty-induced anxiety-like
behaviors, and increased corticosterone levels (St-Cyr and
McGowan, 2015; St-Cyr et al., 2017, 2018). This is consistent
with studies showing dexamethasone (synthetic glucocorticoid)
administration during pregnancy leads to reduced HPA axis
sensitivity in adult offspring by attenuating the GR and
mineralocorticoid receptors in the hippocampus, which results
in enhanced anxiety-like behaviors and stress responsivity (Levitt
et al., 1996; Welberg and Seckl, 2001). While these data
suggest that predator stress in the parental generation impacts
offspring, much more research is required to fully elucidate
these effects.

Epigenetic Modifications: DNA Methylation
and Predator Stress
As can be seen in Table 2, several studies have identified
alterations in methylation states of specific genes following
predator stress. For instance, Dlgap2, a gene that encodes a
postsynaptic density protein, is more likely to be unmethylated

in animals that display an anxious phenotype following the
predator stress paradigm (Chertkow-Deutsher et al., 2010).
Similarly, predator stress induces phenotypic variability in
stress coping responses that can be linked to the degree of
methylation of the hormone vasopressin (Avp) in the amygdala
(Bowen et al., 2014). However, it is currently unknown whether
changes in Dlgap2 and Avp DNA methylation persist into
future generations.

Similar to human literature described above, methylation of
the GR and Fkbp5 appear to play a role in the transmission of
predator stress effects to future generations (see Table 2).

Female offspring from prenatal predator odor-exposed
dams showed increased transcript abundance of both the
GR gene (Nr3c1; on the day of birth) and Fkbp5 (in
adulthood) in the amygdala (St-Cyr et al., 2017). Moreover,
increased Fkbp5 expression was inversely correlated with
decreased DNA methylation for this product’s gene (St-Cyr
et al., 2017), a finding consistent with the human literature
(Yehuda et al., 2016). In a related study, female offspring
of mice exposed to predator odor during pregnancy had
decreased Bdnf transcript abundance which was positively
correlated with a concomitant decrease in DNA methylation
of Bdnf exon IV in the hippocampus (St-Cyr and McGowan,
2015). Epigenetic alterations of the Bdnf gene have been
linked to impaired brain functioning, memory, stress, and
neuropsychiatric disorders (Fuchikami et al., 2010; Ikegame
et al., 2013; Andero et al., 2014). These results are consistent
with other work in which predator scent stress induced a
significant down-regulation of Bdnf mRNA in the CA1 region
of the hippocampus (Kozlovsky et al., 2007). Hypermethylation
of hippocampal Bdnf DNA may be a cellular mechanism
underlying the persistent hippocampus-specific cognitive deficits
which are prominent features of the pathophysiology of PTSD.
Indeed, selective hypermethylation of the Bdnf gene in the
dorsal hippocampus appears to be an important component
of local synaptic structure, plasticity, and maintenance of
intrusive memories of the trauma in an active state following
exposure to a life-threatening event (Zoladz et al., 2012).
Despite these findings, more research is necessary to fully

TABLE 2 | Selective rodent studies supporting the role of DNA methylation in predator stress model.

Reference Candidate gene Epigenetic changes Sample size Generation study
carried out through

Chertkow-Deutsher et al. (2010) Dlgap2 Higher Dlgap2 methylation and reduced mRNA expression
in predator odor exposed rat’s hippocampus.

Not mentioned F0

Bowen et al. (2014) Avp Predatory stress was associated with decreased Avp
promoter methylation in the medial amygdala

48 F0

St-Cyr and McGowan (2015) Bdnf Female offspring of mice exposed to predator odor during
pregnancy had decreased Bdnf transcript abundance
positively correlated with a concomitant decrease in
methylation of Bdnf exon IV in the hippocampus

42 F0, F1(Intergeneration)

St-Cyr et al. (2017) Nr3c1, Fkfbp5 Female offspring from prenatal predator odor-exposed
dams showed increased transcript abundance of both the
glucocorticoid receptor gene (Nr3c1; on the day of birth) and
Fkfbp5 (in adulthood) in the amygdala

24 F0, F1(Intergeneration)

Abbreviations: amplification of inter-methylated sites (Aims), arginine vasopressin (Avp), brain-derived neurotrophic factor (Bdnf), disks large-associated protein 2 (Dlgap2),
FK506 binding protein 5 (Fkbp5), nuclear receptor subfamily 3 group C member 1 gene (Nr3c1, glucocorticoid receptor gene).
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assess the role of DNA methylation in the transmission of
stress effects across generations (Blouin et al., 2016). Overall,
laboratory predator stress controlled experiments such as cross-
fostering, in vitro fertilization, or experiments across multiple
generations will provide invaluable information on the biological
epigenetic transmission and behavioral transmission which is
virtually impossible to achieve for ethical and practical reason
in humans.

CONCLUSION

Both human and rodent research suggests that stress effects can
be passed on to future generations. However, there is a paucity
of research on the mechanism of such a transmission. One
possibility is epigenetic modifications. While the mechanism by
which epigenetic modifications lead to the transmission of stress
to subsequent generations is unknown, one possibility involves
the transmission of DNA methylation. In humans, altered
methylation of the GR, and/or its co-chaperone, FKBP5 genes,
have been identified in the offspring of people with PTSD

(Yehuda et al., 2004, 2014, 2016, 2015; Erhardt and Spoormaker,
2013). This is consistent with laboratory studies in rodents in
which predator exposure during pregnancy alters methylation
of the GR and FKBP5 DNA in offspring (St-Cyr et al.,
2017). Future research is needed in both humans and animal
models, however, to fully understand the role that DNA
methylation (of specific targets such as GR) plays in the
transmission of stress. Understanding mechanisms that promote
PTSD will represent a major advance in the field and may
lead to novel treatments for such a devastating, and often
treatment-resistant disorder.

AUTHOR CONTRIBUTIONS

SB, AF, and JB wrote the article. PM and JD edited it.

FUNDING

This work was supported by Discovery Grant: Natural Science
and Engineering Research Council of Canada.

REFERENCES

Adamec, R. (1998). Transmitter systems involved in neural plasticity underlying
increased anxiety and defense implications for understanding anxiety following
traumatic stress. Neurosci. Biobehav. Rev. 21, 755–765. doi: 10.1016/s0149-
7634(96)00055-3

Adamec, R. E., and Shallow, T. (1993). Lasting effects on rodent anxiety of
a single exposure to a cat. Physiol. Behav. 54, 101–109. doi: 10.1016/0031-
9384(93)90050-p

Adamec, R. E., Blundell, J., and Burton, P. (2005). Neural circuit changes
mediating lasting brain and behavioral response to predator stress. in.Neurosci.
Biobehav. Rev. 29, 1225–1241. doi: 10.1016/j.neubiorev.2005.05.007

Adamec, R. E., Burton, P., Shallow, T., and Budgell, J. (1999). NMDA
receptors mediate lasting increases in anxiety-like behavior produced by
the stress of predator exposure—implications for anxiety associated with
posttraumatic stress disorder. Physiol. Behav. 65, 723–737. doi: 10.1016/s0031-
9384(98)00226-1

Adamec, R., Head, D., Blundell, J., Burton, P., and Berton, O. (2006). Lasting
Anxiogenic effects of feline predator stress in mice: sex differences in
vulnerability to stress and predicting severity of anxiogenic response from the
stress experience. Physiol. Behav. 88, 12–29. doi: 10.1016/j.physbeh.2006.03.005

Adamec, R., Head, D., Soreq, H., and Blundell, J. (2008). The role of the read
through variant of acetylcholinesterase in anxiogenic effects of predator stress
in mice. Behav. Brain Res. 189, 180–190. doi: 10.1016/j.bbr.2007.12.023

Adamec, R., Kent, P., Anisman, H., Shallow, T., and Merali, Z. (1998).
Neural plasticity, neuropeptides and anxiety in animals—implications for
understanding and treating affective disorder following traumatic stress
in humans. Neurosci. Biobehav. Rev. 23, 301–318. doi: 10.1016/s0149-
7634(98)00032-3

Adamec, R., Walling, S., and Burton, P. (2004). Long-lasting, selective, anxiogenic
effects of feline predator stress in mice. Physiol. Behav. 83, 401–410.
doi: 10.1016/j.physbeh.2004.08.029

Adamec, R. E., Hebert, M., Blundell, J., and Mervis, R. (2012). Dendritic
morphology of amygdala and hippocampal neurons in more and less predator
stress responsive rats and more and less spontaneously anxious handled
controls. Behav. Brain Res. 226, 133–146. doi: 10.1016/j.bbr.2011.09.009

Ahmadzadeh, R., Saboory, E., Roshan-Milani, S., and Pilehvarian, A. A. (2011).
Predator and restraint stress during gestation facilitates pilocarpine-induced
seizures in prepubertal rats. Dev. Psychobiol. 806–812. doi: 10.1002/dev.20555

American Psychiatric Association. (2013). Diagnostic and Statistical Manual of
Mental Disorders. 5th Edn. Arlington, VA: American Psychiatric Publishing.

Andero, R., Choi, D. C., and Ressler, K. J. (2014). BDNF-TrkB receptor regulation
of distributed adult neural plasticity, memory formation, and psychiatric
disorders. Prog. Mol. Biol. Transl. Sci. 122, 169–192. doi: 10.1016/b978-0-12-
420170-5.00006-4

Armario, A., Escorihuela, R. M., and Nadal, R. (2008). Long-term neuroendocrine
and behavioural effects of a single exposure to stress in adult animals.Neurosci.
Biobehav. Rev. 32, 1121–1135. doi: 10.1016/j.neubiorev.2008.04.003

Atwoli, L., Stein, D. J., Koenen, K. C., andMcLaughlin, K. A. (2015). Epidemiology
of posttraumatic stress disorder: prevalence, correlates and consequences.
Curr. Opin. Psychiatry 28, 307–311. doi: 10.1097/yco.0000000000
000167

Bale, T. L. (2011). Sex differences in prenatal epigenetic programming of stress
pathways. Stress 14, 348–356. doi: 10.3109/10253890.2011.586447

Bandelow, B., and Michaelis, S. (2015). Epidemiology of anxiety disorders in the
21st century. Dialogues Clin. Neurosci. 17, 327–335.

Barocas, H. A., and Barocas, C. B. (1979). Wounds of the fathers: the next
generation of Holocaust victims. Int. Rev. Psychoanal. 6, 331–340.

Benjet, C., Bromet, E., Karam, E. G., Kessler, R. C., McLaughlin, K. A.,
Ruscio, A. M., et al. (2016). The epidemiology of traumatic event exposure
worldwide: results from theWorld Mental Health Survey Consortium. Psychol.
Med. 46, 327–343. doi: 10.1017/S0033291715001981

Berger, S. L., Kouzarides, T., Shiekhattar, R., and Shilatifard, A. (2009). An
operational definition of epigenetics.Genes Dev. 23, 781–783. doi: 10.1101/gad.
1787609

Binder, E. B., Bradley, R. G., Liu, W., Epstein, M. P., Deveau, T. C., Mercer, K. B.,
et al. (2008). Association of FKBP5 polymorphisms and childhood abuse
with risk of posttraumatic stress disorder symptoms in adults. JAMA 299,
1291–1305. doi: 10.1001/jama.299.11.1291

Binder, E. B. (2009). The role of FKBP5, a co-chaperone of the glucocorticoid
receptor in the pathogenesis and therapy of affective and anxiety disorders.
Psychoneuroendocrinology 34, S186–S195. doi: 10.1016/j.psyneuen.2009.
05.021

Blanchard, R. J., Yang, M., Li, C. I., Gervacio, A., and Blanchard, D. C. (2001). Cue
and context conditioning of defensive behaviors to cat odor stimuli. Neurosci.
Biobehav. Rev. 25, 587–595. doi: 10.1016/s0149-7634(01)00043-4

Blaze, J., and Roth, T. L. (2015). Evidence from clinical and animal model studies
of the long-term and transgenerational impact of stress on DNA methylation.
Semin. Cell Dev. Biol. 43, 76–84. doi: 10.1016/j.semcdb.2015.04.004

Blouin, A. M., Sillivan, S. E., Joseph, N. F., and Miller, C. A. (2016). The potential
of epigenetics in stress-enhanced fear learning models of PTSD. Learn. Mem.
23, 576–586. doi: 10.1101/lm.040485.115

Frontiers in Behavioral Neuroscience | www.frontiersin.org 8 May 2019 | Volume 13 | Article 113

https://doi.org/10.1016/s0149-7634(96)00055-3
https://doi.org/10.1016/s0149-7634(96)00055-3
https://doi.org/10.1016/0031-9384(93)90050-p
https://doi.org/10.1016/0031-9384(93)90050-p
https://doi.org/10.1016/j.neubiorev.2005.05.007
https://doi.org/10.1016/s0031-9384(98)00226-1
https://doi.org/10.1016/s0031-9384(98)00226-1
https://doi.org/10.1016/j.physbeh.2006.03.005
https://doi.org/10.1016/j.bbr.2007.12.023
https://doi.org/10.1016/s0149-7634(98)00032-3
https://doi.org/10.1016/s0149-7634(98)00032-3
https://doi.org/10.1016/j.physbeh.2004.08.029
https://doi.org/10.1016/j.bbr.2011.09.009
https://doi.org/10.1002/dev.20555
https://doi.org/10.1016/b978-0-12-420170-5.00006-4
https://doi.org/10.1016/b978-0-12-420170-5.00006-4
https://doi.org/10.1016/j.neubiorev.2008.04.003
https://doi.org/10.1097/yco.0000000000000167
https://doi.org/10.1097/yco.0000000000000167
https://doi.org/10.3109/10253890.2011.586447
https://doi.org/10.1017/S0033291715001981
https://doi.org/10.1101/gad.1787609
https://doi.org/10.1101/gad.1787609
https://doi.org/10.1001/jama.299.11.1291
https://doi.org/10.1016/j.psyneuen.2009.05.021
https://doi.org/10.1016/j.psyneuen.2009.05.021
https://doi.org/10.1016/s0149-7634(01)00043-4
https://doi.org/10.1016/j.semcdb.2015.04.004
https://doi.org/10.1101/lm.040485.115
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Bhattacharya et al. Stress Across Generations

Blundell, J., Adamec, R., and Burton, P. (2005). Role of NMDA receptors in the
syndrome of behavioral changes produced by predator stress. Physiol. Behav.
86, 233–243. doi: 10.1016/j.physbeh.2005.07.012

Bowen, M. T., Dass, S. A., Booth, J., Suraev, A., Vyas, A., and McGregor, I. S.
(2014). Active coping toward predatory stress is associated with lower
corticosterone and progesterone plasma levels and decreased methylation
in the medial amygdala vasopressin system. Horm. Behav. 66, 561–566.
doi: 10.1016/j.yhbeh.2014.08.004

Breslau, N., Kessler, R. C., Chilcoat, H. D., Schultz, L. R., Davis, G. C.,
and Andreski, P. (1998). Trauma and posttraumatic stress disorder in the
community: the 1996 detroit area survey of trauma. Arch. Gen. Psychiatry 55,
626–632. doi: 10.1001/archpsyc.55.7.626

Campeau, S., Nyhuis, T. J., Sasse, S. K., Day, H. E. W., and Masini, C. V.
(2008). Acute and chronic effects of ferret odor exposure in Sprague-Dawley
rats. Neurosci. Biobehav. Rev. 32, 1277–1286. doi: 10.1016/j.neubiorev.2008.
05.014

Carrion, V. G., Weems, C. F., Ray, R. D., Glaser, B., Hessl, D., and Reiss, A. L.
(2002). Diurnal salivary cortisol in pediatric posttraumatic stress disorder. Biol.
Psychiatry 51, 575–582. doi: 10.1016/s0006-3223(01)01310-5

Chertkow-Deutsher, Y., Cohen, H., Klein, E., and Ben-Shachar, D. (2010). DNA
methylation in vulnerability to post-traumatic stress in rats: evidence for the
role of the post-synaptic density protein Dlgap2. Int. J. Neuropsychopharmacol.
13, 347–359. doi: 10.1017/s146114570999071x

Clinchy, M., Zanette, L., Charlier, T. D., Newman, A. E. M., Schmidt, K. L.,
Boonstra, R., et al. (2011). Multiple measures elucidate glucocorticoid
responses to environmental variation in predation threat. Oecologia 166,
607–614. doi: 10.1007/s00442-011-1915-2

Cohen, H., Liberzon, I., and Richter-Levin, G. (2009). Exposure to extreme stress
impairs contextual odour discrimination in an animal model of PTSD. Int.
J. Neuropsychopharmacol. 12, 291–303. doi: 10.1017/s146114570800919x

Cohen, H., Zohar, J., Kaplan, Z., and Arnt, J. (2018). Adjunctive treatment
with brexpiprazole and escitalopram reduces behavioral stress responses and
increase hypothalamic NPY immunoreactivity in a rat model of PTSD-like
symptoms. Eur. Neuropsychopharmacol. 28, 63–74. doi: 10.1016/j.euroneuro.
2017.11.017

Cohen, H., Kozlovsky, N., Matar, M. A., Zohar, J., and Kaplan, Z. (2014).
Distinctive hippocampal and amygdalar cytoarchitectural changes underlie
specific patterns of behavioral disruption following stress exposure in an animal
model of PTSD. Eur. Neuropsychopharmacol. 24, 1925–1944. doi: 10.1016/j.
euroneuro.2014.09.009

Cook, C. J. (2002). Glucocorticoid feedback increases the sensitivity of the
limbic system to stress. Physiol. Behav. 75, 455–464. doi: 10.1016/s0031-
9384(02)00650-9

Danielsona, C. K., Hankinb, B. L., and Badanes, L. S. (2015). Youth offspring
of mothers with posttraumatic stress disorder have altered stress reactivity
in response to a laboratory stressor. Psychoneuroendocrinology 53, 170–178.
doi: 10.1016/j.psyneuen.2015.01.001

Dasberg, H. (1987). Psychological distress of Holocaust survivors and offspring in
Israel, forty years later: a review. Isr. J. Psychiatry Relat. Sci. 24, 243–256.

Day, J. J., and Sweatt, J. D. (2011). Epigenetic mechanisms in cognition. Neuron
70, 813–829. doi: 10.1016/j.neuron.2011.05.019

de Catanzaro, D. (1988). Effect of predator exposure upon early pregnancy inmice.
Physiol. Behav. 43, 691–696. doi: 10.1016/0031-9384(88)90365-4

Delahanty, D. L., Nugent, N. R., Christopher, N. C., and Walsh, M. (2005).
Initial urinary epinephrine and cortisol levels predict acute PTSD symptoms
in child trauma victims. Psychoneuroendocrinology 30, 121–128. doi: 10.1016/j.
psyneuen.2004.06.004

Deslauriers, J., Toth, M., Der-Avakian, A., and Risbrough, V. B. (2017). Current
status of animal models of PTSD: behavioral and biological phenotypes
and future challenges in improving translation. Biol. Psychiatry 83, 895–907.
doi: 10.1016/j.biopsych.2017.11.019

Diamond, D. M., Campbell, A. M., Park, C. R., Woodson, J. C., Conrad, C. D.,
Bachstetter, A. D., et al. (2006). Influence of predator stress on the consolidation
versus retrieval of long-term spatial memory and hippocampal spinogenesis.
Hippocampus 16, 571–576. doi: 10.1002/hipo.20188

Dias, B. G., and Ressler, K. J. (2014). Parental olfactory experience influences
behavior and neural structure in subsequent generations. Nat. Neurosci. 17,
89–96. doi: 10.1038/nn.3594

Dielenberg, R. A., Hunt, G. E., and McGregor, I. S. (2001). ‘‘When a rat smells a
cat’’: the distribution of Fos immunoreactivity in rat brain following exposure
to a predatory odor. Neuroscience 104, 1085–1097. doi: 10.1016/s0306-
4522(01)00150-6

Dunlop, B. W., and Wong, A. (2019). The hypothalamic-pituitary-adrenal
axis in PTSD: pathophysiology and treatment interventions. Prog.
Neuropsychopharmacol. Biol. Psychiatry 89, 361–379. doi: 10.1016/j.pnpbp.
2018.10.010

Duval, F., Crocq, M. A., Guillon, M. S., Mokrani, M. C., Monreal, J., Bailey, P., et al.
(2004). Increased adrenocorticotropin suppression following dexamethasone
administration in sexually abused adolescents with posttraumatic stress
disorder. Psychoneuroendocrinology 29, 1281–1289. doi: 10.1016/j.psyneuen.
2004.03.006

Ehring, T., Ehlers, A., Cleare, A. J., and Glucksman, E. (2008). Do acute
psychological and psychobiological responses to trauma predict subsequent
symptom severities of PTSD and depression? Psychiatry Res. 161, 67–75.
doi: 10.1016/j.psychres.2007.08.014

Erhardt, A., and Spoormaker, V. I. (2013). Translational approaches to anxiety:
focus on genetics, fear extinction and brain imaging. Curr. Psychiatry Rep.
15:417. doi: 10.1007/s11920-013-0417-9

Fifield, K., Hebert, M., Angel, R., Adamec, R., and Blundell, J. (2013). Inhibition
of mTOR kinase via rapamycin blocks persistent predator stress-induced
hyperarousal. Behav. Brain Res. 256, 457–463. doi: 10.1016/j.bbr.2013.08.047

Fifield, K., Hebert, M.,Williams, K., Linehan, V., Whiteman, J. D., Mac Callum, P.,
et al. (2015). Time-dependent effects of rapamycin on consolidation of predator
stress-induced hyperarousal. Behav. Brain Res. 286, 104–111. doi: 10.1016/j.
bbr.2015.02.045

Finke, J. B., Behrje, A., and Schächinger, H. (2018). Acute stress enhances pupillary
responses to erotic nudes: evidence for differential effects of sympathetic
activation and cortisol. Biol. Psychol. 137, 73–82. doi: 10.1016/j.biopsycho.2018.
07.005

Fuchikami, M., Yamamoto, S., Morinobu, S., Takei, S., and Yamawaki, S. (2010).
Epigenetic regulation of BDNF gene in response to stress. Psychiatry Investig.
7, 251–256. doi: 10.4306/pi.2010.7.4.251

Gabory, A., Attig, L., and Junien, C. (2009). Sexual dimorphism in environmental
epigenetic programming. Mol. Cell. Endocrinol. 25, 8–18. doi: 10.1016/j.mce.
2009.02.015

Galea, S., Resnick, H., Ahern, J., Gold, J., Bucuvalas, M., Kilpatrick, D.,
et al. (2002). Posttraumatic stress disorder in Manhattan, New York City,
after the September 11th terrorist attacks. J. Urban Heal. 79, 340–353.
doi: 10.1093/jurban/79.3.340

Galea, S., Tracy, M., Norris, F., and Coffey, S. F. (2008). Financial and social
circumstances and the incidence and course of PTSD in Mississippi during
the first two years after Hurricane Katrina. J. Trauma. Stress 21, 357–368.
doi: 10.1002/jts.20355

Goldstein, M., Murray, S. B., Griffiths, S., Rayner, K., Podkowka, J., Bateman, J. E.,
et al. (2016). The effectiveness of family-based treatment for full and partial
adolescent anorexia nervosa in an independent private practice setting: clinical
outcomes. Int. J. Eat. Disord. 49, 1023–1026. doi: 10.1002/eat.22568

Goswami, S., Rodríguez-Sierra, O., Cascardi, M., and Paré, D. (2013). Animal
models of post-traumatic stress disorder: face validity. Front. Neurosci. 7:89.
doi: 10.3389/fnins.2013.00089

Hauger, R. L., Olivares-Reyes, J. A., Dautzenberg, F. M., Lohr, J. B., Braun, S.,
and Oakley, R. H. (2012). Molecular and cell signaling targets for PTSD
pathophysiology and pharmacotherapy. Neuropharmacology 62, 705–714.
doi: 10.1016/j.neuropharm.2011.11.007

Hebb, A. L. O., Zacharko, R. M., Gauthier, M., and Drolet, G. (2003). Exposure
of mice to a predator odor increases acoustic startle but does not disrupt
the rewarding properties of VTA intracranial self-stimulation. Brain Res. 982,
195–210. doi: 10.1016/s0006-8993(03)03008-7

Heinrichs, M., Wagner, D., Schoch, W., Soravia, L. M., Hellhammer, D. H.,
and Ehlert, U. (2005). Predicting posttraumatic stress symptoms from
pretraumatic risk factors: a 2-year prospective follow-up study in
firefighters. Am. J. Psychiatry 162, 2276–2286. doi: 10.1176/appi.ajp.162.
12.2276

Ikegame, T., Bundo, M., Murata, Y., Kasai, K., Kato, T., and Iwamoto, K. (2013).
DNA methylation of the BDNF gene and its relevance to psychiatric disorders.
J. Hum. Genet. 58, 434–438. doi: 10.1038/jhg.2013.65

Frontiers in Behavioral Neuroscience | www.frontiersin.org 9 May 2019 | Volume 13 | Article 113

https://doi.org/10.1016/j.physbeh.2005.07.012
https://doi.org/10.1016/j.yhbeh.2014.08.004
https://doi.org/10.1001/archpsyc.55.7.626
https://doi.org/10.1016/j.neubiorev.2008.05.014
https://doi.org/10.1016/j.neubiorev.2008.05.014
https://doi.org/10.1016/s0006-3223(01)01310-5
https://doi.org/10.1017/s146114570999071x
https://doi.org/10.1007/s00442-011-1915-2
https://doi.org/10.1017/s146114570800919x
https://doi.org/10.1016/j.euroneuro.2017.11.017
https://doi.org/10.1016/j.euroneuro.2017.11.017
https://doi.org/10.1016/j.euroneuro.2014.09.009
https://doi.org/10.1016/j.euroneuro.2014.09.009
https://doi.org/10.1016/s0031-9384(02)00650-9
https://doi.org/10.1016/s0031-9384(02)00650-9
https://doi.org/10.1016/j.psyneuen.2015.01.001
https://doi.org/10.1016/j.neuron.2011.05.019
https://doi.org/10.1016/0031-9384(88)90365-4
https://doi.org/10.1016/j.psyneuen.2004.06.004
https://doi.org/10.1016/j.psyneuen.2004.06.004
https://doi.org/10.1016/j.biopsych.2017.11.019
https://doi.org/10.1002/hipo.20188
https://doi.org/10.1038/nn.3594
https://doi.org/10.1016/s0306-4522(01)00150-6
https://doi.org/10.1016/s0306-4522(01)00150-6
https://doi.org/10.1016/j.pnpbp.2018.10.010
https://doi.org/10.1016/j.pnpbp.2018.10.010
https://doi.org/10.1016/j.psyneuen.2004.03.006
https://doi.org/10.1016/j.psyneuen.2004.03.006
https://doi.org/10.1016/j.psychres.2007.08.014
https://doi.org/10.1007/s11920-013-0417-9
https://doi.org/10.1016/j.bbr.2013.08.047
https://doi.org/10.1016/j.bbr.2015.02.045
https://doi.org/10.1016/j.bbr.2015.02.045
https://doi.org/10.1016/j.biopsycho.2018.07.005
https://doi.org/10.1016/j.biopsycho.2018.07.005
https://doi.org/10.4306/pi.2010.7.4.251
https://doi.org/10.1016/j.mce.2009.02.015
https://doi.org/10.1016/j.mce.2009.02.015
https://doi.org/10.1093/jurban/79.3.340
https://doi.org/10.1002/jts.20355
https://doi.org/10.1002/eat.22568
https://doi.org/10.3389/fnins.2013.00089
https://doi.org/10.1016/j.neuropharm.2011.11.007
https://doi.org/10.1016/s0006-8993(03)03008-7
https://doi.org/10.1176/appi.ajp.162.12.2276
https://doi.org/10.1176/appi.ajp.162.12.2276
https://doi.org/10.1038/jhg.2013.65
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Bhattacharya et al. Stress Across Generations

Jokinen, J., Boström, A. E., Chatzittofis, A., Ciuculete, D. M., Öberg, K. G.,
Flanagan, J. N., et al. (2017). Methylation of HPA axis related genes in men
with hypersexual disorder. Psychoneuroendocrinology 80, 67–73. doi: 10.1016/j.
psyneuen.2017.03.007

Kanter, E. D., Wilkinson, C. W., Radant, A. D., Petrie, E. C., Dobie, D. J.,
McFall, M. E., et al. (2001). Glucocorticoid feedback sensitivity and
adrenocortical responsiveness in posttraumatic stress disorder. Biol. Psychiatry
50, 238–245. doi: 10.1016/s0006-3223(01)01158-1

Kertes, D. A., Bhatt, S. S., Kamin, H. S., Hughes, D. A., Rodney, N. C., and
Mulligan, C. J. (2017). BNDF methylation in mothers and newborns is
associated with maternal exposure to war trauma. Clin. Epigenetics 9: 68.
doi: 10.1186/s13148-017-0367-x

Kessler, R. C., Berglund, P., Demler, O., Jin, R., Merikangas, K. R., and
Walters, E. E. (2005). Lifetime prevalence and age-of-onset distributions of
DSM-IV disorders in the national comorbidity survey replication. Arch. Gen.
Psychiatry 62, 593–602. doi: 10.1001/archpsyc.62.6.593

Kessler, R. C., Petukhova, M., Sampson, N. A., Zaslavsky, A. M., and Wittchen, H.
(2012). Twelve-month and lifetime prevalence and lifetime morbid risk of
anxiety and mood disorders in the United States. Int. J. Methods Psychiatr. Res.
21, 169–184. doi: 10.1002/mpr.1359

Kessler, R. C., Sonnega, A., Bromet, E., Hughes, M., and Nelson, C. B. (1995).
Posttraumatic stress disorder in the national comorbidity survey. Arch. Gen.
Psychiatry 52, 1048–1060. doi: 10.1001/archpsyc.1995.03950240066012

Kessler, R. C., Aguilar-Gaxiola, S., Alonso, J., Benjet, C., Bromet, E. J., Cardoso, G.,
et al. (2017). Trauma and PTSD in the WHO World Mental Health Surveys.
Eur. J. Psychotraumatol. 8:1353383. doi: 10.1080/20008198.2017.1353383

Khani, S., and Tayek, J. A. (2001). Cortisol increases gluconeogenesis in
humans: its role in the metabolic syndrome. Clin. Sci. 101, 739–747.
doi: 10.1042/cs20010180

Kilpatrick, D. G., Resnick, H. S., Milanak, M. E., Miller, M. W., Keyes, K. M.,
and Friedman, M. J. (2013). National estimates of exposure to traumatic events
and PTSD prevalence using DSM-IV and DSM-5 criteria. J. Trauma. Stress 26,
537–547. doi: 10.1002/jts.21848

Kim, T. Y., Kim, S. J., Chung, H. G., Choi, J. H., Kim, S. H., and Kang, J. I. (2017).
Epigenetic alterations of the BDNF gene in combat-related post-traumatic
stress disorder. Acta Psychiatr. Scand. 135, 170–179. doi: 10.1111/acps.12675

Klengel, T., Dias, B. G., and Ressler, K. J. (2015). Models of intergenerational
and transgenerational transmission of risk for psychopathology in mice.
Neuropsychopharmacology 41, 219–231. doi: 10.1038/npp.2015.249

Kobayashi, H., Sakurai, T., Imai, M., Takahashi, N., Fukuda, A., Yayoi, O.,
et al. (2012). Contribution of intragenic DNA methylation in mouse gametic
DNA methylomes to establish oocyte-specific heritable marks. PLoS Genet.
8:e1002440. doi: 10.1371/journal.pgen.1002440

Koenen, K. C., Uddin, M., Chang, S. C., Aiello, A. E., Wildman, D. E.,
Goldmann, E., et al. (2011). SLC6A4 methylation modifies the effect of the
number of traumatic events on risk for posttraumatic stress disorder. Depress.
Anxiety 28, 639–647. doi: 10.1002/da.20825

Korgan, A. C., Green, A. D., Perrot, T. S., and Esser, M. J. (2014). Limbic
system activation is affected by prenatal predator exposure and postnatal
environmental enrichment and further moderated by dam and sex. Behav.
Brain Res. 259, 106–118. doi: 10.1016/j.bbr.2013.10.037

Kozlovsky, N., Matar, M. A., Kaplan, Z., Kotler, M., Zohar, J., and Cohen, H.
(2007). Long-term down-regulation of BDNF mRNA in rat hippocampal
CA1 subregion correlates with PTSD-like behavioural stress response. Int.
J. Neuropsychopharmacol. 6, 741–758. doi: 10.1017/s1461145707007560

Labonté, B., Azoulay, N., Yerko, V., Turecki, G., and Brunet, A. (2014). Epigenetic
modulation of glucocorticoid receptors in posttraumatic stress disorder.Transl.
Psychiatry 4:e368. doi: 10.1038/tp.2014.3

Lacal, I., and Ventura, R. (2018). Epigenetic inheritance: concepts, mechanisms
and perspectives. Front. Mol. Neurosci. 11:292. doi: 10.3389/fnmol.2018.00292

Lau, C., Hebert, M., Vani, M. A., Walling, S., Hayley, S., Lagace, D. C., et al.
(2016). Absence of neurogenic response following robust predator-induced
stress response. Neuroscience 339, 276–286. doi: 10.1016/j.neuroscience.2016.
10.001

Lebow, M., Neufeld-Cohen, A., Kuperman, Y., Tsoory, M., Gil, S., and Chen, A.
(2012). Susceptibility to PTSD-like behavior is mediated by corticotropin-
releasing factor receptor type 2 levels in the bed nucleus of the stria terminalis.
J. Neurosci. 32, 6906–6916. doi: 10.1523/JNEUROSCI.4012-11.2012

Levitt, M. J., Silver, M. E., and Franco, N. (1996). Troublesome relationships: A
part of human experience. J. Soc. Pers. Relat. 13, 523–536. doi: 10.1177/02654
07596134003

Lehrner, A., Bierer, L. M., Passarelli, V., Pratchett, L. C., Flory, F. D., Bader, H. N.,
et al. (2014). Maternal PTSD associates with greater glucocorticoid sensitivity
in offspring of Holocaust survivors. Psychoneuroendocrinology 40, 213–220.
doi: 10.1016/j.psyneuen.2013.11.019

Lemieux, A. M., and Coe, C. L. (1995). Abuse-related posttraumatic stress
disorder: evidence for chronic neuroendocrine activation in women.
Psychosom. Med. 57, 105–115. doi: 10.1097/00006842-199503000-00002

Lipschitz, D. S., Rasmusson, A. M., Yehuda, R., Wang, S., Anyan, W.,
Gueoguieva, R., et al. (2003). Salivary cortisol responses to dexamethasone
in adolescents with posttraumatic stress disorder. J. Am. Acad. Child Adolesc.
Psychiatry 42, 1310–1317. doi: 10.1097/01.chi.0000084832.67701.0d

Mason, J.W., Giller, E. L., Kosten, T. R., Ostroff, R. B., and Podd, L. (1986). Urinary
free-cortisol levels in posttraumatic stress disorder patients. J. Nerv. Ment. Dis.
174, 145–149. doi: 10.1097/00005053-198603000-00003

Matar, M. A., Cohen, H., Kaplan, Z., and Zohar, J. (2006). The effect of
early poststressor intervention with sertraline on behavioral responses in an
animal model of post-traumatic stress disorder. Neuropsychopharmacology 31,
2610–2818. doi: 10.1038/sj.npp.1301132

Meaney, M. J. (2001). Maternal care, gene expression, and the transmission
of individual differences in stress reactivity across generations. Annu. Rev.
Neurosci. 24, 1161–1192. doi: 10.1146/annurev.neuro.24.1.1161

Norrholm, S. D., Jovanovic, T., Smith, A. K., Binder, E., Klengel, T., Conneely, K.,
et al. (2013). Differential genetic and epigenetic regulation of catechol-o-
methyltransferase is associated with impaired fear inhibition in posttraumatic
stress disorder. Front. Behav. Neurosci. 7:30. doi: 10.3389/fnbeh.2013.
00030

Önder, E., Tural, Ü., Aker, T., Kiliç, C., and Erdogan, S. (2006). Prevalence of
psychiatric disorders three years after the 1999 earthquake in Turkey: Marmara
Earthquake Survey (MES). Soc. Psychiatry Psychiatr. Epidemiol. 41, 868–874.
doi: 10.1007/s00127-006-0107-6

Otte, C., Lenoci, M., Metzler, T., Yehuda, R., Marmar, C. R., and Neylan, T. C.
(2007). Effects of metyrapone on hypothalamic-pituitary-adrenal axis and sleep
in women with post-traumatic stress disorder. Biol. Psychiatry 61, 952–956.
doi: 10.1016/j.biopsych.2006.08.018

Perroud, N., Paoloni-Giacobino, A., Prada, P., Olié, E., Salzmann, A., Nicastro, R.,
et al. (2011). Increased methylation of glucocorticoid receptor gene (NR3C1)
in adults with a history of childhood maltreatment: a link with the severity and
type of trauma. Transl. Psychiatry 1:e59. doi: 10.1038/tp.2011.60

Perroud, N., Rutembesa, E., Paoloni-Giacobino, A., Mutabaruka, J., Mutesa, L.,
Stenz, L., et al. (2014). The Tutsi genocide and transgenerational transmission
of maternal stress: epigenetics and biology of the HPA axis. World J. Biol.
Psychiatry 15, 334–345. doi: 10.3109/15622975.2013.866693

Pfeffer, C. R., Altemus, M., Heo, M., and Jiang, H. (2007). Salivary cortisol and
psychopathology in children bereaved by the september 11, 2001 terror attacks.
Biol. Psychiatry 61, 957–965. doi: 10.1016/j.biopsych.2006.07.037

Pierrehumbert, B., Torrisi, R., Glatz, N., Dimitrova, N., Heinrichs, M., and
Halfon, O. (2009). The influence of attachment on perceived stress and cortisol
response to acute stress in women sexually abused in childhood or adolescence.
Psychoneuroendocrinology 34, 924–938. doi: 10.1016/j.psyneuen.2009.01.006

Radford, E. J., Ito, M., Shi, H., Corish, J. A., Yamazawa, K., Isganaitis, E.,
et al. (2014). In utero effects. in utero undernourishment perturbs the adult
sperm methylome and intergenerational metabolism. Science 345:1255903.
doi: 10.1126/science.1255903

Rady, A., Elsheshai, A., Elkholy, O., and El Wafa, H. A. (2010). Psychogenetics of
post-traumatic stress disorder: a short review. Appl. Clin. Genet. 3, 103–108.
doi: 10.2147/tacg.s13926

Resnick, H. S., Yehuda, R., Pitman, R. K., and Foy, D. W. (1995). Effect of previous
trauma on acute plasma cortisol level following rape. Am. J. Psychiatry 152,
1675–1677. doi: 10.1176/ajp.152.11.1675

Ressler, K. J., Mercer, K. B., Bradley, B., Jovanovic, T., Mahan, A., Kerley, K.,
et al. (2011). Post-traumatic stress disorder is associated with PACAP and the
PAC1 receptor. Nature 470, 492–497. doi: 10.1038/nature09856

Reul, J. M. H. M., and Nutt, D. J. (2008). Glutamate and cortisol—a
critical confluence in PTSD? J. Psychopharmacol. 22, 469–472.
doi: 10.1177/0269881108094617

Frontiers in Behavioral Neuroscience | www.frontiersin.org 10 May 2019 | Volume 13 | Article 113

https://doi.org/10.1016/j.psyneuen.2017.03.007
https://doi.org/10.1016/j.psyneuen.2017.03.007
https://doi.org/10.1016/s0006-3223(01)01158-1
https://doi.org/10.1186/s13148-017-0367-x
https://doi.org/10.1001/archpsyc.62.6.593
https://doi.org/10.1002/mpr.1359
https://doi.org/10.1001/archpsyc.1995.03950240066012
https://doi.org/10.1080/20008198.2017.1353383
https://doi.org/10.1042/cs20010180
https://doi.org/10.1002/jts.21848
https://doi.org/10.1111/acps.12675
https://doi.org/10.1038/npp.2015.249
https://doi.org/10.1371/journal.pgen.1002440
https://doi.org/10.1002/da.20825
https://doi.org/10.1016/j.bbr.2013.10.037
https://doi.org/10.1017/s1461145707007560
https://doi.org/10.1038/tp.2014.3
https://doi.org/10.3389/fnmol.2018.00292
https://doi.org/10.1016/j.neuroscience.2016.10.001
https://doi.org/10.1016/j.neuroscience.2016.10.001
https://doi.org/10.1523/JNEUROSCI.4012-11.2012
https://doi.org/10.1177/0265407596134003
https://doi.org/10.1177/0265407596134003
https://doi.org/10.1016/j.psyneuen.2013.11.019
https://doi.org/10.1097/00006842-199503000-00002
https://doi.org/10.1097/01.chi.0000084832.67701.0d
https://doi.org/10.1097/00005053-198603000-00003
https://doi.org/10.1038/sj.npp.1301132
https://doi.org/10.1146/annurev.neuro.24.1.1161
https://doi.org/10.3389/fnbeh.2013.00030
https://doi.org/10.3389/fnbeh.2013.00030
https://doi.org/10.1007/s00127-006-0107-6
https://doi.org/10.1016/j.biopsych.2006.08.018
https://doi.org/10.1038/tp.2011.60
https://doi.org/10.3109/15622975.2013.866693
https://doi.org/10.1016/j.biopsych.2006.07.037
https://doi.org/10.1016/j.psyneuen.2009.01.006
https://doi.org/10.1126/science.1255903
https://doi.org/10.2147/tacg.s13926
https://doi.org/10.1176/ajp.152.11.1675
https://doi.org/10.1038/nature09856
https://doi.org/10.1177/0269881108094617
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Bhattacharya et al. Stress Across Generations

Rohleder, N., Joksimovic, L., Wolf, J. M., and Kirschbaum, C. (2004).
Hypocortisolism and increased glucocorticoid sensitivity of pro-Inflammatory
cytokine production in Bosnian war refugees with posttraumatic stress
disorder. Biol. Psychiatry 55, 745–751. doi: 10.1016/j.biopsych.2003.
11.018

Roseboom, P. H., Nanda, S. A., Bakshi, V. P., Trentani, A., Newman, S. M.,
and Kalin, N. H. (2007). Predator threat induces behavioral inhibition,
pituitary-adrenal activation and changes in amygdala CRF-binding protein
gene expression. Psychoneuroendocrinology 32, 44–55. doi: 10.1016/j.psyneuen.
2006.10.002

Rosen, J. B. (2004). The neurobiology of conditioned and unconditioned fear: a
neurobehavioral system analysis of the amygdala. Behav. Cogn. Neurosci. Rev.
3, 23–41. doi: 10.1177/1534582304265945

Rusiecki, J. A., Byrne, C., Galdzicki, Z., Srikantan, V., Chen, L., Poulin, M.,
et al. (2013). PTSD and DNA methylation in select immune function gene
promoter regions: a repeated measures case-control study of U.S. military
service members. Front. Psychiatry 4:56. doi: 10.3389/fpsyt.2013.00056

Saboory, E., Ahmadzadeh, R., and Roshan-Milani, S. (2011). Prenatal exposure to
restraint or predator stresses attenuates field excitatory postsynaptic potentials
in infant rats. Int. J. Dev. Neurosci. 29, 827–831. doi: 10.1016/j.ijdevneu.2011.
09.001

Sack, W. H., Clarke, G. N., and Seeley, J. (1995). Posttraumatic stress disorder
across two generations of cambodian refugees. J. Am. Acad. Child Adolesc.
Psychiatry 34, 1160–1166. doi: 10.1097/00004583-199509000-00013

Sapolsky, R. M., Meaney, M. J., and McEwen, B. S. (1985). The development of the
glucocorticoid receptor system in the rat limbic brain. III. Negative-feedback
regulation. Brain Res. 350, 169–173. doi: 10.1016/0165-3806(85)90261-5

Scharf, M. (2007). Long-term effects of trauma: psychosocial functioning of the
second and third generation of Holocaust survivors. Dev. Psychopathol. 19,
603–622. doi: 10.1017/s0954579407070290

Schelling, G., Kilger, E., Roozendaal, B., de Quervain, D. J., Briegel, J., Dagge, A.,
et al. (2004). Stress doses of hydrocortisone, traumatic memories, and
symptoms of posttraumatic stressdisorder in patients after cardiac surgery: a
randomized study. Biol. Psychiatry 55, 627–633. doi: 10.1016/j.biopsych.2003.
09.014

Schelling, G., Roozendaal, B., Krauseneck, T., Schmoelz, M., de Quervain, D., and
Briegel, J. (2006). Efficacy of hydrocortisone in preventing posttraumatic stress
disorder following critical illness and major surgery. Ann. N Y Acad. Sci. 1071,
46–53. doi: 10.1196/annals.1364.005

Schöner, J., Heinz, A., Endres, M., Gertz, K., and Kronenberg, G. (2017). Post-
traumatic stress disorder and beyond: an overview of rodent stress models.
J. Cell. Mol. Med. 21, 2248–2256. doi: 10.1111/jcmm.13161

Schulkin, J., Morgan, M. A., and Rosen, J. B. (2005). A neuroendocrine mechanism
for sustaining fear. Trends Neurosci. 28, 629–635. doi: 10.1016/j.tins.2005.
09.009

Selye, H. (1956). Endocrine reactions during stress. Curr. Res. Anesth. Analg. 35,
182–193. doi: 10.1213/00000539-195605000-00004

Serpeloni, F., Radtke, K., de Assis, S. G., Henning, F., Nätt, D., and Elbert, T.
(2017). Grandmaternal stress during pregnancy and DNA methylation of
the third generation: an epigenome-wide association study. Transl. Psychiatry
7:e1202. doi: 10.1038/tp.2017.153

Shrira, A., Mollova, B., and Mudahogorab, C. (2019). Complex PTSD and
intergenerational transmission of distress and resilience among Tutsi genocide
survivors and their offspring: a preliminary report. Psychiatry Res. 271,
121–123. doi: 10.1016/j.psychres.2018.11.040

Solomon, Z., Kotler, M., and Mikulincer, M. (1988). Combat-related
posttraumatic stress disorder among second-generation Holocaust survivors:
preliminary findings. Am. J. Psychiatry 145, 865–868. doi: 10.1176/ajp.
145.7.865

Statistics Canada (2015). Canada’s population estimates: Age and sex—The Daily,
July 1, 2015 (Ottawa, ON: Statistics Canada). Available online at: http://
www.statcan.gc.ca/daily-quotidien/7150929/dq150929b-eng.htm. Accessed 29
September 2015.

St-Cyr, S., Abuaish, S., Sivanathan, S., and McGowan, P. O. (2017). Maternal
programming of sex-specific responses to predator odor stress in adult rats.
Horm. Behav. 94, 1–12. doi: 10.1016/j.yhbeh.2017.06.005

St-Cyr, S., and McGowan, P. O. (2015). Programming of stress-related behavior
and epigenetic neural gene regulation in mice offspring through maternal

exposure to predator odor. Front. Behav. Neurosci. 9:145. doi: 10.3389/fnbeh.
2015.00145

St-Cyr, S., Abuaish, S., Spinieli, R. L., and McGowan, P. O. (2018). Maternal
predator odor exposure in mice programs adult offspring social behavior and
increases stress-induced behaviors in semi-naturalistic and commonly-used
laboratory tasks. Front. Behav. Neurosci. 12:136. doi: 10.3389/fnbeh.2018.00136

Steckler, T., and Risbrough, V. (2012). Pharmacological treatment of
PTSD—established and new approaches. Neuropharmacology 62, 617–627.
doi: 10.1016/j.neuropharm.2011.06.012

Stranahan, A. M., Lee, K., and Mattson, M. P. (2008). Central mechanisms of
HPA axis regulation by voluntary exercise. Neuromolecular Med. 10, 118–127.
doi: 10.1007/s12017-008-8027-0

Sturge-Apple, M. L., Davies, P. T., Cicchetti, D., and Manning, L. G. (2012).
Interparental violence, maternal emotional unavailability and children’s
cortisol functioning in family contexts. Dev. Psychol. 48, 237–249.
doi: 10.1037/a0025419

Takahashi, L. K., Nakashima, B. R., Hong, H., and Watanabe, K. (2005). The
smell of danger: a behavioral and neural analysis of predator odor-induced fear.
Neurosci. Biobehav. Rev. 29, 1157–1167. doi: 10.1016/j.neubiorev.2005.04.008

Tang, W. W., Dietmann, S., Irie, N., Leitch, H. G., Floros, V. I., Bradshaw, C. R.,
et al. (2015). A unique gene regulatory network resets the human germline
epigenome for development. Cell 161, 1453–1467. doi: 10.1016/j.cell.2015.
04.053

Van Ameringen, M., Mancini, C., Patterson, B., and Boyle, M. H. (2008).
Post-traumatic stress disorder in Canada. CNS Neurosci. Ther. 14, 171–181.
doi: 10.1111/j.1755-5949.2008.00049.x

Voisey, J., Lawford, B., Bruenig, D., Harvey, W., Morris, C. P., Young, R. M.,
et al. (2019). Differential BDNF methylation in combat exposed veterans
the association with exercise. Gene 698, 107–112. doi: 10.1016/j.gene.2019.
02.067

Vukojevic, V., Kolassa, I. T., Fastenrath, M., Gschwind, L., Spalek, K., Milnik, A.,
et al. (2014). Epigenetic modification ofthe glucocorticoid receptor gene
is linked to traumatic memory and post-traumatic stress disorder risk in
genocide survivors. J. Neurosci. 34, 10274–10284. doi: 10.1523/JNEUROSCI.
1526-14.2014

Weinstock, M., Fride, E., and Hertzberg, R. (1988). Prenatal stress effects
on functional development of the offspring. Prog. Brain Res. 73, 319–331.
doi: 10.1016/s0079-6123(08)60513-0

Welberg, L. A. M., and Seckl, J. R. (2001). Prenatal stress, glucocorticoids and the
programming of the brain. J. Neuroendocrinol. 13, 113–128. doi: 10.1046/j.1365
-2826.2001.00601.x

Whitaker, A.M., andGilpin, N.W. (2015). Blunted hypothalamo-pituitary adrenal
axis response to predator odor predicts high stress reactivity. Physiol. Behav.
147, 16–22. doi: 10.1016/j.physbeh.2015.03.033

Wichmann, S., Kirschbaumb, C., Böhmec, C., and Petrowski, K. (2017).
Cortisol stress response in post-traumatic stress disorder, panic disorder, and
major depressive disorder patients. Psychoneuroendocrinology 83, 135–141.
doi: 10.1016/j.psyneuen.2017.06.005

Yahyavi, S. T., Zarghami, M., Naghshvar, F., and Danesh, A. (2015). Relationship
of cortisol, norepinephrine, and epinephrine levels with war-induced
posttraumatic stress disorder in fathers and their offspring. Braz. J. Psychiatry
37, 93–98. doi: 10.1590/1516-4446-2014-1414

Yao, M., Schulkin, J., and Denver, R. J. (2008). Evolutionarily conserved
glucocorticoid regulation of corticotropin- releasing factor expression.
Endocrinology 149, 2352–2360. doi: 10.1210/en.2007-1551

Yehuda, R. (2001). Biology of posttraumatic stress disorder. J. Clin. Psychiatry
62, 41–46.

Yehuda, R. (2002). Current status of cortisol findings in post-traumatic stress
disorder. Psychiatr. Clin. North Am. 25, 341–368. doi: 10.1016/s0193-
953x(02)00002-3

Yehuda, R., Bell, A., Bierer, L. M., and Schmeidler, J. (2008). Maternal, not
paternal, PTSD is related to increased risk for PTSD in offspring of Holocaust
survivors. J. Psychiatr. Res. 42, 1104–1111. doi: 10.1016/j.jpsychires.2008.
01.002

Yehuda, R., Bierer, L. M., Schmeidler, J., Aferiat, D. H., Breslau, I., and Dolan, S.
(2000). Low cortisol and risk for PTSD in adult offspring of Holocaust
survivors. Am. J. Psychiatry 157, 1252–1259. doi: 10.1176/appi.ajp.157.
8.1252

Frontiers in Behavioral Neuroscience | www.frontiersin.org 11 May 2019 | Volume 13 | Article 113

https://doi.org/10.1016/j.biopsych.2003.11.018
https://doi.org/10.1016/j.biopsych.2003.11.018
https://doi.org/10.1016/j.psyneuen.2006.10.002
https://doi.org/10.1016/j.psyneuen.2006.10.002
https://doi.org/10.1177/1534582304265945
https://doi.org/10.3389/fpsyt.2013.00056
https://doi.org/10.1016/j.ijdevneu.2011.09.001
https://doi.org/10.1016/j.ijdevneu.2011.09.001
https://doi.org/10.1097/00004583-199509000-00013
https://doi.org/10.1016/0165-3806(85)90261-5
https://doi.org/10.1017/s0954579407070290
https://doi.org/10.1016/j.biopsych.2003.09.014
https://doi.org/10.1016/j.biopsych.2003.09.014
https://doi.org/10.1196/annals.1364.005
https://doi.org/10.1111/jcmm.13161
https://doi.org/10.1016/j.tins.2005.09.009
https://doi.org/10.1016/j.tins.2005.09.009
https://doi.org/10.1213/00000539-195605000-00004
https://doi.org/10.1038/tp.2017.153
https://doi.org/10.1016/j.psychres.2018.11.040
https://doi.org/10.1176/ajp.145.7.865
https://doi.org/10.1176/ajp.145.7.865
http://www.statcan.gc.ca/daily-quotidien/150929/dq150929b-eng.htm
http://www.statcan.gc.ca/daily-quotidien/150929/dq150929b-eng.htm
https://doi.org/10.1016/j.yhbeh.2017.06.005
https://doi.org/10.3389/fnbeh.2015.00145
https://doi.org/10.3389/fnbeh.2015.00145
https://doi.org/10.3389/fnbeh.2018.00136
https://doi.org/10.1016/j.neuropharm.2011.06.012
https://doi.org/10.1007/s12017-008-8027-0
https://doi.org/10.1037/a0025419
https://doi.org/10.1016/j.neubiorev.2005.04.008
https://doi.org/10.1016/j.cell.2015.04.053
https://doi.org/10.1016/j.cell.2015.04.053
https://doi.org/10.1111/j.1755-5949.2008.00049.x
https://doi.org/10.1016/j.gene.2019.02.067
https://doi.org/10.1016/j.gene.2019.02.067
https://doi.org/10.1523/JNEUROSCI.1526-14.2014
https://doi.org/10.1523/JNEUROSCI.1526-14.2014
https://doi.org/10.1016/s0079-6123(08)60513-0
https://doi.org/10.1046/j.1365-2826.2001.00601.x
https://doi.org/10.1046/j.1365-2826.2001.00601.x
https://doi.org/10.1016/j.physbeh.2015.03.033
https://doi.org/10.1016/j.psyneuen.2017.06.005
https://doi.org/10.1590/1516-4446-2014-1414
https://doi.org/10.1210/en.2007-1551
https://doi.org/10.1016/s0193-953x(02)00002-3
https://doi.org/10.1016/s0193-953x(02)00002-3
https://doi.org/10.1016/j.jpsychires.2008.01.002
https://doi.org/10.1016/j.jpsychires.2008.01.002
https://doi.org/10.1176/appi.ajp.157.8.1252
https://doi.org/10.1176/appi.ajp.157.8.1252
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Bhattacharya et al. Stress Across Generations

Yehuda, R., Boisoneau, D., Mason, J. W., and Giller, E. L. (1993). Glucocorticoid
receptor number and cortisol excretion in mood, anxiety, and psychotic
disorders. Biol. Psychiatry 34, 18–25. doi: 10.1016/0006-3223(93)
90252-9

Yehuda, R., Daskalakis, N. P., Bierer, L. M., Bader, H. N., Klengel, T.,
Holsboer, F., et al. (2016). Holocaust exposure induced intergenerational effects
on FKBP5 methylation. Biol. Psychiatry 80, 372–380. doi: 10.1016/j.biopsych.
2015.08.005

Yehuda, R., Daskalakis, N. P., Desarnaud, F., Makotkine, I., Lehrner, A. L.,
Koch, E., et al. (2013). Epigenetic biomarkers as predictors and correlates
of symptom improvement following psychotherapy in combat veterans with
PTSD. Front. Psychiatry 4: 118. doi: 10.3389/fpsyt.2013.00118

Yehuda, R., Daskalakis, N. P., Lehrner, A., Desarnaud, F., Bader, H. N.,
Makotkine, I., et al. (2014). Influences of maternal and paternal PTSD
on epigenetic regulation of the glucocorticoid receptor gene in Holocaust
survivor offspring. Am. J. Psychiatry 171, 872–880. doi: 10.1176/appi.ajp.2014.
13121571

Yehuda, R., Engel, S. M., Brand, S. R., Seckl, J., Marcus, S. M., and Berkowitz, G. S.
(2005). Transgenerational effects of posttraumatic stress disorder in babies of
mothers exposed to the World Trade Center attacks during pregnancy. J. Clin.
Endocrinol. Metab. 90, 4115–4118. doi: 10.1210/jc.2005-0550

Yehuda, R., Flory, J. D., Bierer, L. M., Henn-Haase, C., Lehrner, A., Desarnaud, F.,
et al. (2015). Lower methylation of glucocorticoid receptor gene promoter 1F in
peripheral blood of veterans with posttraumatic stress disorder. Biol. Psychiatry
77, 356–364. doi: 10.1016/j.biopsych.2014.02.006

Yehuda, R., Halligan, S. L., Golier, J. A., Grossman, R., and Bierer, L. M.
(2004). Effects of trauma exposure on the cortisol response to
dexamethasone administration in PTSD and major depressive disorder.
Psychoneuroendocrinology 29, 389–404. doi: 10.1016/s0306-4530(03)
00052-0

Young, E. A., and Breslau, N. (2004). Cortisol and catecholamines in posttraumatic
stress disorder: an epidemiologic community study. Arch. Gen. Psychiatry 61,
394–401. doi: 10.1001/archpsyc.61.4.394

Zaba, M., Kirmeier, T., Ionescu, I. A., Wollweber, B., Buell, D. R., Gall-
Kleebach, D. J., et al. (2015). Identification and characterization of
HPA-axis reactivity endophenotypes in a cohort of female PTSD patients.
Psychoneuroendocrinology 55, 102–115. doi: 10.1016/j.psyneuen.2015.
02.005

Zannas, A. S., Wiechmann, T., Gassen, N. C., and Binder, E. B. (2016). Gene-
stress-epigenetic regulation of FKBP5: clinical and translational implications.
Neuropsychopharmacology 41, 261–274. doi: 10.1038/npp.2015.235

Zerach, G., Levin, Y., Aloni, R., and Solomon, Z. (2017). Intergenerational
transmission of captivity trauma and posttraumatic stress symptoms: a
twenty three-year longitudinal triadic study. Psychol. Trauma 9, 114–121.
doi: 10.1037/tra0000203

Zoladz, P. R., and Diamond, D. M. (2013). Current status on behavioral and
biological markers of PTSD: A search for clarity in a conflicting literature.
Neurosci. Biobehav. Rev. 37, 860–895. doi: 10.1016/j.neubiorev.2013.03.024

Zoladz, P. R., Conrad, C. D., Fleshner, M., and Diamond, D. M. (2008). Acute
episodes of predator exposure in conjunction with chronic social instability
as an animal model of post-traumatic stress disorder. Stress 11, 259–281.
doi: 10.1080/10253890701768613

Zoladz, P. R., Park, C. R., Fleshner, M., and Diamond, D. M. (2015). Psychosocial
predator-based animal model of PTSD produces physiological and behavioral
sequelae and a traumatic memory four months following stress onset. Physiol.
Behav. 147, 183–192. doi: 10.1016/j.physbeh.2015.04.032

Zoladz, P. R., Park, C. R., Halonen, J. D., Salim, S., Alzoubi, K. H., Srivareerat, M.,
et al. (2012). Differential expression of molecular markers of synaptic plasticity
in the hippocampus, prefrontal cortex and amygdala in response to spatial
learning, predator exposure and stress-induced amnesia. Hippocampus 22,
577–589. doi: 10.1002/hipo.20922

Zovkic, I. B., Meadows, J. P., Kaas, G. A., and Sweatt, J. D. (2013). Interindividual
variability in stress susceptibility: a role for epigenetic mechanisms in PTSD.
Front. Psychiatry 4:60. doi: 10.3389/fpsyt.2013.00060

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Bhattacharya, Fontaine, MacCallum, Drover and Blundell. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 12 May 2019 | Volume 13 | Article 113

https://doi.org/10.1016/0006-3223(93)90252-9
https://doi.org/10.1016/0006-3223(93)90252-9
https://doi.org/10.1016/j.biopsych.2015.08.005
https://doi.org/10.1016/j.biopsych.2015.08.005
https://doi.org/10.3389/fpsyt.2013.00118
https://doi.org/10.1176/appi.ajp.2014.13121571
https://doi.org/10.1176/appi.ajp.2014.13121571
https://doi.org/10.1210/jc.2005-0550
https://doi.org/10.1016/j.biopsych.2014.02.006
https://doi.org/10.1016/s0306-4530(03)00052-0
https://doi.org/10.1016/s0306-4530(03)00052-0
https://doi.org/10.1001/archpsyc.61.4.394
https://doi.org/10.1016/j.psyneuen.2015.02.005
https://doi.org/10.1016/j.psyneuen.2015.02.005
https://doi.org/10.1038/npp.2015.235
https://doi.org/10.1037/tra0000203
https://doi.org/10.1016/j.neubiorev.2013.03.024
https://doi.org/10.1080/10253890701768613
https://doi.org/10.1016/j.physbeh.2015.04.032
https://doi.org/10.1002/hipo.20922
https://doi.org/10.3389/fpsyt.2013.00060
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

	Stress Across Generations: DNA Methylation as a Potential Mechanism Underlying Intergenerational Effects of Stress in Both Post-traumatic Stress Disorder and Pre-clinical Predator Stress Rodent Models
	POST-TRAUMATIC STRESS DISORDER (PTSD)
	HUMAN STUDIES: STRESS EFFECTS ACROSS GENERATIONS
	Stress Hormones

	EPIGENETIC MODIFICATIONS: DNA METHYLATION AND PTSD
	PREDATOR STRESS AS AN ANIMAL MODEL OF PTSD
	RODENT STUDIES: PREDATOR STRESS EFFECTS ACROSS GENERATIONS
	Epigenetic Modifications: DNA Methylation and Predator Stress

	CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


