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Introduction

 Of the trauma-and stress-related disorders, post-
traumatic stress disorder (PTSD) is the most prevalent 
and well-understood. It is triggered by exposure to 
acute or reccurring traumatic events and characterized 
by four distinct symptom clusters: intrusive re-experi-
encing, avoidance, hyperarousal, as well as negative 
cognitions and mood (Diagnostic and Statistical Manual 
of Mental Disorders, 5th edition [DSM-5]). Accordingly, 
the major features of PTSD reflect deficits in stress- 
and fear memory–related mechanisms. In comparison 
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Trauma-related disorders, such as posttraumatic stress disorder (PTSD) are remarkably common and debilitating, and 
are often characterized by dysregulated threat responses. Across numerous epidemiological studies, females have been 
found to have an approximately twofold increased risk for PTSD and other stress-related disorders. Understanding the 
biological mechanisms of this differential risk is of critical importance. Recent data suggest that the pituitary adenylate 
cyclase–activating polypeptide (PACAP) pathway is a critical regulator of the stress response across species. Moreover, 
increasing evidence suggests that this pathway is regulated by both stress and estrogen modulation and may provide 
an important window into understanding mechanisms of sex differences in the stress response. We have recently shown 
that PACAP and its receptor (PAC1R) are critical mediators of abnormal processes after psychological trauma. Notably, 
in heavily traumatized human subjects, there appears to be a robust sex-specific association of PACAP blood levels and 
PAC1R gene variants with fear physiology, PTSD diagnosis, and symptoms, specifically in females. The sex-specific associa-
tion occurs within a single-nucleotide polymorphism (rs2267735) that resides in a putative estrogen response element 
involved in PAC1R gene regulation. Complementing these human data, the PAC1R messenger RNA is induced with fear 
conditioning or estrogen replacement in rodent models. These data suggest that perturbations in the PACAP-PAC1R 
pathway are regulated by estrogen and are involved in abnormal fear responses underlying PTSD.
© 2016, AICH – Servier Research Group  Dialogues Clin Neurosci. 2016;18:403-413.
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with other trauma-related disorders, the epidemiologi-
cal patterns of PTSD are fascinating—60% to 90% of 
Americans are exposed to PTSD risk factors, yet PTSD 
only manifests in 8% to 12% of the general population.1 
Given the low disease penetrance, despite frequent ex-
posure to environmental risk factors, it is both surpris-
ing and alarming that adult females exhibit a twofold 
higher lifetime prevalence of PTSD and greater symp-
tom severity than males and prepubescent females.2-5 
This incongruity within PTSD’s broader disease pro-
file highlights the following: interindividual variability 
significantly negotiates PTSD risk, and one such vari-
ability, sex, differentially influences PTSD susceptibility, 
potentially via sex-dependent risk factors.6,7 
 Many studies suggest that complex interactions be-
tween biological and environmental risk factors gen-
erate changes within neural substrates that regulate 
biological responsivity to trauma exposure.6 These in-
termediate phenotypes, in turn, promote maladaptive 
behavioral changes that manifest as PTSD-associated 
symptom clusters. Until recently, an overreliance on 
male cohorts in preclinical and clinical investigations 
has limited the field’s understanding of how biological 
and environmental risk factors shape PTSD vulnerabil-
ity in a sex-dependent manner. However, a recent con-
vergence of studies implicates the pituitary adenylate 
cyclase–activating polypeptide (PACAP)ergic system, a 
fear- and stress-regulating biological system, in shaping 
sex-dependent PTSD risk. These studies have provided 
insights into sex-specific biological and environmental 
sculptors of PTSD susceptibility, as well as predictive 
PTSD biomarkers that may be potentially used to more 
effectively diagnose and treat female PTSD patients. 
Below, we will examine the intersection between sex-
specific PTSD risk factors and the PACAPergic system 
to determine how the two collaborate to differentially 
shape PTSD susceptibility in females. In doing so, we 
will demonstrate the interconnectivity of biological and 
environmental risk factors and how this intersection in-
fluences sex-specific PTSD etiology and symptomatol-
ogy.8 

Introduction to the PACAPergic system

The PACAPergic system is a highly conserved biologi-
cal system comprised of several polypeptides of varying 
sizes, owing to posttranslational proteolytic processing 
of the PACAP precursor protein that is encoded by the 

adenylate cyclase–activating polypeptide 1 gene (AD-
CYAP1).9,10 Two polypeptides, a 27- and a 38-amino-
acid peptide (PACAP27 and PACAP38, respectively), 
are the most abundantly expressed and biologically 
active in central nervous system and peripheral tissues, 
with PACAP38 being tenfold to 100-fold more abun-
dant than PACAP27.11 Subsequent to the isolation of 
PACAP, its three cognate receptors were identified and 
found to be highly expressed in the periphery and the 
brain.12 Of the three receptors, only the PACAP type 1 
receptor (PAC1R) selectively binds PACAP27 and PA-
CAP38 with high affinity.13 
 The PAC1R is a G-protein coupled receptor which, 
upon PACAP binding, recruits either Gαs and/or Gαq-
coupled second-messenger pathways.10,14 Alternative 
splice events in the N-terminal and third intracellular 
loop of the PAC1R transcript diversify PAC1R prop-
erties, such as ligand affinity and coupling to second-
messenger pathways in the central nervous system.15,16 
These diverse second-messenger pathways engage in-
tracellular downstream effectors with pleiotropic con-
sequences, such as activity-dependent structural and 
functional plasticity within neuroendocrine circuits 
that control stress and fear processes.14,17-19 Support-
ive of this are early examinations of rodent PACAP38 
and PAC1R transcript and protein expression patterns 
which show both being highly expressed within brain 
regions known to subserve stress and fear processes.11

Estrogenic regulation of the  
PACAPergic system

It is also important to note that ADCYAP1R1 (the 
PAC1R gene) contains several predicted estrogen 
response elements (EREs).20 EREs are consensus se-
quences within the promoter region of target genes 
to which activated estrogen receptors directly bind 
to regulate gene transcription.21-23 This is important to 
note because levels of estradiol, one of the predomi-
nant gonadal hormones in adult females, vacillate 
across the female reproductive cycle. Thus, in sexu-
ally mature females, PAC1R expression and PAC1R-
associated functions are potentially regulated in an 
estrogen-dependent manner. Indeed, long-term es-
tradiol treatment of ovariectomized female rats, via 
continuous release estrogen pellets, has been shown to 
increase ADCYAP1R1 and ADCYAP1 transcript ex-
pression within the bed nucleus of the stria terminalis 
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(BNST).20 In part, these results parallel earlier studies 
showing that brain ADCYAP1 transcript levels vary 
across the rat estrous cycle with the greatest change 
occurring during proestrus24—a period characterized 
by peak gonadal hormones, including estradiol.25 Over-
all, these data suggest that the expression of PACAP-
PAC1Rs is dynamically regulated by cycling levels of 
estradiol, and this dependency may confer sex-specific 
PACAP-PAC1R functional consequences, particularly 
within neural circuits of fear and stress.

PACAP-PAC1R and the stress response

Collectively, rodent studies indicate that the PACAP-
ergic system is a master regulator of both central and 
peripheral stress responses after threat exposure.26 Ana-
tomically, PACAP and PAC1R immunoreactive cells are 
present within stress-regulating brain regions.27-29 Fur-
thermore, the functional consequences of this expression 
pattern is notable after chronic stress exposure, which 
results in elevated PACAP and PAC1R transcript ex-
pression in these brain regions.30 Similarly, other studies 
demonstrate that increasing central PACAP levels, via 
intracerebroventricular injections in behaviorally naive 
rats, enhance physiological hallmarks of stress, such as 
increased glucocorticoid release31 and sympathetic ac-
tivation.32,33 Parallel to these results, global loss of the 
PACAP or PAC1Rs attenuates normal molecular, physi-
ological, and behavioral consequences of environmen-
tal stressors,34 whereas manipulations of PACAP levels 
or PAC1R activity, specifically within stress-responsive 
brain regions, are accompanied by enhancement of 
stress-related behavioral phenotypes, such as startle re-
sponses27,30 and anxiety-like behaviors.27,33,35,36 These data 
not only support the role of the PACAPergic system in 
stress-response mechanisms, but also suggest that PA-
CAP-PAC1R interactions are upstream of many well-
known stress mediators. Altogether, these experiments 
demonstrate that PACAP-PAC1R functions, particularly 
within stress-regulating neural substrates, are principal 
facilitators of molecular, physiological, and behavioral 
consequences of stress exposure.36,37

Sex-dependency of PACAP-PAC1R 
regulation of stress responsivity

There are few studies that have examined whether 
PACAP-PAC1R regulation of the stress response ex-

hibits sex dependency. Of those, there appears to be 
no influence of the primary gonadal hormone in fe-
males, estradiol, on PACAP recruitment of corticoste-
rone. However, these experiments were carried out in 
ovariectomized rats38; therefore, additional studies, par-
ticularly in naturally cycling rodents, may offer greater 
translational insight into the relationship between sex 
and PACAP-PAC1R regulation of stress responsivity. 
The data discussed in the previous paragraph strong-
ly argue that PACAP-PAC1R functions within stress-
regulating brain regions—such as the amygdala, hip-
pocampus, prefrontal cortex, and BNST39-41—play an 
important role in stress responsivity to environmental 
threats. Notably, these brain regions are sexually dimor-
phic, abnormal in PTSD cohorts, and under significant 
gonadal hormone control,42,43 implying that within the 
sex-dependent constraints of these stress-regulating cir-
cuits, PACAP-PAC1R actions, or lack thereof, may con-
fer differential sex-dependent vulnerabilities to stress-
related pathologies such as PTSD, as discussed further 
below.

Fear regulation as a 
biomarker of 

PTSD in humans

Patients with PTSD, as compared with trauma-exposed 
controls, also exhibit abnormally high conditioned fear 
responses,44-46 as well as deficits in fear inhibition47-49 
and extinction.50 These pathological fear mechanisms 
are hypothesized to result from either one or a com-
bination of the following dysregulated fear-memory 
processes: (i) an inability to habituate to aversive en-
vironmental stimuli; (ii) impaired capacity to inhibit 
or extinguish fear memory; and/or (iii) an overcon-
solidation of the initial fear memory. To examine these 
dysregulated fear mechanisms, Pavlovian fear condi-
tioning and extinction or fear inhibition behavioral 
paradigms extremely valuable in dissecting the patho-
physiology of PTSD in preclinical and clinical have 
been shown to be studies.51-53 More specifically, these 
paradigms permit the examination of species-specific 
indices of fear acquisition and inhibition long after the 
aversive stimuli is removed from the experimental en-
vironment.54 Altogether, these data argue in favor of 
experimental models of fear learning, extinction, and 
inhibition as useful models for understanding PTSD 
pathophysiology.
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Fear-memory processes and the 
PACAPergic system

Consistent with PACAP-PAC1R expression within 
neural substrates of fear-memory, functional and be-
havioral analyses show that PACAP-PAC1R actions 
also play a role in fear-memory mechanisms. Whereas 
global PAC1R loss, in rodent models, does not lead to 
deficits in declarative memory or cued-fear memory 
retrieval, significant deficits in contextual fear memory 
are observed,55 thereby demonstrating that PAC1R sig-
naling plays a critical role in hippocampal-dependent 
fear-memory circuits. Moreover, this deficiency in con-
text-related associative learning is also accompanied 
by impaired long-term synaptic plasticity in the hippo-
campus55—a relatively long-lasting functional change in 
synaptic strength that is thought to represent the cel-
lular basis for fear-memory consolidation.56 Similarly, 
hippocampal- and amygdala-specific PAC1R pharma-
cological inhibition attenuate contextual fear-memory 
recall, albeit cued-fear-memory consolidation was not 
assessed in this study.57 These experimental results sug-
gest that PACAP-PAC1R actions are enlisted, within 
neural substrates of the fear-memory circuit, to pro-
mote contextual fear-learning mechanisms. Supportive 
of this conclusion are classical fear-conditioning studies, 
where a previously neutral tone paired with a series of 
foot shocks increased both PACAP and PAC1R tran-
scripts in the amygdala, BNST, and prefrontal cortex 
of mice.20 Furthermore, a positive correlation found 
between prefrontal cortex and amygdala PAC1R tran-
script levels and the degree of fear learning was also 
observed.20 Altogether, these data argue that PACAP-
PAC1R actions are engaged within fear-learning neural 
circuits to promote fear-memory consolidation and re-
trieval. Given the evidence of PACAP-PAC1R function 
as central to fear and stress processes and the deteriora-
tion of these processes in PTSD symptomatology,58 the 
PACAP-PAC1R system has emerged as an attractive 
candidate in the examination of PTSD susceptibility.

Peripheral PACAP levels as a biomarker for 
sex-specific PTSD risk

As alluded to earlier, the hallmark features of PTSD 
symptom clusters are maladaptive stress responsiv-
ity and fear-memory processes after trauma exposure58 
(DSM-5). It is, therefore, unsurprising that many stress- 

and fear-regulating neurobiological systems, such as the 
PACAPergic system, are dysregulated in PTSD patients. 
Interestingly, dysfunctions in the PACAP-PAC1R system 
appear to uniquely facilitate PTSD vulnerability in sexu-
ally mature females rather than males. Relatively recent-
ly, our lab found that peripheral PACAP38 levels were 
positively correlated with total PTSD symptoms, specifi-
cally in adult female PTSD cohorts, with no association 
between peripheral PACAP38 and PTSD symptoms 
found in male PTSD counterparts despite males also ex-
hibiting similarly high blood PACAP38 levels.20 Further-
more, peripheral PACAP38 levels were also predictive 
of PTSD diagnosis specifically for female, but not male, 
PTSD cohorts. Although differently characterized in the 
DSM-IV and the DSM-5, the three primary symptom 
clusters of PTSD, ie, intrusive re-experiencing, avoidance, 
and hyperarousal, were also positively correlated with 
peripheral PACAP38 levels in females, with higher levels 
of PACAP38 predictive of these subscale symptoms spe-
cifically in female, but not male, PTSD cohorts.20 These 
associations were replicated in a similar sample of highly 
traumatized adult females and remained statistically sig-
nificant even when controlling for age, total trauma ex-
posure, and other disorders often comorbid with PTSD, 
such as depression and substance abuse.20 Furthermore, 
the association between peripheral PACAP38 levels and 
inhibition of conditioned fear was also examined. Fe-
males with elevated PACAP38 levels demonstrated im-
paired inhibition of conditioned fear, as exhibited by an 
inability to discriminate between the conditioned stim-
ulus (danger cue) and unconditioned stimulus (safety 
cue).20 Overall, these data suggest that blood PACAP38 
levels are associated with PTSD symptoms, specifically 
in female cohorts.

Sex-specific genetic risk for PTSD

The significant influence of genetic factors in PTSD 
susceptibility is evident in twin studies, which compel-
lingly demonstrate that genetic factors account for 30% 
to 70% of PTSD risk.59 Intriguingly, this heritability of 
PTSD is higher in females than males6—evidence that 
indicates a higher contribution of heritability to PTSD 
vulnerability in females. Molecular studies have identi-
fied over 20 genetic polymorphisms that are more fre-
quent in PTSD cohorts than controls (reviewed in Nor-
rholm and Ressler60). However, until recently, none of 
the 20 PTSD-associated genetic polymorphisms were 
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associated with female-specific PTSD risk, despite fe-
males exhibiting greater PTSD heritability. This has 
made it difficult to examine how genetic variability in-
teracts with environmental risk factors to modulate sex-
specific PTSD risk.

PAC1R genetic variability as biomarker for 
female-specific PTSD risk

Taking into consideration the greater degree of heri-
tability in PTSD vulnerability and the correlation be-
tween peripheral PACAP38 levels and PTSD symp-
tomatology specifically in female PTSD cohorts, genetic 
polymorphisms in the PACAP and PAC1R loci (AD-
CYAP1 and ADCYAP1R1, respectively) were assessed 
to determine whether PACAP-PAC1R genetic variabil-
ity is associated with PTSD diagnosis and symptoms, 
as well as physiological and psychological intermedi-
ate phenotypes in highly traumatized civilians. Using 
a tag–single-nucleotide-polymorphism (tag-SNP) ap-
proach, investigators examined 44 SNPs in ADCYAP1 
and ADCYAP1R1. However, only one SNP, rs2267735 
in ADCYAP1R1, was found to be significantly associ-
ated with PTSD diagnosis specifically in female, but not 
male, PTSD subjects, including an additional cohort 
that served as replication source.20 Although genetic 
variations in and around ADCYAP1R1 are implicated 
in other mental disorders, such as major depression and 
schizophrenia,61,62 this rs2267735 polymorphism was 
not associated with these and other severe psychiatric 
disorders, such as bipolar disorder and Alzheimer dis-
ease,20 implying that rs2267735 may be specifically pre-
dictive of PTSD diagnosis in adult females.
 We also explored whether the ADCYAP1R1 risk 
genotype was also predictive of PTSD symptomatol-
ogy in a sex-specific manner. Moreover, analyses of the 
relationship between the ADCYAP1R1 risk allele and 
PTSD symptoms revealed a replicable, dose-dependent 
relationship between the risk allele and total PTSD 
symptoms, with female “CC” carriers demonstrating 
greater PTSD symptoms than “CG” or “GG” carriers.20 
Additional analyses revealed that physiological mea-
sures of stress and fear are also differentially associated 
with the ADCYAP1R1 SNP. Even after controlling for 
trauma, age, and race, the ADCYAP1R “CC” geno-
type was strongly associated with higher levels of hy-
perarousal symptoms than those observed in “CG” or 
“GG” female carriers.20 Furthermore, when we assessed 

physiological measures of fear, using fear-potentiated 
startle and dark-enhanced startle, female carriers of the 
“CC” genotype had impaired startle discrimination and 
enhanced fear responsivity, respectively, as compared 
with “CG” or “GG” female carriers. Intriguingly, both 
measures of fear responsivity are consistently impaired 
in PTSD cohorts.63,64

 In further support of its contributions to sex-spe-
cific PTSD risk, rs2267735 was also located within a 
predicted ERE of the ADCYAP1R1 locus. Given the 
estrogen-dependency of ADCYAP1R1 transcript ex-
pression20 and evidence of estradiol-ERE interactions 
in gene-expression regulation,21,22,65 we utilized a previ-
ously analyzed data set, with combined brain messenger 
RNA (mRNA) expression and genome-wide association 
data, to examine the functional implications of ADCY-
AP1R1 rs2267735 on central PAC1R transcript expres-
sion. Overall, these data show that females carrying 
the ADCYAP1R1 rs2267735 risk genotype (“CC”) ex-
pressed significantly less cortical ADCYAP1R1 mRNA 
than male “CC” carriers or females that did not carry the 
risk allele.20 Although additional studies are warranted, 
these results suggest that the “CC” risk allele potentially 
impairs estrogen-dependent ADCYAP1R1 transcript 
expression, thus resulting in lower ADCYAP1R1 mRNA 
levels. Intriguingly, the sex-dependency of the ADCY-
AP1R1 risk genotype does not manifest until puberty, 
consistent with a role for cycling estrogen in its regula-
tion.66 Indeed, the fear67 stress-regulating68 and anxio-
lytic69,70 roles of testosterone may, in part, explain why 
the “CC” risk allele, though associated with pathologi-
cal threat responsivity in both prepubescent males and 
females, is no longer predictive of PTSD diagnosis and 
physiological fear responses in postpubescent males.20 
Though additional studies are needed, these collective 
data suggest that impaired estradiol-ERE interactions, 
as a result of the “CC” risk allele, may act as one of the 
mechanisms through which sexually mature females gain 
greater PTSD vulnerability.

Neuroimaging profiles as intermediate 
phenotypes of sex-specific PTSD risk

As alluded to earlier, PTSD-implicated stress- and fear-
neural circuits are also sexually dimorphic. For example, 
healthy males and females exhibit a number of sex dif-
ferences in region-specific sizes and differential neural 
activation patterns during fear-learning tasks53,71,72 and 
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after exposure to stressors.73 Interestingly, sex differences 
in PTSD diagnosis, symptom duration, symptom severity, 
and functional impairment emerge after adolescence, a 
period characterized by striking changes in cycling lev-
els of gonadal hormones.74,75 The coincidental emergence 
of differential PTSD vulnerability alongside the onset of 
gonadal hormone cyclicity52,72 suggests that activational 
effects of gonadal hormones, within the confi nes of sexu-
ally dimorphic stress- and fear-neural circuits, lead to 
sex-dependent differences in trauma responsivity.
 In light of this, it is also important to investigate 
intermediate phenotypes related to the ADCYAP1R1 
SNP to further understand why this risk allele, in fe-
males, is predictive of exaggerated arousal responses 
characteristic of PTSD psychophysiology. To do this, we 
used functional magnetic resonance imaging (fMRI) 
analyses in a sample of adult females who carried or 
lacked the risk allele and who have experienced a mod-
erate to high level of civilian trauma76 in order to as-
sess the consequence of the ADCYAP1R1 risk allele 
on amygdala and hippocampal activation, as well as the 
functional connectivity between the two. These brain 
regions were chosen as they are often implicated in 

PTSD pathophysiology77; furthermore, it is also known 
that PACAP and PAC1Rs exhibit high density12,28 and 
facilitate synaptic plasticity,78,79 as well as additional bio-
logical functions within these brain regions.80 
This study found that in response to unconditioned 
fearful-face stimuli, females with “CC” risk alleles, as 
compared with females with the “GC” or “GG” non-
risk alleles, demonstrate increased activation of both 
the amygdala and hippocampus, as well as reduced 
functional connectivity between the two (Figure 1).76 
These data are consistent with previous studies that 
show greater fear responsivity (ie, dark-enhanced star-
tle) in females with the ADCYAP1R1 “CC” genotype 
than in “GC” or “CC” carriers.20 Furthermore, these 
activational changes within fear-regulating neural cir-
cuits are characteristic of neurobiological profi les of 
PTSD,81,82 suggesting that the ADCYAP1R1 “CC” risk 
allele increases the PTSD vulnerability profi le of fe-
male carriers by dysregulating neural circuits that sub-
serve unconditioned fear responsivity. 
In comparison with unconditioned fear responses, fMRI 
studies revealed that contextual, but not cued, fear con-
ditioning resulted in a gene-dose–dependent decrease 
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 Figure 1.  The ADCYAP1R1 risk allele (rs2267735) is associated with increased amygdala activation (A) and decreased amygdala-hippocampal 
connectivity (B) in traumatized women when viewing fearful faces (N=49). 
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in hippocampal activation in female carriers of the “C” 
PTSD risk allele during the late acquisition of contex-
tual fear, with no differences found during habituation, 
early acquisition, or extinction.83 Interestingly, these 
data parallel defi cits in contextual, but not cued, fear 
learning found in mice with global PAC1R loss84 and 
suggest that decreased ADCYAP1R1 mRNA expres-
sion, associated with the female-specifi c risk genotype,20 
attenuates hippocampal activation and, by extension, 
impairs contextual processing during fear learning. 
Indeed, PTSD cohorts exhibit impaired hippocampal-
dependent contextual fear conditioning.85 Collectively, 
this work demonstrates genetic penetrance of the AD-
CYAP1R1 risk allele at the level of PTSD-implicated 
neural circuits which, in turn, manifest as intermediate 
phenotypes of the ADCYAP1R1 risk allele during un-
conditioned and conditioned fear.

Interactions between genetic and 
environmental risk factors in sex-specifi c 

PTSD risk

Twin studies provide compelling evidence that although 
genetic factors account for 30% to 70% of PTSD risk, 
the remaining variance in PTSD vulnerability is account-
ed for by individual-specifi c environmental exposure.86 
This level of specifi city implies that trauma characteris-

tics play an important role in shaping individual PTSD 
risk.7 Experience of trauma, defi ned by the DSM-5 as 
having “experienced, witnessed, or [been] confronted 
with an event or events that involved actual or threat-
ened death or serious injury, or a threat to the physical 
integrity of the self or others,” can be segregated into 
two broad categories. The fi rst is systemic/neurogenic, 
which represents a homeostatic challenge or a physical 
stimulus that is recognized by somatic, visceral, or cir-
cumventricular sensory pathways and requires an im-
mediate “systemic” reaction that is triggered by refl exive 
mechanisms.87 The second category is processive, which 
is of psychological origin and which recruits brain re-
gions involved in higher-order processing/decision mak-
ing and represents responses mounted in anticipation of, 
rather than in reaction to, a homeostatic threat. This type 
of trauma is infl uenced by previous experiences (eg, as-
sociative learning) or species-specifi c predispositions (eg, 
the aversion to snakes in humans) and allows the organ-
ism to detect novel stimuli that predict sources of harm.88 
When activated by environmental threat, psychological 
trauma engages mediators in the corticolimbic circuitry 
that subserve decision making, learning, and memory, 
as well as emotionality. However, it is important to note 
that though both types of trauma theoretically recruit 
distinct neural circuits, at times, trauma types are not 
entirely separable, as physical stressors may, to varying 
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degrees, have psychosocial facets and vice versa.89 None-
theless, these distinct differences in trauma features may 
confer differential interactions between environmental 
and genetic risk factors and, as a result, confer differen-
tial PTSD vulnerabilities.
Though the effects of trauma characteristics on sex-
specific PTSD risk are not as clear, differences in PTSD 
vulnerability may, partly, be due to differences in specif-
ic trauma types to which each sex is exposed.74,90 Indeed, 
females experience higher rates of sexual trauma91 than 
males, who in general experience higher rates of trau-
ma,92 as well as higher rates of nonsexual assaults and 
physical violence.93 Thus, it is possible that males and fe-
males engage different trauma-related neural processes 
more frequently.
 

PACAP signaling is required for biological 
responsivity to psychological trauma

Given that females have a higher exposure rate to psy-
chological trauma and are predisposed to PACAP-
PAC1R PTSD risk factors, it is also interesting to note 
that, in rodent models, the trauma type (psychological 
vs physical) also appears to differentially recruit the PA-
CAPergic system. This is partly demonstrated in trans-
genic mice that globally lack PACAP protein (PACAP-
knockout mice). PACAP-knockout mice, as compared 
with controls, demonstrate blunted hypothalamic-pitu-
itary-adrenal (HPA) axis activation and impaired stress-
coupled molecular activity after psychological stressors, 
such as restraint stress,34,94 light exposure after constant 
dark,95 or open field exposure.94 Contrarily, global loss of 
PACAP does not impair HPA activation, as measured by 
plasma corticosterone levels, after systemic/neurogenic 
stressors, such as immune, metabolic, or cold-exposure 
challenges.34,36,94 These data suggest that, unlike physical 
stressors, psychological stressors depend on PACAP sig-
naling to recruit molecular and neuroendocrine process-
es. Though additional studies are needed, these data col-
lectively indicate that the predominance of psychological 
stress exposure in female cohorts may lead to a greater 
dependence on PACAP-mediated biological responsiv-
ity in females than in males, after environmental trauma 
exposure. Thus, impairment of the PACAPergic system 
and, in turn, an inadequate stress response to environ-
mental threats—a risk factor for PTSD96,97—will have 
greater pathological consequences for females. 

There also appears to be a within-trauma-type effect 
of trauma persistence on PTSD vulnerability. In mice, 
the PACAP-dependence of HPA axis activation after 
psychological stressors is consistently greater for pro-
longed trauma than for acute psychological trauma.34 In 
support of this, associations between the ADCYAP1R1 
rs2267735 risk allele and childhood maltreatment—one 
of the most robust environmental risk factors for PTSD 
among trauma-exposed adults98,99—were moderated by 
the number of exposures to childhood maltreatment 
(CM) in female PTSD, but not depression, cohorts.100 
Moreover, CM-exposed females carrying one or more 
of the ADCYAP1R1 “C” alleles showed increased risk 
for PTSD, as well as greater PTSD severity.100 These 
data suggest a within-trauma-type effect of the PACA-
Pergic system after psychological trauma.

Conclusions

The PACAP and PAC1R systems serve as a system-wide 
mediator of stress responses. Convergent animal and 
human data suggest a robust role for this system with-
in neural nodes that regulate stress and fear processes 
elicited by trauma exposures. Furthermore, data from 
multiple sources now suggest a role for dysregulated 
PACAP-PAC1R in PTSD. Notably, in humans, this effect 
seems most robust in females and increasing data suggest 
that this is due to estrogenic regulation of the ADCY-
AP1R1 gene in combination with the sex-specific domi-
nance of trauma type recruiting stress and fear processes 
(Figure 2). There are also compelling data for significant 
interactions between the ADCYAP1R1 risk allele and 
persistence of childhood maltreatment in female PTSD 
cohorts. These data indicate that trauma amount differ-
entially interacts with PAC1R genetic risk factors and 
may reflect a greater impact of PAC1R dysfunction un-
der conditions where its recruitment is crucial for effec-
tive physiological and psychological responses to trauma. 
Much is yet to be learned about the role of sex biology, 
estrogen regulation, and PACAP-PAC1R functions, but 
these may make up one of the more robust “sex x en-
vironment interactions” models in understanding brain 
function related to sex, trauma, and PTSD.  o
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