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    Chapter 45   
 Mechanisms of PACAP in PTSD and Stress- 
Related Disorders in Humans                     

     Lauren     A.  M.     Lebois     and     Kerry     J.     Ressler    

    Abstract     Pituitary adenylate cyclase-activating polypeptide (PACAP) is a pleiotro-
pic neuropeptide, a neuronal signaling molecule that affects many distinct pheno-
typic traits. Despite the diversity in PACAP’s functioning, by examining PACAP in 
the typical stress response, we can identify when PACAP levels and signaling become 
dysregulated. These fi ndings can serve as clues to help identify the mechanisms of 
psychiatric and clinical disorders. Furthermore, accumulating evidence suggests that 
PACAP itself may represent a novel treatment target for a variety of disorders. In this 
chapter, we provide a brief overview of PACAP in the stress response, and review 
evidence that PACAP levels, signaling, genetic and epigenetic variations may be 
important mechanisms underlying human illnesses. Posttraumatic stress disorder and 
other stress-related medical conditions including migraines, Alzheimer’s disease, 
multiple sclerosis, sudden infant death syndrome, and asthma are discussed.  

  Keywords     Alzheimer’s disease   •   Asthma   •   Migraine   •   Multiple sclerosis   •   PACAP   
•   PAC1   •   PTSD   •   Stress   •   Sudden infant death syndrome  

      Overview of PACAP and PAC1 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) is part of the secretin 
glucagon vasoactive intestinal polypeptide family (VIP) [ 1 ]. The two major biologi-
cally active forms of PACAP are PACAP-38 and PACAP-27, which are 38 and 27 
amino acids long, respectively [ 1 ]. PACAP is preferentially released at higher nerve 
fi ring rates, which often occur during the experience of a stressor [ 2 ,  3 ]. PACAP is 
encoded by the adenylate cyclase activating peptide,  ADCYAP1 , gene in humans [ 4 ] 
or the highly conserved rodent equivalent,  Adcyap1 . 

 Pituitary adenylate cyclase-activating polypeptide type I receptor (PAC1) is a G 
protein coupled receptor (GPCR), a class of transmembrane receptors that mediate 
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cell signaling processes [ 4 ]. PAC1 receptors are selective for PACAP [ 4 ] (though 
see evidence that they may be less selective [ 5 ]). The PAC1 receptor is encoded by 
the  ADCYAP1R1  gene or the highly conserved rodent equivalent,  Adcyap1r1  [ 6 ]. 

    The General Function of the PACAP Ligand 
and PACAP-PAC1 Signaling 

 PACAP and PACAP-PAC1 signaling are involved in diverse biological actions. 
Overall, PACAP is a neurotrophin, facilitating the development, function, and survival 
of neurons [ 3 ,  7 – 9 ]. PACAP’s cellular functions also include: (a) synaptic transmis-
sion, (b) neuroendocrine signaling, and (c) cytoprotection [ 8 ]. PACAP signals both 
presynaptically and postsynaptically through the PAC1 receptor, and acts as both a 
neuromodulator, sensitizing cells to incoming signals, and a neurotransmitter, 
directly conveying signals [ 10 ]. PACAP-PAC1 signaling can both facilitate trans-
mission at low doses and depress transmission at higher doses (e.g., in hippocampal 
CA1 synapses and possibly other brain regions) [ 11 ]. Because of this dose- dependent 
synaptic transmission, PACAP can both facilitate and inhibit neuroendocrine release 
through a cascade effect [ 10 ]. Finally, PACAP improves the likelihood that cells 
will survive when affronted by stressors such as environmental toxins, hypoxia, and 
excitotoxins, for example, by reducing oxidative stress [ 3 ,  7 ,  9 ]. More broadly 
PACAP-PAC1 signaling is central in development (e.g., high expression during 
embryogenesis), reproductive functions, thermoregulation, feeding, urinary refl exes, 
metabolism, and perhaps even the regulation of social interaction [ 4 ,  7 ]. 

 PACAP-PAC1 signaling subserves different functions in the central vs. periph-
eral nervous system. Within the central nervous system, the PAC1 receptor is highly 
expressed in the lateral septum, amygdala (central and basolateral), bed nucleus of 
stria terminalis (BNST), paraventricular nucleus of the hypothalamus, hippocam-
pus, locus coeruleus, and periaqueductal gray, among other regions [ 1 ,  4 ]. PACAP- 
PAC1 signaling in these neural structures and their associated networks plays a role 
in learning, memory, behavior, circadian rhythm, and the stress response [ 4 ]. In the 
periphery, PACAP-PAC1 signaling is integral to immune function, the infl amma-
tory response, insulin secretion, and catecholamine release [ 4 ].  

    Assessing PACAP and PAC1 Genetic Variation 

 PACAP and PAC1 can be measured in a number of ways. Here we briefl y overview 
three ways PACAP can be assessed as they pertain to fi ndings discussed in our chapter. 
First, genetic variation can be measured, for example, by examining common or 
rare single nucleotide polymorphisms in a gene. Certain polymorphisms may be 
“risk” factors for specifi c disorders. Second, epigenetic variation can be assessed, 
for example, by measuring the methylation status of a gene. Methylation status is 
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thought to modulate gene expression dynamically. Third, variation in gene expression 
can be measured at two different levels (a) directly through mRNA levels or (b) one 
step removed by detecting protein production, that is, the amount or levels of the 
PACAP protein or PAC1 receptor in the blood, cerebrospinal fl uid, specifi c tissue 
(e.g., in the amygdala), or on individual cell bodies.   

    Brief Overview of PACAP/PAC1 in the Stress Response 

 PACAP-PAC1 signaling plays a modulatory role in the function of the autonomic 
nervous system, and stress systems (e.g., Hypothalamic-Pituitary-Adrenal axis, 
sympathoadrenomedullary system) [ 12 ]. In general, increased PACAP expression is 
associated with an up-regulated stress response (and vice versa), and decreased 
PACAP is associated with a down-regulated stress response [ 3 ,  8 ,  12 ,  13 ]. In the 
extreme, dysregulation in PACAP levels and signaling are associated with the devel-
opment of various psychiatric disorders [ 8 ]. First we briefl y review PACAP-PAC1 
signaling in the healthy stress response, and then we address its mechanisms in a 
dysregulated stress response associated with Posttraumatic Stress Disorder and 
other medical conditions (also see Eiden Chap.   41     of this handbook for more details 
on the PACAPergic circuits underlying responses to stress). 

    Autonomic Nervous System 

 PACAP is present in most areas of the brainstem, especially autonomic sensorimotor 
areas (e.g., locus coeruleus) [ 1 ]. Within the autonomic nervous system, injections of 
PACAP into the cerebrospinal fl uid were associated with increased sympathetic 
nerve activity, blood pressure, and heart rate, and suppressed parasympathetic nerve 
activity in the mouse [ 12 ,  14 ]. This suggests that part of PACAP’s modulatory role 
is to maintain homeostasis by keeping a balance between sympathetic and parasym-
pathetic nerve activity [ 12 ,  14 ].  

    Stress Systems 

 As mentioned earlier, PACAP is present in many limbic brain regions involved 
in emotional and stress responding (e.g., amygdala, BNST, hypothalamus) [ 12 ]. 
The Hypothalamic-Pituitary-Adrenal (HPA) axis is a cascade of stress hormone 
release and feedback that occurs between the hypothalamus, pituitary, and adrenal 
glands once an event or stimulus is consciously or unconsciously categorized as 
stressful [ 15 ]. There is evidence to suggest that PACAP has modulatory control over 
the HPA axis [ 4 ,  8 ]. PACAP is expressed in neuroanatomical regions associated 
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with HPA axis potentiation, activity, and control, for example, the hypothalamus, 
and amygdala [ 1 ]. Also, PACAP stimulates  CRH  gene expression [ 1 ,  12 ], promoting 
the release of corticotropin-releasing hormone, a neurotransmitter in the HPA axis 
cascade [ 16 ]. 

 The sympathoadrenomedullary system is also activated during the stress response. 
During chronic stress, high frequency sympathetic nerve fi ring in the adrenal medulla 
secretes catecholamines recurrently [ 2 ,  16 ]. PACAP may be the primary neurotrans-
mitter regulating the adrenomedullary synapse central to this process, facilitating 
the ability to release catecholamines in a sustained manner [ 2 ,  8 ,  12 ]. 

 PACAP’s infl uence on these systems, however, may be context-dependent based 
on the type of stressor an organism is experiencing [ 8 ]. For example, PACAP may 
only modulate the HPA axis in response to psychogenic stressors (also termed “pro-
cessive stressors”), that is, those mediated by cortical and limbic structures in the 
brain and requiring some top-down processing (e.g., in humans, one’s reputation is 
threatened; in rodents, a well-lit environment) [ 8 ,  15 ]. PACAP receptors densely 
populate the prefrontal cortex and hippocampus, areas related to inhibitory control, 
top-down regulation of HPA axis stress circuitry, and memory function [ 10 ,  15 ]. 
This may be part of the reason PACAP modulates HPA axis activity only for top- down 
psychogenic stressors. In contrast, PACAP may only modulate the sympathoadre-
nomedullary system in response to systemic stressors [ 3 ,  8 ]. Systemic stressors pose 
a direct threat to survival, and are relayed directly to the hypothalamus most likely 
through the brainstem (e.g., in humans and rodents, a predatory attack) [ 8 ,  15 ]. 
PACAP’s context-dependent stress system modulation may provide insight regarding 
potential mechanisms of dysregulation in psychiatric and medical conditions, and 
what systems to target for treatment in each context. 

 Overall, PACAP/PAC1 expression and signaling are necessary for an appropri-
ate acute or chronic stress response, helping to preserve cellular function under 
stress. Abnormalities in PACAP/PAC1 expression, signaling, or feedback homeo-
stasis can dysregulate the stress response systems, however, and have been associ-
ated with the development of psychiatric disorders [ 4 ]. Dysfunction in the PACAP 
system can occur for a myriad of reasons. For example, chronic stress could alter 
dendritic structure in areas where PACAP is heavily expressed (e.g., BNST) or risk 
alleles could lead to hyper- or hypo-production of PACAP in response to stressors. 
Here we focus on variation in PACAP protein blood levels, genetic and epigenetic 
variation associated with posttraumatic stress disorder (PTSD) and other stress-
related conditions.   

    PACAP and the Dysfunctional Stress Response 

 Chronic activation of the stress response is a potent disruptor of cognition. It accu-
mulates wear and tear on the body and brain (e.g., allostatic load), and is linked to 
increased risk for developing psychiatric disorders like anxiety, depression, and 
schizophrenia [ 17 – 19 ]. The development of these maladaptive cognitive and behav-
ioral patterns appears to be highly PACAP-dependent [ 8 ]. An excess of PACAP, for 
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example, is associated with PTSD; in contrast, a PACAP defi ciency is associated 
with schizophrenia [ 6 ,  20 ]. As illustrated in Fig.  45.1 , here we review the association 
between PACAP and PTSD, and a number of other medical conditions, including 
migraines, Alzheimer’s disease, multiple sclerosis, sudden infant death syndrome, 
and asthma.

  Fig. 45.1    Schematic Overview of PACAP, PAC1, and PTSD. Depiction of the three identifi ed 
PACAP–PAC1 mechanisms related to posttraumatic stress disorder, including increased PACAP 
protein levels in the blood, methylated CpG islands on the PAC1 receptor gene ( ADCYAP1R1 ), and 
the rs2267735 SNP CC genotype on  ADCYAP1R1 . The  small circles  in the methylation panel 
indicate methylation in the PAC1 receptor gene methylation panel.  SNP  single nucleotide poly-
morphism. Note the schematic depictions are not drawn to scale       
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      Rodent Model Evidence for PACAP-PAC1 Signaling 
and Stress- Related Symptoms 

 Evidence from rodent models supports the connection between PACAP, PACAP- PAC1 
signaling, activity in the amygdala and BNST, and PTSD-like symptomatology. Our 
group has found, for example, that there is a correlation between levels of fear learning 
and  Adcyap1r1  expression as measured by mRNA levels in mouse models of fear con-
ditioning [ 6 ]. More specifi cally, the consolidation of fear memories increased  Adcyap1r1  
mRNA in the mouse amygdala with a trend toward similar increases in the medial pre-
frontal cortex [ 6 ]. This suggests that fear memories are associated with PAC1 receptor 
gene expression in areas of the brain related to processing fear. 

 In addition, shock-stressed rats injected with PACAP in the central nucleus of the 
amygdala were more likely to withdraw and freeze compared to control rats, which were 
more likely to actively bury a shock probe [ 12 ,  21 ]. This suggests that in the context of 
an intense stressor, a PACAP surge in the central amygdala induced dissociative- like or 
passive coping compared to active engagement, anxiety-like behaviors. 

 The bed nucleus of the stria terminalis (BNST) is an anatomical component of 
the extended amygdala thought to be involved in emotional behavior and to mediate 
stress responses [ 6 ]. A week of chronic stress including forced swim, foot shocks, 
restraints, oscillation stress, and pedestal stress induced a large increase in BNST 
PACAP expression (as measured by mRNA), and an exaggerated startle response 
during light exposure [ 12 ,  22 ,  23 ]. PACAP injected into rodent BNST also increased 
anxiogenic responses (e.g., baseline startle amplitude) [ 12 ,  22 ,  23 ]. Together these 
fi ndings suggest PACAP signaling in BNST may enhance anxiety-like behaviors. 
Overtime, chronic stress and PACAP expression may alter the structure of BNST to 
increasingly promote anxiety-like behaviors [ 22 ].  

    Posttraumatic Stress Disorder 

    PACAP Blood Levels Associated with PTSD in Human Females 

 Our group has found that PACAP protein levels in the blood are associated with 
PTSD in females, but not males [ 6 ]. That is, higher PACAP-38 blood levels were 
associated with more PTSD symptoms, and a PTSD diagnosis as measured by (1) 
the PTSD Symptoms Scale, and (2) a greater startle refl ex response during a classic 
fear conditioning paradigm [ 6 ].  

    PAC1 Genetic Variation Associated with PTSD in Human Females 

 We have also found that genetic variation is associated with PTSD symptoms on a 
diverse set of measures. Although PACAP gene ( ADCYAP1 ) variation was not asso-
ciated with PTSD symptomatology, PAC1 receptor gene ( ADCYAP1R1 ) variation 
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was associated with PTSD in females (but not males) [ 6 ]. We found that an 
 ADCYAP1R1  single nucleotide polymorphism, rs2267735, was associated with 
increased likelihood of PTSD diagnosis and symptoms, spanning the intrusive, 
hyperarousal, and avoidance/numbing symptom clusters. Specifi cally, across sev-
eral studies, the rs2267735 ‘CC’ genotype is associated with higher levels of PTSD 
hyperarousal symptoms compared to ‘G’ carries as measured by the (1) PTSD 
Symptoms Scale, (2) increased amygdala and hippocampal reactivity to threat, (3) 
decreased functional connectivity between the amygdala and hippocampus, and (4) 
an increased startle response (regular and dark enhanced) in a classic fear condition-
ing paradigm [ 6 ,  24 – 26 ]. Notably, the positive relationship between  ADCYAP1R1 , 
other PTSD “risk” genotypes (e.g.,  FKBP5 ,  CRHR1 ,  DBH ,  DRD2 ,  NPY ,  NTRK2 ) 
and PTSD symptoms was removed if an early exposure intervention was adminis-
tered in the immediate aftermath of a traumatic experience [ 27 ]. These fi ndings 
suggest that genetic risk for PTSD in the aftermath of trauma may be ameliorated 
with environmental or therapeutic interventions, preventing the development of 
trauma-related sequelae. 

 This association between  ADCYAP1R1  genotype and PTSD symptom severity 
(as measured by the PTSD Symptoms Scale and Clinician-Administered PTSD 
Scale) has been replicated, but only when participant trauma load was high or 
traumas included childhood maltreatment [ 24 ,  28 ]. The association between 
 ADCYAP1R1  genotype and PTSD symptom severity was not found in those with 
a lower trauma load [ 24 ,  28 – 30 ]. Other work with an index trauma of child loss has 
found  ADCYAP1R1  risk polymorphisms predict PTSD numbing symptoms, but not 
overall PTSD symptom severity [ 30 ]. Together this evidence suggests that differ-
ences in types of trauma exposure and trauma load may interact with the relationship 
between PACAP-PAC1 signaling and PTSD. 

 The association between  ADCYAP1R1  genotype and PTSD symptom severity 
as measured by startle response has also been replicated in adult females and both 
male and female children [ 31 ]. The association between PACAP and PTSD symp-
tomatology in both male and female preadolescent children is especially intrigu-
ing given adult sex differences in PTSD. We return to this point later on in this 
chapter.  

    PAC1 Epigenetic Methylation Status Associated with PTSD in Humans 

 Similar to the genetic variation results, variation in DNA methylation of the PACAP 
gene ( ADCYAP1 ) was not associated with PTSD symptomatology, but PAC1 receptor 
gene ( ADCYAP1R1 ) methylation variation was associated with PTSD symptoms and 
diagnosis in males and females [ 6 ]. Specifi cally, methylation on  ADCYAP1R1  CpG 
islands was associated with more PTSD symptoms and a PTSD diagnosis [ 6 ,  25 ]. 

 Notably, the aforementioned results appear to be relatively specifi c to PTSD. That 
is, PACAP protein blood levels and PAC1 receptor genetic and epigenetic variation 
did not predict other Axis I psychiatric disorders (e.g., depression, schizophrenia) or 
neurodegenerative diseases (e.g., Alzheimer’s disease) within the same cohort [ 6 ,  28 ].  
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    PACAP and PTSD Sex Differences in Adults 

 Although women are more likely to experience fewer traumatic events over their 
lifetime, they are nearly two times more likely to receive a PTSD diagnosis com-
pared to men [ 25 ,  32 ]. It is possible that genetic variation contributes to these sex 
differences. In particular, dynamic PAC1 receptor regulation by the gonadal hormone 
estrogen may be a central fi gure in PTSD-related sex differences. There is evidence, 
for example, that estrogen induces expression of PACAP and PAC1 receptor genes in 
rats [ 6 ]. Specifi cally, estradiol increased  Adcyap1  and  Adcyap1r1  mRNA levels in 
the BNST [ 6 ]. 

 As mentioned earlier,  ADCYAP1R1  polymorphisms are associated with greater 
startle responses in a fear conditioning paradigm for both male and female human 
children, but in adults, the association between  ADCYAP1R1  polymorphisms and 
fear conditioning is only seen in females, not males [ 31 ]. Given greater estrogen 
levels in adult females compared to preadolescent females (or more similar estro-
gen levels in female and male children vs. adults) this is further evidence support-
ing the dynamic relationship between estrogen, fear, trauma, and PACAP-PAC1 
signaling. Ongoing work is examining estrogen’s stress-dependent mechanistic 
role in the regulation of  ADCYAP1R1  expression. These data suggest that the 
rs2267735 polymorphism may exert its effect in females by differentially modulat-
ing the ability of estrogen receptors to bind to, and thus properly modulate, an 
estrogen response element within the  ADCYAP1R1  gene.   

    PACAP and Other Stress-Related Medical Conditions 

 PACAP dysregulation and genetic variation have also been linked to many other 
conditions including migraines, multiple sclerosis, Alzheimer’s disease, sudden 
infant death syndrome, and asthma. PACAP’s involvement in the ability to mount an 
adaptive stress response and maintain homeostasis may be the common mechanism 
linking PACAP and these conditions in which there is some stress-related dysregu-
lation. Migraines, for example, can be triggered by stress, and are associated with 
increased PACAP levels. In contrast, Multiple sclerosis and Alzheimer’s disease are 
associated with massive neuroinfl ammation, and defi cits in PACAP levels. Sudden 
infant death syndrome and asthma are associated with childhood stress, and linked 
to genetic variation in the PACAP and PAC1 receptor genes. Below we address each 
of these in turn. 

    Migraines Associated with Increased PACAP Levels 

 Migraines are a neurological disorder characterized by moderate to severe headaches, 
which can be associated with nausea, light or sound sensitivity [ 33 ]. In a sample of 
individuals who experienced migraines, “migraineurs,” PACAP levels were 
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increased in the plasma during migraine attacks compared to levels when no 
migraine occurred [ 34 ]. Interestingly, migraineurs’ migraine-related PACAP levels 
were comparable to control participants’ non-migraine PACAP levels [ 33 ,  34 ]. 
The injection of PACAP also induced headaches and migraines in both healthy 
controls and migraineurs [ 35 ]. Migraineurs were more likely to develop a migraine 
after PACAP injection compared to healthy controls, however [ 35 ]. Although the 
exact mechanism by which PACAP facilitates migraines is unclear, at the very least 
PACAP is part of a signaling pathway in migraines, and is a possible target in 
migraine therapy [ 33 ,  36 ]. This topic is addressed further in Edvinsson Chap.   35     of 
this handbook.  

    Alzheimer’s Disease Associated with PACAP Defi cits 

 Alzheimer’s disease (AD) is a neurodegenerative disease associated with neuroin-
fl ammation and severe defi cits in cognitive functioning [ 37 ]. Recent rodent and post-
mortem human research has linked PACAP defi cits to AD pathology. Rodent AD 
models and postmortem human AD patient brains have shown that reduced PACAP 
protein levels are associated with greater Alzheimer’s pathology in the form of 
β-amyloid and tau protein levels [ 9 ]. Human postmortem brains with late-onset AD 
compared to cognitively healthy controls had reduced expression of the PACAP 
gene,  ADCYAP1 , throughout the brain, and more specifi cally, in middle temporal 
gyrus, superior frontal gyrus, and primary visual cortex (as measured by RNA levels) 
[ 38 ]. The levels of the PACAP protein in these aforementioned regions in addition to 
entorhinal cortex and cerebrospinal fl uid were also reduced [ 38 ]. The PACAP defi cit 
in entorhinal cortex and superior frontal gyrus, regions associated with memory and 
executive functioning [ 39 ,  40 ], was correlated with higher AD neuropathology (e.g., 
β-amyloid plaque density and neurofi brillary tangles) [ 38 ]. Notably, it is the entorhi-
nal-hippocampal afferents that are the earliest to degenerate in AD [ 41 ]. In addition, 
reductions in cerebrospinal fl uid PACAP protein levels were correlated with lower 
scores on a battery of cognitive functioning tasks (Mattis Dementia Rating Scale–
Revised scores) [ 38 ]. Taken together, these fi ndings demonstrate PACAP dysregula-
tion is associated with AD neuropathology and lower cognitive functioning. 

 PACAP protein defi cits have also been replicated in brains of patients with Mild 
Cognitive Impairment that also exhibited AD pathology [ 42 ]. Interestingly, PAC1 
receptor levels were increased in the superior frontal gyrus of these Mild Cognitive 
Impairment brains compared to control and full blown AD brains, suggesting a 
compensatory mechanism in which the presence of PAC1 receptors are increased to 
counteract reduced PACAP levels or pathology interfering with PACAP functioning 
(or both) [ 42 ]. In addition, cortical neuronal cultures prepared from wild-type 
mouse brains incubated with PACAP and β-amyloid peptides were protected against 
β-amyloid toxicity (i.e., AD pathology) [ 9 ]. Together these fi ndings suggest that 
PACAP’s neurotrophic functioning is protective against AD pathology. 

 The mechanism for PACAP’s protective effects is unclear, however. Some research 
suggests that PACAP stimulates alpha-secretase activity, which is in a cascade of 
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activity that can reduce AD pathology (e.g., formation of β-amyloid peptides, and 
plaque) [ 43 ]. It may be that certain risk alleles are associated with lower PACAP 
levels and those individuals are at greater risk for developing Alzheimer’s pathology 
or AD overwhelms the protective PACAP functioning or any number of causational 
combinations. More research is needed to address how PACAP defi cits contribute to 
AD pathology, and how PACAP could be targeted as a treatment mechanism for this 
disease, particularly given its neurotrophic function and localization in circuitry 
central to AD (e.g., entorhinal cortex) [ 9 ,  38 ].  

    Multiple Sclerosis Associated with Reduced PACAP Levels 

 Multiple sclerosis (MS) is characterized by chronic neuroinfl ammatory and 
neurodegenerative pathology [ 44 ]. PACAP’s documented immunomodulatory and 
neurotrophic functions suggest that it could be a therapeutic target for both the 
infl ammatory and degenerative aspects of MS [ 44 ,  45 ]. Indeed, recent evidence 
demonstrated reduced PACAP-38 levels in the cerebrospinal fl uid of individuals 
with MS compared to healthy controls [ 46 ].  

    Sudden Infant Death Syndrome Associated with Reduced PACAP 
and PACAP Genetic Variation 

 Sudden infant death syndrome (SIDS) is the unexpected death of an infant without 
an identifi able explanation [ 47 ]. Despite its unidentifi able cause, SIDS risk factors 
have been recognized, including infant vulnerability related to: (a) in utero stressors 
(e.g., maternal smoking), (b) developmental stage, and (c) environmental conditions 
(e.g., increased heat) [ 47 ]. Growing evidence suggests PACAP’s role in the develop-
ment of healthy breathing and an adaptive stress response may in part underlie these 
vulnerabilities [ 48 ]. For example, mice lacking PACAP were more likely to die 
suddenly within two weeks after birth, mirroring SIDS in humans [ 48 ,  49 ]. Genetic 
tests in humans reveal an association between PACAP polymorphisms and SIDS. 
Specifi cally, a single nucleotide polymorphism in the coding region of PACAP was 
associated with SIDS [ 49 ]. This association was present for African Americans, but 
not for Caucasians [ 49 ], which may be part of the reason why there is a higher inci-
dence of SIDS in African American infants [ 50 ]. Together this evidence suggests 
PACAP dysfunction may be an underlying cause of SIDS, and “risk” alleles may 
increase the likelihood of SIDS.  

    Asthma Associated with PAC1 Genetic Variation 

 Asthma is chronic infl ammation of the lungs associated with diffi culty breathing 
[ 51 ]. Psychosocial stress is linked to the occurrence of asthma in children and adults 
[ 52 ,  53 ]. Recent research demonstrates variation in the PAC1 receptor gene, 
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 ADCYAP1R1 , is associated with asthma. That is, the single nucleotide polymorphism 
rs2267735 ‘CC’ genotype is associated with increased odds of developing asthma 
compared to ‘G’ carriers [ 52 ]. Recent evidence also shows that high childhood 
stress and a different single nucleotide polymorphism within the  ADCYAP1R1  gene 
are associated with reduced bronchodilator response, an objective measure of lung 
function, in children with asthma [ 54 ]. Together, these data suggest an important 
link between childhood stress and asthma may be mediated by genetic differences 
in PAC1 signaling.    

    General Conclusions 

 PACAP is a protein necessary for healthy development and an adaptive stress 
response. Dysregulation in PACAP/PAC1 levels or their signaling is associated with 
stress-related pathology in psychiatric and medical conditions. This dysregulation 
can occur at many levels—from existing genetic variation to epigenetic changes 
associated with life experiences, each in turn causing cascades of physiological 
alterations in the functioning of stress systems and neural networks. With continued 
characterization of PACAP/PAC1 mechanisms in these disorders we hope to better 
understand how to identify pathology, enable early intervention, and develop novel 
treatment strategies.     
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