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Abstract: The pituitary adenylate cyclase-activating polypeptide (PACAP)-selective PAC1 receptor 
(PAC1R, ADCYAP1R1) is a member of the vasoactive intestinal peptide (VIP)/secretin/glucagon fam-
ily of G protein-coupled receptors (GPCRs). PAC1R has been shown to play crucial roles in the central 
and peripheral nervous systems. The activation of PAC1R initiates diverse downstream signal transduc-
tion pathways, including adenylyl cyclase, phospholipase C, MEK/ERK, and Akt pathways that regu-
late a number of physiological systems to maintain functional homeostasis. Accordingly, at times of 
tissue injury or insult, PACAP/PAC1R activation of these pathways can be trophic to blunt or delay 
apoptotic events and enhance cell survival. Enhancing PAC1R signaling under these conditions has the 
potential to mitigate cellular damages associated with cerebrovascular trauma (including stroke), neu-
rodegeneration (such as Parkinson’s and Alzheimer's disease), or peripheral organ insults. Conversely, 
maladaptive PACAP/PAC1R signaling has been implicated in a number of disorders, including stress-
related psychopathologies (i.e., depression, posttraumatic stress disorder, and related abnormalities), 
chronic pain and migraine, and metabolic diseases; abrogating PAC1R signaling under these pathologi-
cal conditions represent opportunities for therapeutic intervention. Given the diverse PAC1R-mediated 
biological activities, the receptor has emerged as a relevant pharmaceutical target. In this review, we 
first describe the current knowledge regarding the molecular structure, dynamics, and function of 
PAC1R. Then, we discuss the roles of PACAP and PAC1R in the activation of a variety of signaling 
cascades related to the physiology and diseases of the nervous system. Lastly, we examine current drug 
design and development of peptides and small molecules targeting PAC1R based on a number of struc-
ture-activity relationship studies and key pharmacophore elements. At present, the rational design of 
PAC1R-selective peptide or small-molecule therapeutics is largely hindered by the lack of structural 
information regarding PAC1R activation mechanisms, the PACAP-PAC1R interface, and the core 
segments involved in receptor activation. Understanding the molecular basis governing the PACAP 
interactions with its different cognate receptors will undoubtedly provide a basis for the development 
and/or refinement of receptor-selective therapeutics. 

Keywords: Class B GPCR, Behavioral disorders, Neurodegenerative diseases, Molecular modeling, Structure-based drug dis-
covery, PAC1 Receptor. 

1. INTRODUCTION 

G Protein-coupled Receptors (GPCRs) represent the larg-
est and one of the most important receptor families for drug 
discovery. The approximate 800 heptahelical receptor 
members can be divided into five major classes based on 
sequence and structural similarities: rhodopsin (class A), se- 
 

*Address correspondence to these authors at the Department of Chemistry, 
University of Vermont, 82 University Place, Burlington, VT 05405, USA;  
E-mail: jianing.li@uvm.edu and Department of Neurological Sciences, 
University of Vermont, Larner College of Medicine, 149 Beaumont Avenue, 
Burlington, VT 05405, USA; E-mail: victor.may@uvm.edu 

cretin (class B), glutamate (class C), adhesion, and friz-
zled/taste. Although consisting of only 15 known members, 
the class B GPCRs are activated by a number of critical 
regulatory peptides, such as corticotropin-releasing hormone 
(CRH), calcitonin gene-related peptide (CGRP), parathyroid 
hormone (PTH), glucagon, vasoactive intestinal peptide 
(VIP), and pituitary adenylate cyclase-activating polypeptide 
(PACAP, ADCYAP1). These peptides are important with 
respect to neural development, calcium homeostasis, glucose 
metabolism, circadian rhythm, thermoregulation, inflamma-
tion, feeding behavior, pain modulation, as well as stress and 
related endocrine responses [1-3]. Accordingly, their corre-
sponding receptors are potential pharmacological targets for 
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a variety of disorders including osteoporosis, hypercalcemia, 
type 2 diabetes, obesity, migraine, and related chronic pain 
disorders, as well as stress-associated psychopathologies, 
including depression [4-7], posttraumatic stress disorder 
(PTSD), and related anxiety-related abnormalities [8-10].  

In this review, we focus on one specific class B GPCR, 
the PACAP receptor (PAC1R, ADCYAP1R1, Fig. 1), which 
is highly expressed in the central and peripheral nervous 
systems. PAC1R is activated by the alternatively posttransla-
tionally processed PACAP neuropeptides (PACAP27 or 
PACAP38). PAC1R is dually coupled to Gs or Gq to stimu-
late adenylyl cyclase (AC)/cAMP or phospholipase C 
(PLC)/DAG/IP3 pathways, respectively, and can engage 
other signaling programs in endosomal compartments fol-
lowing receptor internalization. We first review the current 
knowledge regarding the molecular structure, motion, and 
function of PAC1R and its peptide-binding modes. Then, we 
discuss the roles of PACAP/PAC1R in homeostatic and mal-
adaptive signaling. Lastly, we examine current approaches to 
the design and development of peptide and small-molecule 
antagonists of PAC1R based on structure-activity relation-
ship (SAR) studies and key pharmacophore elements, which 
could have broad impacts on many physiological systems.  

2. PAC1R STRUCTURE, FUNCTION, AND DYNAM-
ICS 

2.1. Structures of Class B GPCRs and PAC1R  

The common basic structure of GPCRs consists of a hep-
tahelical-transmembrane domain (7TM) tethered by three 

intracellular and three extracellular loops (Fig. 2). Singu-
larly, class B GPCRs have an N-terminal extracellular do-
main (ECD) composed of 120 to 160 residues which appear 
critical for the recognition of the C-terminal regions of pep-
tide ligands [4]. Atomic structures of eleven of the fifteen 
ECDs have been determined by X-ray crystallography or 
nuclear magnetic resonance (NMR), either with or without 
their peptide ligands in the complex. Notably, these struc-
tures reveal a similar arrangement of a three-layered α-β-β/α 
fold [5] as well as a conserved peptide binding interface [6] 
(Fig. 2). The 7TM structures for three class B receptors, the 
glucagon receptor (GCGR) [7-8], the glucagon-like peptide 1 
receptor (GLP-1R) [9], and the corticotrophin-releasing fac-
tor receptor 1 (CRF1R) [10] have been determined. These 
structures provide templates to model peptide and allosteric 
modulator interactions within the 7TM and have enabled 
initial, structure-based interpretations of SARs. The recently 
published full-length crystal structures of peptide bound 
GLP-1R [11] and antibody or peptide bound GCGR [12, 13] 
reveal how the peptides can bind to the orthosteric pockets 
within the 7TM to trigger downstream signaling cascades. 
Further, the cryo-electron microscopy (cryo-EM) structures 
of GLP-1R [14, 15] and Calcitonin Receptor (CTR) [16] and 
CGRP receptor [17] bound to their downstream Gs trimeric 
complex reveal how the class B GPCR 7TMs undergo con-
formational changes at their intracellular regions (from TM5 
to helix 8) to allow G protein binding and signaling. The 
binding poses of Gαs with TM5-TM6 of class A and class B 
GPCRs are similar, but the class B GPCRs have helix 8 in 
the cytoplasmic tail segment, tilted (~25o) to enable addi-
tional interactions with the Gβ subunit. Overall, these struc-

 
Fig. (1). A schematic diagram of PAC1R signaling cascades. Activation of the PAC1R is dually coupled to Gs to stimulate adenylyl cyclase 
(AC) and Gq to stimulate phospholipase C (PLC) activity. The increase in cellular cAMP can stimulate protein kinase A (PKA)/EPAC path-
ways that can intersect and enhance MEK/ERK signaling. PAC1R activation and recruitment of β-arrestin also result in receptor internaliza-
tion and formation of endosomal signaling platforms for long-term MEK/ERK signaling. 
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tures have extended understandings of ligand-receptor inter-
actions and orthosteric versus allosteric modulation mecha-
nisms of class B GPCRs and have provided the underlying 
basis for structure-based drug discovery, targeting the 
VIP/secretin/glucagon family of GPCRs. 

There are several variants of the PAC1R (Fig. 2) based 
on the alternative splicing of two 84-base pair exons that 
encode Hip and Hop 28-amino acid cassettes within the third 
intracellular loop (ICL3) [18, 19]. Hence, the PAC1R may 
be Null (neither Hip nor Hop inserts), Hip, Hop (Hop1, or 
additional short Hop variant Hop2), or HipHop (an aggregate 
of the two cassettes). The PAC1Null and PAC1Hop receptor 
variants are preferentially expressed in the central and pe-
ripheral nervous systems. In addition to the ICL3 Hip/Hop 
inserts, the deletion of a 21-amino acid (21-aa) loop segment 
within the β3 and β4 strands of the ECD has also been de-
scribed [20], although this ECD deletion has not been ob-
served in most tissues. The functional roles of these receptor 
variants are unclear but have been proposed to increase re-
ceptor selectivity for different neuropeptides and/or G pro-
teins.  

2.2. Structure-Dynamics-Function Relationship of 
PAC1R 

Molecular dynamics (MD) studies of class A GPCRs 
have revealed valuable information about the transition be-
tween receptor active and inactive states as well as interven-

ing conformations [22-29]. In recent years, an understanding 
of the structural basis and dynamic details of class B recep-
tors has been greatly advanced. Unlike class A receptors, 
class B GPCRs seem to operate through large conforma-
tional shifts of the ECD and the 7TM, which are connected 
by a flexible linker [9, 12-13]. This shapeshifter feature [30] 
of PAC1R has been assessed by a recent MD simulation 
study on the microsecond timescale [21]. During the first 
few hundred nanoseconds, sweeping dynamics of the 
PAC1R ECD are observed. These ECD motions diminish 
once interactions with the 7TM developed, which generate 
several populated conformational communities distinct in the 
ECD position relative to the 7TM. The two major states of 
PAC1R, as identified according to the ECD-7TM relative 
position, are the ECD-open and ECD-closed states (Fig. 2). 
Using the Markov state model [31], the transition pathways 
from one microstate (small conformational community) to 
another have been mapped along a series of intermediate 
conformations; accordingly, the transitions between the 
ECD-open and closed states are estimated on a timescale of 
hundreds of microseconds to milliseconds [21].  

More specifically, large-scale conformational changes 
generate diverse microstates between the ECD and the 7TM 
and reveal diverse rearrangements and displacements within 
the 7TM helices (Fig. 3). Along the extracellular face of the 
TMs, major displacements are observed at the stalk/linker 
region affecting TM1, TM6, and TM7. While the movement 

 
Fig. (2) (A) The PAC1R sequence and topography with potential splice variants. PAC1R can have Hip and/or Hop 28-aa cassette inserts into 
the ICL3 region. Accordingly, the PAC1R can be Null (neither Hip nor Hop), Hip, Hop, or HipHop variants, as described in the text. Unlike 
most class B receptors, PAC1R also has a 21-aa loop segment in the ECD. (B) A representative conformation of PAC1R in the ECD-closed 
state [21]. (C) A representative conformation of PAC1R in the ECD-open state [21]. Helix 8 (H8) is located within the intracellular C-
terminal tail region.  
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of TM1 is closely impacted by the ECD motion, the move-
ments of TM6 and TM7 correlate with the dynamics of ex-
tracellular loop 3 (ECL3). The interactions between the 
ECL3 and the ECD are altered during ECD motion from 
open to closed conformations, which causes the movement 
of TM6 and TM7. At the intracellular face of the receptor, 
the TM5-ICL3-TM6 region undergoes a large displacement 
[30, 31], similar to class A receptor dynamics. Furthermore, 
in the transition between different states, TM6 displays 
larger displacements than other TM helices. The unique 
flexibility of TM6 and its association with ICL3 likely plays 
a key role in the function of PAC1R.  

As a result of rearrangements in the TM helices, a reshuf-
fling of interaction networks is observed for residues within 
TM2, TM3, TM6, and TM7 (Fig. 3). For instance, the transi-
tions between PAC1R states involve the reshuffling of hy-
drogen bonds and salt bridges around the orthosteric site 
(N2403.43-R1992.60-Q3927.49-Y2413.44, Wootten numbering 
[32]) and near the intracellular face of the receptor (altered 
interactions between E344ICL3-R185ICL1 and R185ICL1- 
E2473.50-Y4007.57). In addition, there is a change in the hy-
drophobic packing of L1922.53, L2443.47, L3586.45, and 
V3967.53 [21]. In aggregate, the ECD dynamics, rearrange-
ments within the 7TM, and reshuffling of interaction net-
works describe a sequence by which changes in communica-
tion among the domains can contribute to PAC1R function. 
Hence, the three-dimensional (3D) structures obtained from 
these simulations not only further our understandings of the 
mechanism governing PAC1R activation but also allow in-
sights for structure-based drug design targeting this receptor 
class.  

 

2.3. Peptide-Binding Sites of Class B GPCRs and PAC1R  

As described earlier, unlike the class A GPCRs most of 
which have a relatively small extracellular N-terminus do-
main, the class B receptors have evolved large ECDs to cap-
ture peptide ligands for presentation to the orthosteric recep-
tor activation site in the 7TM. Among the 15 crystal and 
NMR structures of the ECDs, 11 class B GPCR ECD struc-
tures have solved in complex with their peptide ligands [33-
37], including those with full-length crystal and cryo-EM 
structures [13-14]. In a majority of these structures, the C-
terminus of the peptide ligand binds to a hydrophobic patch 
principally formed by the ECD α-β-β/α fold (α1-β1-β2-α2), 
while the N-terminus of the peptide ligand points in the same 
direction as the N-terminus α1 of the ECD (Fig. 4A). Based 
on the conserved three-layered α-β-β/α fold [5] and the ori-
entation of the bound peptide, a “two-site” activation model 
of class B receptors is supported. In this model, the α-helical 
C-terminal region of the peptide binds to the ECD domain of 
the class B GPCR, which allows presentation of the peptide 
N-terminus to the orthosteric site within the 7TM domain 
eliciting receptor activation [11-13, 38] (Fig. 4B).  

However, NMR studies [37] indicate that the truncated 
PACAP(6-38) PAC1R antagonist binds PAC1R at a distinct 
site and in the opposite orientation [33] as illustrated in Fig. 
(4C). This binding orientation was also suggested in the 
ligand-free PAC1R ECD crystal structure and mutation 
study [39]. Although clarifications may be needed, the dis-
tinct binding geometry of PACAP(6-38) to PAC1R ECD by 
NMR [37] raises obvious issues on how the N-terminus of 
the endogenous peptide can interact with the 7TM orthos-
teric site. Despite the apparent difference in ECD peptide 
orientation, the two-site activation model, which operates 
through a series of ECD motion transitions [21], still appears 

 
Fig. (3). (A) The top and side views of four PAC1R models to illustrate the helical rearrangements during the open-to-closed transition. (B) 
Key hydrogen-bonds and salt bridges within the 7TM domain. Key residues are labelled with the Wootten numbering scheme [32]. (C) Heli-
cal rearrangements involving TM2, TM3, TM6, and TM7 with the hydrophobic region of L1922.53, L2443.47, L3586.45, and V3967.53 (spheres) 
in four PAC1R models. Reprinted with permission from Liao et al. [21]. 
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applicable for PAC1R activation. The large domain motion 
of the ECD leads to several distinct conformational states of 
PAC1R [21], which may provide structural details relevant 
to peptide binding and signaling. Compared to the ECD-
closed conformations, the ECD-open conformations render 
the PACAP binding site [37] more exposed to the extracellu-
lar environment, and therefore more accessible for PACAP 
binding. Through the open-to-closed conformational transi-
tion process of PAC1R, the N-terminus of PACAP is likely 
inserted into the orthosteric ligand-binding site (Fig. 4D).  

Another structural element that may regulate ligand bind-
ing is the loop between the β3-β4 strands (referred to as the 
21-aa loop), which has been found to contribute to the hy-
drophobic interactions between the ligand and ECD in all 
available peptide-bound structures [13, 34-37]. Even though 
PACAP adopts a different binding geometry in the NMR 
models [37], dominant hydrophobic interactions have been 
identified at the ligand-ECD interfaces. The prevalent 
PAC1R isoforms, containing the 21-aa ECD segment, exhib-
its a long loop between the β3-β4 strands (Fig. 2), which is 
rare in other class B receptors. The 21-aa loop can interact 
with ECL3 to facilitate the ECD-open conformation (Fig. 4); 
also, in simulations of ligand-free PAC1R, the 21-aa insert 
was found to transform between a random coil and a par-
tially helical conformation at its C-terminal region, which 

may lead to different ligand-binding sites for PACAP [21]. 
Altogether, the ECD motion suggests that the receptor may 
adopt multiple ECD conformations to increase the probabil-
ity of capturing a peptide ligand by displaying a variety of 
potential binding sites and then deliver the bound ligand to 
the orthosteric pocket through a series of ECD motions.  

3. PAC1R AND SIGNALING PATHWAYS 

3.1. Pituitary Adenylate Cyclase-Activating Polypeptide 

(PACAP) 

PACAP is a peptide widely expressed in central and pe-
ripheral neurons and behaves as a neurotransmitter and neu-
rotrophic regulator with critical roles in signaling, physio-
logical homeostasis, development, survival, proliferation, 
differentiation, and regeneration [40]. PACAP belongs to the 
VIP/secretin/glucagon family of related peptides. The mature 
bioactive peptides are endoproteolytically cleaved from a 
176-amino acid precursor molecule into two alternatively 
processed α-amidated bioactive PACAP38 or PACAP27 
peptides (Fig. 5), but PACAP38 is typically more than 100-
fold more abundant than PACAP27 in nervous tissues [41-
43]. PACAP is well conserved in evolution; PACAP can be 
found in tunicates and the PACAP amino acid sequence is 
identical in all mammals examined to date [44].  

 

Fig. (4). (A) Overlapped ECD structures of five class B GPCRs in complex with their peptide ligands (PDBIDs: 2QKH (GIP receptor), 3IOL 
(GLP-1 receptor), 3C4M (PTHR), 2L27 (CRF receptor with α-helical CRF), 3N96 (CRF receptor with urocortin) [34-37]. A three-layered 
α1-(β1-β2)-(β3-β4)/α2 fold is presented. (B) The full-length crystal structure of GCGR in complex with a glucagon analogue [13], in com-
parison with the full-length cryo-EM structure of the CGRP receptor. The CGRP receptor is shown in association with its receptor associated 
modifying protein 1 (RAMP1). (C) The PACAP-bound PAC1R ECD model. (D) Hypothetical models of full-length PAC1R bound to 
PACAP in open- and closed-states. 
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3.2. PACAP Receptor Subtypes, Selectivity, and Signal-
ing 

Because PACAP shares nearly 70% amino acid homol-
ogy with VIP (a 29-residue family-related peptide), the 
PACAP/VIP peptides share three receptor subtypes: PAC1R, 
VPAC1R (VIPR1), and VPAC2R (VIPR2) receptors [1, 20]. 
Structurally, PAC1R shares nearly 60% sequence identity 
with VPAC1R and VPAC2R in the transmembrane domains. 
PACAP binds with high affinity and specificity to PAC1R 
variants; both PACAP and VIP bind to VPAC1R and 
VPAC2R with near equal high affinity [40]. The N-
terminally truncated PACAP(6-38) acts as a PAC1R and 
VPAC2R antagonist [45]. The sand fly saliva peptide 
maxadilan, which does not share significant sequence simi-
larity to PACAP, (Fig. 5) and its shortened deletion variant 
(maxD4 and M65) behave as a selective PAC1R agonist and 
antagonist, respectively [46-48].  

As described above, there are several alternatively 
spliced forms of the PAC1R, e.g., Null, Hip, Hop, Hop2, or 
HipHop. Depending on the cellular expression of the PAC1R 
variant, the receptor may be differentially coupled to 
adenylyl cyclase, phospholipase C, MAPK, or Akt pathways, 
among others. Most of the neural and peripheral tissues ex-
amined to date contain the 21-aa splice insert in the PAC1R 
ECD. The 21-aa loop insert may have primary roles in stabi-
lizing the ECD-open receptor state although early work has 
suggested that it may have some roles in peptide ligand 
specificity and function. However, splice variants have not 

been described for the VPAC1R and VPAC2R, which ap-
pear to be preferentially coupled to adenylyl cyclase. Recent 
work has shown that β-arrestin-mediated PAC1R internaliza-
tion and endosomal signaling is the primary driver of long-
term cellular ERK activation [50].  

4. PAC1R AND BEHAVIORAL DISORDERS  

4.1. PACAP/PAC1R Signaling Regulates Stress-related 

Behaviors 

Over the last several years, the PACAP/PAC1R system 
has been associated with stress-related anxiety-like behavior 
[51], including PTSD [52, 53]. Chronic stress increased 
PACAP and PAC1R transcripts in the rat bed nucleus of the 
stria terminalis (BNST) and hypothalamus [51], two limbic 
brain regions that participate in stress responses and behav-
ior. The changes in BNST PACAP expression were depend-
ent on chronic rather than acute stress and did not appear 
secondary to corticosterone, suggesting the direct effects of 
stress in limbic circuit phenotypic plasticity [54]. Infusions 
of PACAP or maxadilan (a specific PAC1R agonist) into the 
BNST were anxiogenic and anorexic (analogous to stress-
mediated decreases in feeding behavior) [55]. Unlike other 
neuroregulators, the BNST PACAP effects were long-
lasting; a single injection of PACAP sustained anxiety-like 
responses for several days [51]. Similar long-term anxio-
genic responses were elicited following PACAP infusions 
directly into the central amygdala (CeA) [56-57]. Accord-
ingly, these results suggest that chronic traumatic stress and 

 
Fig. (5). (A) Structure of PACAP38 (PDBID: 2D2P). (B) Sequences alignments of PACAP38 and VIP indicating domains responsible for 
PAC1R recognition, activation, selectivity, and binding affinity determined by SAR studies [40]. (C) Sequences alignments for maxadilan (a 
PAC1R agonist) [49], M65 (a PAC1R antagonist) [49], and PACAP38 by UniProt. Basic residues are colored in blue and acidic residues in 
red. 
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the accompanying increases in limbic PACAP expres-
sion/signaling could drive the maladaptive neuroplasticity 
leading to behavioral abnormalities. In testing this hypothe-
sis, rats were chronically infused with the PAC1R antagonist 
during stressor exposures; as proof of principle, antagonism 
of PAC1R signaling with PACAP(6-38) during chronic 
stress blocked both anxiety-related responses and decreased 
feeding behavior [55]. The observations were in good 
agreement with many related studies. The PACAP and 
PAC1R knockout mice appeared to be less anxious [58-61] 
and demonstrated impaired corticosterone responses to emo-
tional and chronic stressors [62-65].  

These observations have direct translational relevancy. 
Notably, elevated blood PACAP levels and polymorphism in 
the estrogen responsive element (ERE) of the PAC1R gene 
have been associated with PTSD symptoms in the female 
population [52, 66]. The changes in PACAP levels and re-
ceptor polymorphism were correlated with higher acoustic 
startle indices, which have been associated previously with 
PTSD risk. Correspondingly, PAC1R transcripts were in-
creased in the rat extended amygdala after classical fear con-
ditioning and as a function of estrogen exposure. Although 
these PACAP/PAC1R results were associated primarily with 
female PTSD symptoms, epigenetic signatures for the 
PAC1R may be markers for PTSD-related abnormalities in 
both males and females [52]. These observations have been 
corroborated independently [53, 67-71], supporting the 
PACAPergic system as a novel and relevant target for thera-
peutics. More recent work has suggested that the maladap-
tive PACAP signaling may be sustained in stress-related 
behavioral disorders and that the benefits of PAC1R antago-
nists may be meaningful even during ongoing disorder pro-
gression, and may not have to stem solely from prophylactic 
treatments [52]. These results are particularly notable from 
the vantage of potential therapeutics.  

4.2. PACAP Pain Pathways and Intersections with Be-
havior Circuits 

PACAP was initially characterized as a sensory peptide. 
PACAP is expressed in a population of sensory dorsal root 
and trigeminal ganglion neurons, and from neuroplasticity, 
can be induced upon injury or inflammation paradigms. 
Axotomy or inflammatory challenges dramatically increased 
PACAP expression in sensory neurons, resulting in aug-
mented PACAP projections and signaling onto second-order 
dorsal horn neurons. In delineating PACAP sensory circuits, 
it was recently shown that PACAP in the nociceptive (pain) 
spino-parabrachioamygdaloid pathway is important in medi-
ating the emotional components of pain [56-57]. Briefly, 
PACAP in the peripheral pain circuits relayed signals that 
ultimately terminated in the lateral capsular division of the 
amygdala (CeLC), another limbic nucleus well studied for its 
roles in stress, anxiety, and fear [72-73]. Stress and chronic 
pain (including migraine) are comorbid. Nearly 50% of pa-
tients with psychopathologies have chronic pain; conversely, 
30 to 40% of patients with chronic pain present anxiety dis-
orders including PTSD [74-80] Hence this particular PACAP 
neurocircuit may represent a means by which chronic pain 
can be integrated with limbic functions leading to heightened 
pain responses and psychopathologies. PACAP or maxadilan 
infusions into the amygdala increased anxiety-like responses 

and nociceptive thermal sensitivity; further, the PACAP re-
sponses were long-term [56]. As before, to establish the 
physiological relevance of this pathway, a partial sciatic 
nerve ligation protocol was used to induce chronic pain 
without impairing locomotion [57]. The paradigm produced 
stress- and anxiety-related behavior in parallel with increased 
thermal pain sensitivity. Of note, acute amygdala infusion 
with the PAC1R antagonist PACAP(6-38), during the pro-
gression of heightened anxiety and pain, was able to block 
these maladaptive responses [57]. This implicated aug-
mented and sustained PACAP signaling in mediating these 
responses and that therapeutic interventions, even during 
ongoing disorder processes, may have beneficial effects.  

Commensurate with PACAP roles in pain, several recent 
studies have now shown that PACAP and PAC1R signaling 
is associated with migraine [81-83]. Migraine is a complex 
and often debilitating neurological disorder characterized by 
intense unilateral pulsating headache, frequently accompa-
nied by aura, photophobia, phonophobia, nausea, and related 
symptoms. The causes of migraine are not understood and 
are likely to be multifactorial. One prototypic neuroregulator 
in migraine is the sensory and potent vasodilatory peptide, 
calcitonin gene-related peptide (CGRP) [84]. Among many 
models, sensory (trigeminal) and/or autonomic (sphe-
nopalatine) ganglion neuronal peptide signaling along central 
pathways or in the perivasculature may contribute to the ex-
perience of migraine pain. CGRP is localized to these path-
ways, exogenous CGRP administration has been shown to 
induce migraine-like headaches indistinguishable from spon-
taneous migraine attacks [85] and notably, CGRP receptor 
antagonists are effective in treating migraine [86]. The 
CGRP receptor antagonists (Olcegepant and Telcagepant), 
however, demonstrated adverse reactions, and consequently, 
antibody-based functional blockage of CGRP receptors (Ai-
movig; erenumab) represents the most current therapeutic 
means for migraine. PACAP and CGRP share a number of 
similarities, including parallel tissue expression and distribu-
tion patterns (colocalization in nearly 70% of sensory and 
central neurons), and potent vasodilatory effects through 
comparable signaling mechanisms. Importantly, like CGRP, 
PACAP infusions into humans can also induce migraine-like 
attacks in normal subjects and migraineurs [87-88]. How-
ever, whereas CGRP signaling and responses in ex vivo pres-
surized vessels preparations appear short-term or transient, 
PACAP acts more potent with long-term sustained responses 
[81, 89]. These observations are novel and suggest that rea-
gents that target PAC1R function may be more efficacious 
than those for CGRP in migraine and chronic pain manage-
ment.  

4.3. PACAP/PAC1R Responses are Mediated by Inter-
nalized Receptor Endosomal Signaling 

Importantly, behavioral and chronic pain responses are 
dependent on cellular ERK activation. Stress and chronic 
pain paradigms increase phosphorylated ERK signaling in 
the brain; conversely, stress and chronic pain responses can 
be attenuated by inhibitors of the MEK/ERK signaling cas-
cade [90]. PACAP infusions into limbic areas increase ERK 
activation and c-fos induction (a marker for increased neu-
ronal activity) in parallel with behavioral and pain responses; 
these PACAP responses can be attenuated with MEK/ERK 
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inhibitors [57]. Notably, current work has shown that cellular 
PACAP/PAC1R-ERK signaling is mediated largely follow-
ing PAC1R internalization and endosomal signaling [50, 91]. 
In coherence, inhibitors of endocytic mechanisms can block 
PACAP-stimulated pain sensitivity [57].  

4.4. PACAP Roles in Metabolism 

Some of the most consistent and robust responses of 
PACAP are related to feeding behavior, which can ulti-
mately impact obesity and diabetes. PACAP and PAC1R are 
highly expressed in several hypothalamic nuclei important to 
appetite, satiety, and homeostatic metabolic regulation, in-
cluding the paraventricular nucleus (PVN), ventromedial 
hypothalamic nucleus (VMN), arcuate nucleus (ARC), and 
the supraoptic nucleus (SON) [92]. Both peripheral and cen-
tral administration of PACAP leads to decreased feeding or 
anorexic responses, resulting in decreased weight gain. In-
tracerebroventricular injections of PACAP reduced food 
intake [93, 94] and similarly, intraperitoneal PACAP injec-
tions suppressed appetite by decreasing ghrelin (resulting in 
diminished hunger) and increasing GLP-1 and leptin (result-
ing in increased satiety) in plasma [95, 96]. The central hy-
pothalamic mechanisms appear multifaceted as direct 
PACAP injections into the different sites appeared to yield 
slightly different attributes. Direct PACAP infusions into 
PVN decreased meal size, duration, and total eating time, 
whereas PACAP activation of the VMN resulted in increased 
body temperature and locomotion (increased energy expen-
diture) [97, 98]. These responses were blocked with PAC1R 
selective antagonist and did not appear to be mediated by 
VPAC receptor signaling. The PACAP/PAC1R-mediated 
signals in feeding are well integrated into established feeding 
and appetite circuits. PACAP stimulated ARC neuron 
POMC transcript expression in parallel with augmented 
αMSH production, and as the PACAP-mediated hypophagic 
effects could be attenuated with MC4R receptor antagonists, 
the anorexic responses of PACAP/PAC1R signaling ap-
peared upstream of POMC/melanocortin signaling [93]. The 
expression of hypothalamic orexigenic peptides neuropep-
tide Y (NPY) and agouti-related peptide (AgRP) were not 
regulated by PACAP although more recent work has sug-
gested that during fasting, PVN PACAP signaling can stimu-
late ARC AgRP to enhance appetite [99]. Hence, 
PACAP/PAC1R signaling appears to participate in anorexic 
and orexigenic responses depending on metabolic status.  

Whether coordinate or separate, central PACAP regula-
tion of autonomic pathways can also have significant effects 
on metabolic states. Intracerebroventricular (ICV) PACAP 
infusions, for example, were shown to elevate plasma glu-
cose levels and increase hepatic glucose production that ap-
peared dependent on sympathetic innervation of the liver 
[100]. However, PACAP expression and function in vagal 
parasympathetic inputs to the pancreas appear to function 
synergistically with cholinergic signaling to increase islet β-
cell proliferation via FoxM1 (forkhead box cell cycle tran-
scriptional factor) for potential diabetes management [101]. 
These observations echo the well-studied PACAP trophic 
(protective and prosurvival) effects against a variety of chal-
lenges in many tissue systems [40] (see below). Hence un-
like for chronic pain and stress-related disorders in which 
PAC1R antagonism at central pathways may be beneficial, 

the targeted application PAC1R agonists may be novel ap-
proaches for cellular protection, proliferation and regenera-
tion, and maintenance of energy homeostasis. 

5. PACAP AND PAC1R NEUROTROPHIC AND NEU-
ROPROTECTIVE ACTIVITIES 

5.1. PACAP/PAC1R Neurotrophic Signaling  

PACAP/PAC1R signaling can engage multiple signaling 
cascades including adenylyl cyclase/cAMP, phospholipase 
C/DAG/PKC, MEK/ERK, and PI3K/Akt pathways to main-
tain physiological homeostasis. These signaling events inter-
sect and likely engage a wider network of trophic signaling 
pathways that promote cellular survival, proliferation, and 
differentiation in neurodevelopment and block or attenuate 
pro-apoptotic processes following injury or degenerative 
states. Hence, the same PACAP/PAC1R signaling events 
that can contribute to the maladaptive neuroplasticity ob-
served following repeated or chronic physiological insults 
(i.e., stress-related psychopathologies and chronic pain as 
described above) have important beneficial attributes in de-
velopment and in mitigating damages from tissue injury, 
disease-related degeneration, and inflammation. 

PACAP/PAC1R signaling has been shown to facilitate 
trophic signaling in a variety of central and peripheral neu-
rons. PACAP promotes the proliferation astrocytes, sympa-
thetic neuroblasts, and neural stem cells [102, 103]; PAC1R 
is expressed in neurogenic regions of the mouse brain and 
PACAP can promote the in vitro proliferation of cells iso-
lated from the lateral ventricle wall of adult mice [104]. 
Similar observations were also made in vivo following the 
intracerebroventricular injection of PACAP [104]. Alto-
gether, these results, which have been reproduced using the 
PAC1R selective agonist maxadilan [46], implicate the in-
volvement of PAC1R in neurogenesis. Consistent with these 
trophic effects, PACAP can also promote the differentiation 
and neurite outgrowth of neuroprogenitor, neuroepithelial, 
neuroblastoma, cerebellar granule, and pheochromocytoma 
cells. 

5.2. PACAP/PAC1R Signaling in Neuroprotection 

Trophic PACAP/PAC1R signaling is also neuroprotec-
tive. PACAP mitigates naturally occurring programmed cell 
death during cerebellar development [105, 106]; PACAP can 
abrogate, mitigate, or delay neural damages against a variety 
of insults including stroke, glutamate excitotoxicity, hydro-
gen peroxide-mediated oxidative stress, ethanol, and cera-
mide [107-111]. PACAP administration before or after 
ischemia in a middle cerebral artery occlusion (MCAO) 
model of stroke, decreased infarct size, mitigated cell death, 
and improved functional recovery [111-117]. Similarly, 
PACAP and the PAC1R agonist maxadilan protected retinal 
neuroblastic cells from anisomycin-induced apoptosis [118]. 
These neuroprotective effects of PACAP have also been ob-
served following insults in a variety of peripheral tissues, 
including kidney, cardiomyocytes, and intestinal cell layers 
[119-122], suggesting that PACAP/PAC1R signaling has 
broad tissue protection abilities under many proapoptotic 
challenges. 

Hence from these observations and attributes, 
PACAP/PAC1R signaling can be protective in 
neurodegenerative states. In a variety of in vitro culture 
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erative states. In a variety of in vitro culture models, cell 
death induced by reagents, such as rotenone, paraquat, sal-
solinol, MPP+, or 6-hydroxydopamine (6-OHDA) to simu-
late Parkinson’s disease mechanisms, can be ameliorated by 
PACAP treatments [108, 123, 124]. In accord, PACAP pro-
tected dopaminergic cells from apoptosis in the 6-OHDA 
lesion model of Parkinson’s disease and in parallel, amelio-
rated the disease-associated neurological and behavioral de-
fects [125, 126]. PACAP attenuated β-amyloid-induced tox-
icity in PC12 pheochromocytoma cells [127]; further, long-
term PACAP treatments of the APP[V717] transgenic mouse 
model of Alzheimer’s disease improved cognitive functions 
[128]. Similarly, repeated intranasal PACAP administration 
to the R6/1 transgenic mouse model of Huntington's disease 
improved memory and cognitive performance, and dimin-
ished mutant huntingtin aggregates [129]. From these exam-
ples, reagents that enhance PACAP/PAC1R trophic signal-
ing may be novel in their potential to mitigate the cellular 
damage and functional deficits associated with a number of 
neurodegenerative diseases. 

6. DEVELOPMENT OF PEPTIDES TARGETING 
PAC1R 

With a few exceptions, class B GPCRs have proven dif-
ficult targets for the development of either peptide or small-
molecule therapeutics [130]. For instance, the large PACAP-
PAC1R interface, which makes critical residue interactions 
dispersed across the entire receptor structure, and the lack of 
insights related to the interactions involved in core sequence 
receptor activation, have so far prevented the rational design 
of small-molecule modulators or PAC1R-selective analogs 
[130]. However, some metabolically stable PACAP deriva-
tives specifically targeting PAC1R can be poised to make a 
significant breakthrough in the treatment of neurodegenera-
tive diseases [130]. Understanding the molecular basis gov-
erning PACAP interactions with its different PAC1R, 
VPAC1R, and VPAC2R subtypes will undoubtedly provide 
a rational basis for the development and/or refinement of 
receptor-active peptidergic compounds. 

From the consensus two-site model for ligand binding 
and signaling of class B GPCRs, understanding the spatial 
positioning of specific residues and/or structural features 
within PACAP becomes critical in the design of pharmacol-
ogical specific peptidergic reagents to the different 
PAC1/VPAC receptors. Similar to other members of the 
VIP/ secretin/glucagon family, PACAP exhibits a disorder 
N-terminal segment (residues 1-5), which might adopt a spe-
cific pose upon interaction with its receptor, and a C-
terminal α-helix for ECD binding [130, 131]. Over the years, 
SARs have highlighted the existence and the essential role 
played by the Asx-turn present at the N-terminus, the N-
capping motif encompassing amino acid residues 6 to 10, the 
C-terminal (residues 28 to 38) region, as well as the Tyr 
residue at position 22, for the binding and biological activity 
of PACAP38 [130]. 

6.1. Structure-Activity Relationships (SARs) of PACAP 
N-Terminal Segment 

The putative Asx-turn-like structure in PACAP is charac-
terized by two hydrogen bonds involving i) nitrogen at posi-

tion 3 but not 1 of the imidazole ring and the amide proton of 
the Asp residue at position 3, and ii) the carbonyl of the His 
residue and the amide proton of the glycine at position 4 
[132]. Stabilization of this secondary structure, through the 
replacement of the native Ser2 with Ala, Pro, or Hyp resi-
dues, did not alter the ability of PACAP27 to bind PAC1R 
and VPAC1R but significantly affected its binding affinity 
for VPAC2R [132, 133]. Accordingly, [Pro2]PACAP27 was 
observed to adopt a well-defined structure, similar to a turn, 
that could restrict PACAP conformations for receptor activa-
tion [133]. By contrast, the introduction of an Aib moiety or 
a D-Ser did not particularly affect the binding affinity of 
PACAP27 for PAC1R and VPAC2R but significantly re-
duced its propensity to bind VPAC1R [132]. This explora-
tory work led to the identification of a PACAP/VIP analog, 
i.e., [Hyp2]PACAP27, with potent neuroprotective action in 
vitro [132]. In a recent study, the substitution of His at posi-
tion 1 with 4-imidazole acetic acid ([Iaa1]PACAP38) or 4-
imidazole acrylic acid ([Iac1]PACAP38) increased PACAP 
affinity to PAC1R and VPAC2R but reduced its binding to 
VPAC1R [134]. Finally, modifications introduced at position 
3 of this PACAP variant, including the introduction of a 
proline, a piperidine-2-carboxylic acid, or a N-methyl-
glycine, generated several analogs with reduced affinities for 
all receptors, corroborating again the importance of the am-
ide proton of the residue at position 3 [134]. While no par-
ticular physio-chemical parameters favoring PAC1R binding 
over VPAC receptors have been identified, these studies 
demonstrate that the secondary structure at the N-terminus of 
the peptide is an important determinant of receptor specific-
ity.  

Apart from this specific turn, other determinants, also 
within the N-terminal domain of PACAP contribute to the 
selectivity of PACAP towards its different receptors. First, 
residues at positions 4 and 5 have been suggested to form an 
encrypted receptor selective dipeptide. Indeed, when the 
Gly4-Ile5 dipeptide in PACAP27 replaced Ala4-Val5 in the 
VIP sequence, the new [Gly4, Ile5]VIP analog was able to 
bind and activate PAC1R [135]. Similarly, the substitution of 
the Ala4-Val5 dipeptide for Gly4-Ile5 in PACAP abolished its 
propensity to bind PAC1R but improved its binding to 
VPAC receptors [135]. The intrinsic characteristics of these 
amino acids and their differential impact on the secondary 
structure of PACAP27 and its binding characteristics might 
reflect the presence of specific structures (β-turn versus he-
lix) involved in the discrimination by PACAP for PAC1R 
and VPAC receptors. Hence, the stabilization of a β-turn 
structure around residues 4 and 5 in PACAP could achieve 
specificity toward PAC1R while the extension of the C-
terminal α-helix to residue 4 may shift peptide specificity to 
VPAC1R [136].  

6.2. SAR of PACAP N-Capping Motif 

The N-capping motif of PACAP, VIP, and other Class B 
GPCR ligands constitutes another potential determinant of 
receptor activation [137]. Accordingly, the folded backbone 
conformation imposed by the N-capping structure has been 
proposed to serve as an element for the rational design of 
PAC1R selective ligands. The structure, encompassing 
amino acid residues 6 to 10, is mostly characterized by hy-
drophobic interactions between aromatic residue (Phe6 and 
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Tyr10) and specific hydrogen bonding (between Thr7 and 
Tyr10 or Ser11). Over the years, the replacement of Phe6 by 
Tyr, L-cyclohexylalanine (Cha), L-biphenylalanine (Bip), or 
L-naphtylalanine (Nal) has been shown not to significantly 
alter the binding properties of PACAP analogs but modu-
lated their specificity for the different receptors [130-132]. 
The incorporation at position 6 of bulky aromatic residues 
like Bip or Nal, for example, produced analogs with apparent 
potent activity toward PAC1R but reduced activity and affin-
ity toward VPACs receptors [130-132]. Overall, SAR studies 
suggested that the bulky and hydrophobic features of 
PACAP Phe6 are more essential than its aromaticity for 
proper receptor recognition. From these observations, the 
construction of the Ac-[Phe(pI)6,Nle17]PACAP27 analog was 
shown to be selective for PAC1R/VPAC1R with potent neu-
roprotective actions in vitro and in vivo [138]. The Thr7 resi-
due of PACAP may facilitate N-capping motif stability and 
accordingly, the [Ala7]PACAP27 analog can efficiently bind 
and activate PAC1R and VPAC1R, with almost no activa-
tion of VPAC2R. Accordingly, this residue, which is also 
present in VIP, appears to represent a specific key pharma-
cophore for VPAC2 selectivity [132, 139]. In sum, these 
results implicate the N-capping motif as a structural feature 
in receptor recognition. 

6.3. SAR of PACAP C-Terminal Segment 

Over the years, various modifications have been intro-
duced within the C-terminal region of PACAP with mixed 
results [130-131]. However, Ramos-Alvarez et al. suggested 
recently that L-Ala substitution of PACAP Tyr22 could be 
also a good strategy to uncover PAC1R specific ligands 
[134]. The Tyr22 residue, found in PACAP and VIP, has been 
previously associated with their propensity to bind VPAC2 
receptors [140]. Hence, [Ala22]PACAP27/38 has decreased 
affinity towards the three receptors but the decrement was 
more acute for VPAC receptors [134, 141].  

In sum, the development of PAC1R-specific peptide 
agonists and antagonists remains elusive, although a few 
PACAP analogs have exhibited higher affinities for PAC1R 
and VPAC1R than VPAC2R. While single residue substitu-
tions have failed to generate the specific ligands, multiple 
residue substitutions informed by PAC1R computational 
modeling may offer new opportunities. In addition to the 
design of peptide analogs specific to each of the three 
PACAP/VIP GPCR subtypes, there are other significant 
challenges with respect to drug development, including the 
abilities of the compounds to cross the BBB and the prefer-
ential engagement of second messengers for biased receptor 
signaling. GPCR activation results in canonical plasma 
membrane-delimited activities of G proteins, but rather than 
desensitization following receptor endocytosis, the cellular 
internalization and trafficking of GPCRs are now understood 
to represent a reprogramming of signaling events in endoso-
mal compartments. GPCR endosomal signaling is best un-
derstood with respect to β-arrestin recruitment and scaffold-
ing of proteins for MEK/ERK activation, although sustained 
cellular cAMP signaling has also been attributed to endoso-
mal receptor mechanisms. Endosomal signaling can direct 
second messengers to specific intracellular sites with a high 
spatial and temporal resolution for distinct cellular responses 
and many of the maladaptive PACAP/PAC1R-mediated ef-

fects have been attributed to internalized receptor-endosome 
mechanisms. Hence a more comprehensive understanding of 
PACAP/PAC1R signaling messengers for the many homeo-
static and maladaptive responses is needed and the design of 
compounds that can bias the activation or inhibition of spe-
cific second messenger pathways becomes attractive to better 
target therapeutic outcomes. A recent study has started to 
assess the impact of chemical and structural modifications 
introduced into specific regions of the PACAP variants on 
the signaling signatures of PACAP analogs [141]. 

7. DEVELOPMENT OF SMALL MOLECULES TAR-
GETING PAC1R 

Concurrent with efforts to develop receptor specific 
PACAP analogs, the identification and development of 
small-molecule ligands for class B GPCRs have also re-
mained a challenge in drug discovery [143-144]. In recent 
years, a diverse array of orthosteric and allosteric nonpeptide 
ligands that include antagonists, agonists, and positive allos-
teric modulators with intrinsic efficacy has been reported for 
GLP-1R [145], GCGR [8], CRF1R [10], PAC1R [142, 146, 
147], VPAC1/2R [148]. Specific small-molecule PAC1R 
agonists and antagonists have utility in neurotrophic signal-
ing and blocking the maladaptive effects of PACAP, respec-
tively, but progress has been difficult. Below describe recent 
efforts to develop small-molecule ligands targeting PAC1R.  

7.1. Small-Molecule PAC1R Antagonists  

From earlier sections, PAC1R antagonism may have 
therapeutic potential to attenuate or abrogate the maladaptive 
effects of PACAP/PAC1R signaling in stress-related disor-
ders, including chronic pain and migraine. The studies with 
PAC1R antagonist PACAP(6-38) have provided proof-of-
principle that PAC1R antagonism, even during disorder pro-
gression, may be beneficial. As these studies have suggested 
that PACAP/PAC1R-initiated endosomal ERK signaling is 
the primary mediator of these effects, small molecules that 
are biased to preferentially block PAC1R endocytosis and β-
arrestin-mediated ERK signaling may be particularly useful.  

Beebe and colleagues [142] first reported potent small-
molecule hydrazide compounds as antagonists for the 
PAC1R. SAR studies around two lead hydrazides (Fig. 6) 
were carried out by competitive 125I-PACAP27 radioligand 
binding and calcium influx assays. SARs were undertaken 
on four regions: the acyl phenol portion, the hydrazide 
linker, the middle aromatic ring, and the distal aromatic ring 
(Fig. 6). The acyl phenol tolerated no changes and the hy-
drazide linker tolerated small changes. Both middle aromatic 
ring and the distal aromatic ring accepted changes for po-
tency. A lipophilic group attached to the distal aromatic ring 
was preferred, but not crucial for potency. As these lead 
compounds blocked PACAP/PAC1R-stimulated calcium 
flux but had little effect on PAC1R endocytosis or ERK sig-
naling, the acyl hydrazides may be biased to block predomi-
nantly membrane-delimited G-protein signaling. Accord-
ingly, these compounds may require additional studies for 
full therapeutic potential. 

More recently, Takasaki and colleagues [146] used vir-
tual screening and in vitro/in vivo pharmacological assays to 
identify new small-molecule antagonists for PAC1R. The 
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NMR structure [37] of ECD of PAC1R in complex with its 
peptide antagonist PACAP(6-38) was used, and the confor-
mational positions of residues Tyr22, Val26, and Arg30 were 
structured to create 3D pharmacophore models. After multi-
filter virtual screening protocol, ten candidate compounds 
(PA-1 to PA-10) were selected to evaluate the pharmacol-
ogical activity. PA-8, PA-9, and PA-10 (1 nM, Fig. 6) sig-
nificantly attenuated PACAP (1 nM)-induced cAMP Re-
sponse Element Binding Protein (CREB) phosphorylation; 

PA-8 and PA-9 showed comparable inhibitory effect of 
PACAP(6-38). Overall, PA-8, PA-9, and PA-10 showed 
specific and potent antagonistic activities toward the PAC1R 
but no detectable agonistic activity toward PAC1R, 
VPAC1R, and VPAC2R. As these compounds also demon-
strated abilities to block PACAP-mediated physiological 
responses, these compounds may have the potential for fur-
ther development. 

 
Fig. (6). (A) Small molecule compounds previously reported as PAC1R antagonists from calcium and cAMP assays [142]. (B) Potential 
small-molecule binding sites of PAC1R ECD. The hydrophobic residues that interact with PACAP(6-38) in the NMR structure [37], dis-
played by green sticks and spheres in the PAC1R model, correspond to residues M72, L74, L80, V113, F127, P128, and A133. The ECD of 
PAC1R (in purple-blue) was built on the crystal structure (PDBID: 3N94) [39]. The β3-β4 region is in pink and the 21-aa loop in magenta. 
The deep allosteric pocket site of CRF1R, and the extra-helical site of GCGR targeted by small-molecule compounds CP-376395 and MK-
0893, respectively.
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7.2. Small Molecules Targeting PAC1R as Positive Allos-
teric Modulators  

Doxycycline (Fig. 6) and minocycline from the tetracy-
cline family are mostly known as antibiotics to treat various 
bacterial infections [149]. The neuroprotective effects of 
doxycycline have been associated with its nonantibiotic 
properties including inhibition of matrix metalloproteinases 
[150]. Recently, doxycycline and minocycline were sug-
gested to enhance PAC1R activity in mediating the neuro-
protective effects [147]. Doxycycline might affect the bind-
ing of PACAP C-terminus to the ECD domain of PAC1R, 
based on evidence from molecular modeling and a single-site 
mutation (D116A) in the linker region [147]. Given the ob-
servation of doxycycline to promote cellular proliferation, 
these tetracycline compounds may enhance PACAP binding 
to PAC1R as well as the resulted PAC1R activation, which 
leads to a further hypothesis of their roles as positive allos-
teric modulators [147]. However, how these compounds im-
pact PAC1R signaling remains to be evaluated in detail.  

7.3. Small-Molecule Binding Sites of PAC1R  

Apart from the ECD, targeting the druggable interface of 
PAC1R and PACAP to mimic the orthosteric receptor acti-
vation site provides additional means to design small-
molecule antagonists. The hydrazides [147], PA compounds 
[146], and doxycycline [147] have been studied in targeting 
the ECD of PAC1R based on the PACAP(6-38) – PAC1R 
interface [37]. From many studies, other orthosteric and al-
losteric GPCR sites may provide opportunities as drug tar-
gets. In addition to ECD binding to the C-terminus of 
PACAP, the orthosteric peptide-binding/activation pocket 
within the PAC1R 7TM is also promising for drug interven-
tions. Unexpectedly, the crystal structure of CRF1R [10] has 
revealed that the small-molecule antagonist CP-376395 
binds at a deep allosteric site distinct from the orthosteric 
peptide-binding pocket (Fig. 6B). Further, the GCGR an-
tagonist MK-0893 was found to bind to the receptor at an 
extra-helical site between TM6 and TM7 in direct contact 
with the lipid bilayer (Fig. 6B) [8]. As the PAC1R may con-
tain comparable allosteric sites, these regions may represent 
unique targets that can define PAC1R versus VPAC recep-
tors specificity. Given the dynamics of the ECD and 7TM of 
PAC1R, there may be other sites and approaches to modulate 
the function of the PACAP receptor.  

7.4. Molecular Docking to Develop Small-Molecule 
PAC1R Ligands 

The knowledge of small-molecule binding sites enables 
computational molecular docking studies to develop new 
PAC1R ligands. Despite the lack of an experimentally de-
termined 7TM structure of PAC1R, the receptor models 
from homology modeling have been employed [21, 147, 
151]. A few amino acid residues may be key for the defini-
tion of the orthosteric binding pocket, including R1992.60 in 
TM2, N2403.43 and Y2413.44 in TM3, S3546.41 and H3656.52 in 
TM6, and Y4007.57 in TM7. In addition, the crystal 7TM 
structures of CRF1R and GCGR in complex with small 
molecules (PDBIDs: 4K5Y and 5EE7 respectively, Fig. (6), 
as well as the PACAP-bound PAC1R ECD structure  
 

(PDBID: 2JOD, Fig. (6), may provide useful details of alter-
native sites for docking. Notably, docking small molecules to 
the extra-helical site of PAC1R should be performed with 
caution, as ligand contacts to the lipid bilayer have to be in-
cluded during sampling and scoring. Furthermore, ensemble 
docking (use of multiple representative receptor models) 
[152] and various post-processing steps [153] have been 
suggested to improve the accuracy of GPCR docking. With a 
growing understanding of the SARs, molecular docking can 
be expected to aid future development of effective small 
molecules to modulate PAC1R. 

CONCLUSION AND FUTURE DIRECTIONS 

In this review, we summarize the current understanding 
of PAC1R structure and dynamics, PACAP/PAC1R signal-
ing mechanisms in physiological homeostasis and maladap-
tive states, and recent progress in peptide and small-
molecule development to target PAC1R. PAC1Rs are in-
volved in a variety of signaling cascades, including adenylyl 
cyclase, phospholipase C, MEK/ERK, and Akt pathways to 
maintain mature CNS and PNS function. These pathways 
may participate in neurogenesis, neuronal protection, migra-
tion, neuronal differentiation, and regeneration; the same 
mechanisms may be the underlying basis for their neuropro-
tection activities after CNS insults or neurodegeneration. 
Conversely, after chronic or repeated insults, the same 
PAC1R signaling pathways may result in maladaptive re-
sponses that can precipitate stress-related and chronic pain 
disorders. Thus, studies of the PACAP/PAC1R system and 
the signaling pathways prove new avenues and medical 
strategies to treat pathophysiological conditions.  

Given its diverse roles, PAC1R has emerged as a poten-
tial target for therapeutics. PAC1R agonism may enhance its 
trophic attributes to mitigate neurodegeneration disorders 
and maintain energy balance functions in the metabolic regu-
lation against obesity and diabetes. Conversely, PAC1R an-
tagonism bears potential in treating stress-related disorders, 
chronic pain/migraine, and other behavioral abnormalities. 
SAR studies for a number of PACAP/VIP analogs have 
identified some of the molecular determinants responsible 
for the recognition and activation of PAC1R as well as 
VPAC1/2R. A few important motifs have been determined, 
including a putative Asx-turn at the N-terminal segment 
(residues 1 to 5) and a key pharmacophore element Phe6 for 
PAC1R recognition and activation, Gly4 - Ile5 for apparent 
PACAP selectivity for PAC1R, and the C-terminal helix 
essential for PAC1R binding affinity. Among issues, peptide 
agonists are subject to problems in PAC1R/VPAC receptor 
selectivity, transport across the BBB, and rapid degradation. 
The development of small-molecule compounds provides a 
means to overcome some of these problems, but challenges 
still remain. To facilitate the future development of peptide 
and small-molecule reagents for PAC1R, better insights into 
the key pharmacophores involved in the specific activation 
of PAC1R signaling are still needed. In this light, PAC1R 
3D structures and dynamics from computational modeling 
can provide novel opportunities and insights to accelerate 
structure-based drug design for PAC1R and other class B 
GPCRs in the treatment of a number of disease conditions.  
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LIST OF ABBREVIATIONS 

aa = Amino Acid 

AC = Adenylyl Cyclase  

Akt = Protein Kinase B or PKB 

ARC = Arcuate Nucleus  

AgRP = Agouti-Related Peptide  

BNST = Bed nucleus of the Stria Terminalis  

BBB = Blood Brain Barrier  

cAMP = Cyclic Adenosine Monophosphate 

CeA = Central Amygdala  

CeLC = Capsular Division of the Amygdala 

CGRP = Calcitonin Gene-Related Peptide  

CREB = cAMP Response Element Binding Pro-
tein  

CRF1R = Corticotropin-Releasing Factor Receptor 
1 

cryo-EM = Cryo-Electron Microscopy  

CTR = Calcitonin Receptor 

DAG = Diacylglycerol 

ECD = Extracellular Domain 

ECL = GPCR Extracellular Loop (1, 2 or 3)  

EPAC = Exchange Factor Activated by cAMP 

ERE = Estrogen Responsive Element 

ERK = Extracellular Signal-Regulated Kinases  

Gαq = G Protein, Gq Alpha Subunit 

Gαs = G Protein, Gs Alpha Subunit 

Gβ/γ = G Proteins, beta/gamma subunits 

GPCR = G Protein-Coupled Receptor 

GCGR = Glucagon Receptor 

GIP = Gastric Inhibitory Peptide 

GLP-1R = Glucagon-Like Peptide 1 Receptor 

GRK G = Protein-Coupled Receptor Kinases  

ICL = GPCR Intercellular Loop (1, 2 or 3) 

ICV = Intracerebroventricular  

IP3 = Inositol Triphosphate 

MAPK = Mitogen-Activated Protein Kinase 

MC4R  
receptor = Melanocortin 4 Receptor 

MEK = Mitogen-Activated Protein Kinase 
Kinase 

αMSH = α-Melanocyte Stimulating Hormone 

MPP+ = 1-Methyl-4-Phenylpyridinium 

NPY = Neuropeptide Y  

 

NMR = Nuclear Magnetic Resonance 

PACAP = Pituitary Adenylate Cyclase-Activating 
Polypeptide  

PACAP38 = PACAP, 38 Residues 

PACAP27 = PACAP, 27 Residues 

PACAP(6-38) = PACAP Residues 6-38 

PAC1R = Pituitary Adenylate Cyclase Activating 
Polypeptide Type 1 Receptor  

PDBID = Protein Data Bank Identifier 

PI3K = Phosphatidylinositol-3-Kinase 

PIP2 = Phosphatidylinositiol 4,5-Bisphosphate 

PKA = Protein Kinase A 

PKC = Protein Kinase C 

PLC = Phospholipase C 

POMC = Pro-Opiomelanocortin 

PTHR = Parathyroid Hormone Receptor 

PTSD = Posttraumatic Stress Disorder 

PVN = Paraventricular Nucleus  

RAP1 = Ras-Related Protein 1 

SAR = Structure–Activity Relationship  

SON = Supraoptic Nucleus  

7TM = Heptahelical Transmembrane Domain 

TM = Transmembrane Domain, (same as 7TM)  

VIP = Vasoactive Intestinal Polypeptide 

VPAC1R  
or VIPR = Vasoactive Intestinal Polypeptide Recep-

tor 1 

VPAC2R  
or VIPR2 = Vasoactive Intestinal Polypeptide Recep-

tor 2 

VMN = Ventromedial Hypothalamic Nucleus  

3D = Three-Dimensional 
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