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Abstract

Pituitary adenylate cyclase-activating polypeptide (PACAP, Adcyapl) activation of PACI1 receptors (Adcyaplrl) significantly in-
creases excitability of guinea pig cardiac neurons. This modulation of excitability is mediated in part by plasma membrane G protein-
dependent activation of adenylyl cyclase and downstream signaling cascades, as well as by endosomal signaling mechanisms.
PACAP/PAC1 receptor-mediated activation of plasma membrane adenylyl cyclase (AC) and the resulting increase in cellular
cAMP enhances a hyperpolarization-induced nonselective cationic current 7, which contributes to the PACAP-induced increase in
cardiac neuron excitability. Further, PACAP-mediated AC/cAMP/PKA downstream signaling also appears to enhance cardiac neuron
It to facilitate the excitatory responses. PACAP activation of PACI receptors rapidly stimulates receptor internalization, and reducing
ambient temperature or treatments with the clathrin inhibitor Pitstop2 or the dynamin I/II inhibitor dynasore to block endocytic events
can suppress PACAP-enhanced neuronal excitability. Thus, endocytosis inhibitors essentially eliminate PACAP-enhanced excitability
suggesting that endosomal platforms represent a primary signaling mechanism. Endosomal signaling is associated canonically with
ERK activation and in accord, PACAP-enhanced cardiac neuron excitability is reduced by MEK inhibitor pretreatments. PACAP
activation of MEK/ERK signaling can enhance currents through voltage-dependent Nav1.7 channels. Hence, PACAP-induced PAC1
receptor internalization/endosomal signaling, recruitment of MEK/ERK signaling, and modulation of Nav1.7 are implicated as key
mechanisms contributing to the PACAP-enhanced neuronal excitability. PACAP/PACI receptor-mediated endosomal ERK signaling
in central circuits can play key roles in development of chronic pain and anxiety-related responses; thus, PAC1 endosomal signaling
likely participates in a variety of homeostatic responses within neuronal circuits in the CNS.

Keywords Cardiac neuron - PACAP - PAC1 receptor internalization/endosomal signaling - MAPK modulation of Nav1.7

Introduction

Pituitary adenylate cyclase-activating polypeptide (PACAP)
peptides (Adcyapl) are trophic and intercellular signaling mol-
ecules that are widely distributed within neural and endocrine
tissues (Arimura 1998; Vaudry et al. 2009). PACAP effects
play critical roles in central stress challenges, regulation of
sensory and autonomic function, cognitive learning, and pro-
tection from injury paradigms (Legradi et al. 2007; Tompkins
et al. 2007, Hammack et al. 2009; Vaudry et al. 2009; Hill et al.
2011; Ressler et al. 2011; Cho et al. 2012; Stroth et al. 2012;
Hammack and May 2014). PACAP is highly expressed in the
central nervous system (CNS) in the hypothalamus,
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hippocampus, and related allocortex, limbic system as well as
in the peripheral nervous system (PNS) within sensory and
autonomic pathways. The actions of PACAP are mediated
through several seven transmembrane G protein-coupled re-
ceptor (GPCR) subtypes including the PACAP-selective
PACI receptor (AdcyapIrl) and PACAP/VIP VPAC receptors
(Viprl and Vipr2; also VPAC1 and VPAC2, respectively)
(Harmar and Lutz 1994; Arimura 1998; Braas and May 1999;
Vaudry et al. 2009). There are multiple PAC1 receptor isoforms
from alternative splicing; most notably, the absence or presence
of Hip and/or Hop cassette inserts into the third cytoplasmic
loop has the potential of modulating intracellular signal gener-
ation. Accordingly, the PAC1 receptor variants may be null
(neither Hip nor Hop), Hip, Hop, or HipHop inserts. The
PACI1null and PAC1Hop receptor variants predominate in the
CNS and PNS. Cellular actions of the PACAP-selective PAC1
receptor are mediated commonly by membrane-delimited re-
cruitment of Gas and Gxg/11 leading to adenylyl cyclase (AC)
and for phospholipase C (PLC) activation, respectively
(Deutsch and Sun 1992; Spengler et al. 1993; Pisegna and
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Wank 1996; Braas and May 1999). However, additional intra-
cellular signaling cascades, such as mitogen-activated protein
kinase (MAPK) and Akt (also protein kinase B) (Pisegna and
Wank 1996; Barrie et al. 1997; Bouschet et al. 2003; May et al.
2010) can be recruited, especially following PACAP-induced
PACI receptor internalization and endosomal signaling (May
et al. 2010; May et al. 2014).

‘We have demonstrated that PACAP is present in parasym-
pathetic cholinergic preganglionic nerve terminals innervating
guinea pig cardiac ganglia neurons (Braas etal. 1998; Calupca
et al. 2000), and that neurally released or exogenous PACAP
application depolarizes and increases cardiac neuron excitabil-
ity via activation of the selective PACI1 receptor (Adcyaplrl)
(Braas et al. 1998; Tompkins et al. 2006, 2007; Hoover et al.
2009). The cardiac neurons express predominantly the
PACInull receptor variant, represent a readily accessible neu-
ronal system compared to CNS nuclei for experimental ma-
nipulation, and have well-characterized electrophysiological
properties (Edwards et al. 1995). Thus, cardiac ganglia neu-
rons provide an excellent neuronal system to elucidate
PACAP/PACI receptor-mediated recruitment of second mes-
sengers and modulation of ionic conductances that potentially
contribute to the regulation of neuronal excitability.

PACAP Increases Cardiac Neuron Excitability

The PACAP-induced increase in cardiac neuron excitability is
evident from the shift in firing pattern elicited by long
depolarizing current steps as shown in Fig. 1(Al, B1).
Quantification of the increased excitability is determined by
plotting the number of action potentials generated by 1-s
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Fig. 1 PACAP can enhance excitability, rectification, and a
hyperpolarization-induced rebound depolarization in guinea pig cardiac
neurons. Indicators (A1, B1) illustrate the 20-nM PACAP-induced shift
from phasic to multiple action potential generation. Prior to PACAP
application, a 1 s, 0.2 nA depolarizing constant current pulse elicited 1
action potential. During exposure to PACAP, the number of action
potentials generated by the same depolarizing current pulse increased
markedly. Indicators (A2, B2) show that PACAP also increased the

depolarizing current steps of increasing magnitude (Fig. 1C).
Shifts in the slope of the excitability curve indicate increases
or decreases in neuronal excitability. Both plasma membrane-
delimited (Gas and Gg/11) and endosomal signaling mech-
anisms can potentially contribute to the PACAP-enhanced ex-
citability of the guinea pig cardiac neurons. Results from a
number of studies indicate that recruitment of Gog/11 for
PLC activation following activation of the cardiac neuron
PACI1 receptor does not play any role in the PACAP-
induced increase in cardiac neuron excitability (Parsons et
al. 2008). In contrast, a PACAP/PACI receptor-mediated ac-
tivation of Gas/adenylyl cyclase and the subsequent increase
in intracellular cAMP stimulates a hyperpolarization-induced
nonselective cationic current /7y, as evidenced by an enhanced
rectification or “sag” in the voltage change produced by hy-
perpolarizing current steps. This enhancement of /;, could be a
component of the PACAP-induced increase in cardiac neuron
excitability (Fig. 1(A2, B2)) (Merriam et al. 2004; Tompkins
et al. 2009). Concurrently, PACAP activation of the nickel-
sensitive, low-voltage-activated calcium current /T may also
participate in the PACAP-induced increase in excitability
(Tompkins et al. 2015). This enhancement of /7 is evident as
an enhanced post-hyperpolarization-induced rebound depo-
larization, which is a signature characteristic of T-type calcium
channels. (Talavera and Nilius 2006; Iftinca and Zamponi
2008; Simms and Zamboni Simms and Zamponi 2014). In
the example shown, the post-hyperpolarization-induced depo-
larization in a control cell was sufficient to elicit one action
potential, whereas PACAP-treated neurons were capable of
generating multiple action potentials under the same recording
protocol (Fig. 1(Al, A2)). Protein kinase A (PKA) phosphor-
ylation of T-type channel o subunits has been shown to
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rectification in the hyperpolarization elicited by a 500-s constant current
pulse and likewise enhanced the hyperpolarization-induced rebound
depolarization. C Excitability curve showing the PACAP enhancement
of action potentials generated by 1-s depolarizing current steps of
increasing intensity. Open circles: number of action potentials generated
prior to PACAP; closed circles: number of action potentials elicited
during exposure to PACAP. Reprinted with permission from the
American Journal of Physiology Cell Physiology (Tompkins et al. 2016)
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enhance I (Talavera and Nilius 2006; Chemin et al. 2007,
Iftinca and Zamponi 2008; Simms and Zamboni Simms and
Zamponi 2014). Thus, PACAP/PACI receptor activation of
adenylyl cyclase/cAMP and downstream PKA-mediated
phosphorylation of T-type channels to enhance cardiac neuron
It could be contributory to PACAP regulation of cardiac neu-
ron excitability. Other PACAP-mediated ionic mechanisms
have been suggested to regulate neuronal function. In disso-
ciated cultured hippocampal neurons, for example, a PACAP-
induced decrease in the voltage-dependent potassium current
15, flowing through Kv4.2 subunits, has been proposed to
contribute to a PACAP-enhanced excitability (Gupte et al.
2016). Although cardiac neurons express Kv4.2 transcripts,
the 7, blocker 4-aminopyridine did not replicate PACAP ef-
fects on cardiac neurons (Tompkins et al. 2016). From these
observations, a decrease in membrane Kv4.2 subunit expres-
sion does not appear to impact PACAP function on cardiac
neuron excitability (Tompkins et al. 2016).

The ability for PACAP to stimulate cardiac neuron excit-
ability through enhancement of 7, and /It currents is further
substantiated by treatments with cesium to block /,, or with
nickel to block /1. Both treatments significantly, but only par-
tially, suppress the PACAP-induced increase in excitability.
These results in total suggested other PACAP/PACI receptor
signaling processes are important in the regulation of neuronal
function (Parsons et al. 2016), and as described below, envi-
ronmental conditions or drugs that suppress PACI1 receptor
endocytosis eliminated PACAP-enhanced neuronal excitabil-
ity to implicate endosomal mechanisms.

PACAP Induces PAC1 Receptor Internalization
in Cell Line Cultures

Human embryonic kidney cells that stably express a human
PACI1 receptor tethered to EGFP at the C-terminus (HEK
PACI1R-EGFP receptor cells) have been used to establish
conditions and pharmacological treatments that blunt
PACAP-induced internalization of the PAC1 receptor
(May et al. 2010; Merriam et al. 2013). The HEK
PACInull-EGFP and PAC1Hopl-EGFP receptor cells
yielded comparable results but the studies described used
predominantly cultures of the latter. Under control condi-
tions at 37 °C, the receptor remains primarily in the cell
membrane, whereas within a few minutes of exposure to
nanomolar concentrations of PACAP at 37 °C, there is ex-
tensive PAC1R-EGFP endocytosis into intracellular vesi-
cles, with a concomitant reduction in cell surface fluores-
cence. In contrast, culture PACAP exposures of similar du-
ration at 24 °C resulted in scant receptor translocation into
intracellular vesicles and no loss of membrane fluorescence,
indicating that receptor internalization is suppressed at room
temperature. Effects similar to reduced temperature were
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noted when the PACAP-stimulated HEK PACIR-EGFP
cells were pretreated with Pitstop2, a clathrin inhibitor
(vonKleistetal. 2011), or dynasore, a dynamin I/II inhibitor
(Maca et al. 2006), both of which are established blockers of
endocytosis. These observations were notable as internal-
ized receptors are now well appreciated not to represent
solely desensitization mechanisms, but as alternative signal-
ing platforms that would allow the dynamic targeting of
secondary messengers to intracellular sites with high tem-
poral and spatial resolution (Calebiro et al. 2009; Ferrandon
et al. 2009; Calebiro et al. 2010; Irannejad et al. 2013;
Vilardaga et al. 2014). Internalized endosomal GPCRs have
been best studied with respect to 3-arrestin and MAPK/
extracellular signal-regulated kinase (ERK) signaling, al-
though recent work also has suggested that endosomes can
also drive cAMP generation (Calebiro et al. 2009;
Ferrandon et al. 2009; Calebiro et al. 2010; Irannejad et al.
2013; Vilardaga et al. 2014). In agreement, our preliminary
studies have shown that the internalized PAC1R-EGFP ves-
icles are rapidly co-localized (in minutes) with (3-arrestin
immunoreactivity and the early endosomal marker Rab5.
Only at later time points (approximately 30 min) are the
receptor endosomes co-localized with late endosomal mark-
er Rab7a to suggest vesicular trafficking to lysosomal com-
partments for potential degradation (data not shown).

PACAP/PAC1 Receptor Internalization
Participates in Neuronal Excitability
Mechanisms

Having established that ambient temperature or treatments
with Pitstop2 or dynasore can suppress the PACAP-induced
PACI receptor internalization in the stably expressing cell
lines, similar conditions/treatments were used to determine
the role of PACI receptor endocytosis in supporting
PACAP-induced increase in cardiac neuron excitability.
Reducing the bath temperature from 33 to 22—24 °C essential-
ly eliminated the PACAP-enhanced excitability (Fig. 2)
(Merriam et al. 2013). When cardiac ganglia preparations
were maintained at near physiological temperatures (33—
35 °C), PACAP consistently increased cardiac neuron excit-
ability in ~90% of cells tested (Fig. 2(A1)). In contrast, when
cardiac ganglia preparations were maintained at room temper-
ature (21-25 °C), PACAP increases excitability in only 13%
of cells tested (Fig. 2(A2)); the averaged excitability curve in
PACAP for cells maintained at room temperature was not
different from the averaged excitability curve generated in
untreated control cells (Fig. 2C). Furthermore, cardiac neuron
exposure at room temperature to | mM barium to block the M-
current still dramatically enhanced action potential generation
by depolarizing steps, indicating the neurons remained excit-
able even at lower temperatures (Fig. 2(A3)).
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Fig. 2 PACAP-induced increase in excitability is temperature sensitive.
A Recordings from different cells showed that 20 nM PACAP increased
excitability when the bath solution was 33 °C (A1), but not when the bath
temperature was 22 °C (A2). The recording in (A3) demonstrated that the
addition of 1 mM BaCl, (Ba2+) increased excitability at 22 °C. In all three
recordings, the cells exhibited a phasic firing pattern prior to the addition
of PACAP (A1, A2) or barium (A3). The firing pattern shifted to multiple
firing in (A1, A3), but not in (A2). The amplitude of the 1-s depolarizing
current pulse was 0.3 nA in each experiment. B The percentage of cells
exhibiting multiple firing in 20 nM PACAP was significantly greater
when the temperature was 32-34 °C (n =13 cells) than when the bath
temperature was 21-25 °C (n =23 cells; Fisher’s exact test, P < 0.0001;
Also, at 32-34 °C: control (n=28) vs. PACAP (n=13), significantly

Pretreatment with Pitstop2 or dynasore also eliminated the
PACAP-induced increase in excitability (Fig. 3). In the pres-
ence of either Pitstop2 or dynasore, less than 10% of the car-
diac neurons exhibited a PACAP-induced increase in excit-
ability, whereas 90% of the cells treated with PACAP alone
significantly increased excitability (Fig. 2A, C) (Merriam et
al. 2013). Furthermore, in the Pitstop2- or dynasore-pretreated
cells, the excitability curve in PACAP was not different from
the excitability curve noted for control cells not exposed to
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different, P <0.0001; at 21-25 °C: control (n=10) vs PACAP (n=23),
not significantly different, P=0.5363). C Averaged excitability curves
generated in the cells maintained at either 33-34 °C or 21-25 °C prior
to and during exposure to 20 nM PACAP. The number of action potentials
generated at each current step was significantly greater (P <0.003,
indicated by asterisks) at the warmer temperature in the presence of
PACAP (n=13) when compared to untreated control at warm
temperature (n =28), and to PACAP at room temperature (n=23). The
number of action potentials generated at each current step was not
different between untreated control (n=10) and PACAP at room
temperature. Reprinted with permission from the Journal of
Neuroscience (Merriam et al. 2013)

°
o

PACAP (Fig. 2B, D) (Merriam et al. 2013). PACAP increased
cardiac neuron excitability in preparations pretreated with the
inactive Pitstop analogue, indicating a specific action of
Pitstop2 (May and Parsons 2016). The suppression of the
PACAP effect on excitability by Pitstop2 or dynasore was
not due to a nonspecific blunting of neuronal excitability as
treatment with either barium or bethanechol to block the
voltage-dependent M-current still markedly increased action
potential generation by depolarizing current steps (Merriam et
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Fig. 3 Pretreatment with Pitstop2 or dynasore suppresses the PACAP-
induced increase in excitability. A The percentage of cells exhibiting
multiple firing when exposed to PACAP alone (n=16) was
significantly greater than that exposed to PACAP after pretreatment
with 15 pM Pitstop2 (n=38; Fisher’s exact test, P<0.0001). B
Averaged excitability curves show that Pitstop2 greatly suppressed the
PACAP-induced increase in excitability. Asterisks indicate the number of
action potentials generated at each current step was significantly greater
in PACAP (n=16) than in PACAP and Pitstop2 (n = 8; unpaired ¢ test, P
<0.0001 for steps 0.2-0.5 nA). C The percentage of cells exhibiting

al. 2013). Interestingly, the addition of Pistop2 or dynasore to
the cardiac ganglia preparation, after the PACAP-induced in-
crease in excitability had fully developed, was able to progres-
sively reverse the effect (Merriam et al. 2013). The reversal of
the PACAP-induced increase in excitability by the endocyto-
sis inhibitors was not accompanied by any change in action
potential properties, effective membrane resistance, or rectifi-
cation in the current step-induced hyperpolarization (Merriam
etal. 2013). These results suggest that continued PACI recep-
tor endocytosis and endosomal signaling are necessary to sus-
tain PACAP-induced excitability.

PAC1 Receptor Endosomal ERK Signaling
Contributes to Heightened Excitability

In aggregate from the studies described above, the conditions
that suppress PACAP-induced PAC1 receptor internalization
clearly also blunt enhanced excitability. Subsequent studies
were initiated to identify what intracellular signaling cascade(s)
recruited through endosomal signaling can potentially
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multiple firing when exposed to PACAP alone (n=13) was
significantly greater than when exposed to PACAP after pretreatment
with 20 uM dynasore (n =13; Fisher’s exact test, P<0.0001). D
Averaged excitability curves show that dynasore greatly suppressed the
PACAP-induced increase in excitability. Asterisks indicate the number of
action potentials generated at each current step was significantly greater
in PACAP (n = 13) than in PACAP and dynasore (n = 13; unpaired  test,
P <0.0005). Reprinted with permission from the Journal of Neuroscience
(Merriam et al. 2013)

contribute to the PACAP modulation of excitability. The inhib-
itor and more recent endosomal marker co-localization studies
using the HEK PAC1R-EGFP cells indicated that PAC1
internalization/endosomal signaling contributes to the recruit-
ment of MAPK kinase (MEK)/ERK signaling (May et al.
2010; May et al. 2014; Missig et al. 2017). The MEK/ERK
signaling cascade has critical roles in synaptic plasticity and
regulation of neuronal excitability (Sweatt 2004). Prior studies
have shown that ERK activation can modulate activity of ex-
citable cells through phosphorylation of different voltage-
dependent ion channels (Toledo-Aral et al. 1995; Fitzgerald
and Dolphin 1997; Hu et al. 2003; Stamboulian et al. 2010).
Consequently, several studies were initiated to investigate
whether PACAP stimulates MEK/ERK signaling in guinea
pig cardiac neurons and whether this mechanism contributes
to the PACAP-induced modulation of neuronal excitability.
From immunostaining and confocal analysis of phosphorylated
ERK (pERK) immunoreactivity, PACAP was shown to signif-
icantly increase pERK levels in guinea pig cardiac neurons.
This effect of PACAP was mediated solely through PACI re-
ceptor activation and blunted by reducing temperature and
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treatment with Pitstop2 (Clason et al. 2016). Thus, a significant
component of the increase in pERK generation appears depen-
dent on PACI receptor internalization and endosomal signal-
ing. In subsequent experiments, pretreatment of cardiac ganglia
whole mounts with the MEK inhibitor PD98059, significantly
suppressed the PACAP-induced increase in neuronal excitabil-
ity (Tompkins et al. 2016). However, exposure to the MEK
inhibitor did not alter either the PACAP enhancement of /j,,
seen as rectification in hyperpolarizing voltage steps or the
hyperpolarization-induced rebound depolarization due to acti-
vation of /. However, guinea pig cardiac neurons express the
voltage-dependent sodium channel Nav1.7, an established tar-
get of MEK/ERK signaling. This suggested that PACAP/PAC1
receptor coordinated the neuronal responses in part via Nav1.7
sodium channels through endosomal MEK/ERK signaling, and
in support of this hypothesis, pretreatments with a selective
Navl1.7 blocker (McCormack et al. 2013) suppressed the
PACAP-induced increase in excitability (Tompkins et al.
2016). Thus, PACAP-induced PACI1 receptor internalization/
endosomal signaling recruitment of MEK/ERK signaling and
modulation of Nav1.7 appear to be key mechanisms contribut-
ing to the PACAP-enhanced neuronal excitability.

Most recent studies have focused on elucidating co-factors
supporting the PACAP-induced PAC1 receptor endocytosis.
Mechanisms mediating the internalization of many GPCRs
have been investigated extensively (Luttrell et al. 1999;
Jalink and Moolenaar 2010; Scita and Di Fiore 2010; Delom
and Fessart 2011; McMahon and Boucrot 2011; Magalhaes et
al. 2012; Di Fiore and von Zastrow 2016). Following GPCR
activation, G protein-coupled receptor kinases (GRKs) phos-
phorylate GPCRs to foster receptor dissociation from its G
protein partners and initiate recruitment of other effector and
accessory proteins, including (3-arrestins and Src family ki-
nases, which in turn recruit clathrin for receptor endocytosis
via clathrin-coated pits (Luttrell et al. 1999; Wang et al. 2006;
Reinecke and Caplain 2014). Src kinases also mediate phos-
phorylation of the GTPase dynamin II, a protein responsible
for the scission of clathrin-coated vesicles (Auciello et al. 2013;
Reinecke and Caplain 2014). Given that activation of Src fam-
ily kinases can play a number of critical roles supporting en-
docytosis of other GPCRs, some recent studies have investi-
gated whether recruitment of Src family kinases is also critical
to the PACAP-induced PACI internalization/endosomal sig-
naling. Using the HEK PACIR-EGFP cells, treatment with
Src family kinase inhibitors blunted PACAP-induced PACI
receptor endocytosis and pERK generation (Tompkins et al.
2018). Furthermore, Src family kinase inhibitors also de-
creased the PACAP-induced activation of cardiac neuron
MEK/ERK signaling and significantly decreased PACAP-
enhanced cardiac neuron excitability (Tompkins et al. 2018).
Together, these studies demonstrate recruitment of Src family
kinases supports the PACAP-induced PACI receptor internal-
ization, pERK generation, and increased neuronal excitability.

Conclusion

In addition to membrane-delimited G protein-dependent sig-
naling, GPCRs undergo a sequence of steps leading to recep-
tor internalization and endosomal signaling (Calebiro et al.
2009; Ferrandon et al. 2009; Calebiro et al. 2010; Irannejad
et al. 2013; Vilardaga et al. 2014). GPCR endocytosis had
initially been associated with receptor desensitization and
recycling pathways, but is now recognized to represent a
mechanism supporting sustained second messenger genera-
tion via signaling endosomes (Calebiro et al. 2009;
Ferrandon et al. 2009; Calebiro et al. 2010, Irannejad et al.
2013; Vilardaga et al. 2014). These internalization events not
only could regulate cell surface receptor density but also could
provide alternative signaling platforms that can diversify sig-
naling events to regulate neuronal function. Furthermore, cu-
mulative results from our studies provide support for the hy-
pothesis that PAC1 receptor internalization/endosomal signal-
ing is a critical mechanism supporting the PACAP modulation
of neuronal excitability.

The structural motifs important for PAC1 receptor in-
ternalization and endosomal signaling have not been
completely established. As the cytoplasmic loop and C-
terminal segments of the GPCRs have critical roles in G
protein/(-arrestin docking for signaling, the amino acid
sequences in these regions are likely to have roles in
PACI1 receptor internalization and downstream ERK acti-
vation. In accord, truncation of the distal C-terminus of
the PACI receptor attenuated internalization 50-60%
(Lyu et al. 2000). Interestingly, both the null and Hop
receptor variants undergo endocytosis in HEK cells, sug-
gesting that the different cassettes may not be determi-
nants of internalization initiation. However, the duration
of PAC1Hopl receptor-mediated ERK signaling is ex-
tended compared to that for PACInull receptors, suggest-
ing that the third cytoplasmic loop segment may regulate
how long the receptor is engaged with 3-arrestin for long-
term ERK activation (data not shown).

The present review has focused on PAC1 receptor internal-
ization endosomal signaling in the regulation of cardiac neu-
ron excitability. Parasympathetic PACI1 receptor signaling at
cardiac neurons can facilitate bradycardia, but how these
endosomal-mediated responses can be applied for cardiovas-
cular therapeutics is currently unclear. However, from the di-
versity of PACAP functions in many physiological systems,
PACI receptor endosomal signaling may offer alternative ap-
proaches to treat disorders. Other studies, for example, have
demonstrated that PACAP/PACI1 receptor-mediated
endosomal ERK signaling in central circuits plays key roles
in development of chronic pain and anxiety-related psychopa-
thologies. As both behavioral responses can be attenuated by
inhibitors of endocytosis processes (Missig et al. 2017), PACI
receptor endosomal mechanisms may represent novel means
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of intervention for maladaptive chronic pain and stress-related
responses for potential therapeutics. As PACAP participates in
many CNS circuits and physiological systems, the modulation
PACI receptor endosomal may have broad applications in
homeostatic maintenance.
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