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Abstract

The endogenous neuropeptide pituitary adenylate cyclase-activating polypeptide (PACAP) is
secreted by both neuronal and non-neuronal cells in the brain and spinal cord, in response to
pathological conditions such as stroke, seizures, chronic inflammatory and neuropathic pain.
PACAP has been shown to exert various neuromodulatory and neuroprotective effects. However,
direct influence of PACAP on the function of intrinsically excitable ion channels that are critical
to both hyperexcitation as well as cell death, remain largely unexplored. The major dendritic K*
channel Kv4.2 is a critical regulator of neuronal excitability, back-propagating action potentials in
the dendrites, and modulation of synaptic inputs. We identified, cloned and characterized the
downstream signaling originating from the activation of three PACAP receptor (PAC1) isoforms
that are expressed in rodent hippocampal neurons that also exhibit abundant expression of Kv4.2
protein. Activation of PAC1 by PACAP leads to phosphorylation of Kv4.2 and downregulation of
channel currents, which can be attenuated by inhibition of either PKA or ERK1/2 activity.
Mechanistically, this dynamic downregulation of Kv4.2 function is a consequence of reduction in
the density of surface channels, without any influence on the voltage-dependence of channel
activation. Interestingly, PKA-induced effects on Kv4.2 were mediated by ERK1/2
phosphorylation of the channel at two critical residues, but not by direct channel phosphorylation
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by PKA, suggesting a convergent phosphomodulatory signaling cascade. Altogether, our findings
suggest a novel GPCR-channel signaling crosstalk between PACAP/PAC1 and Kv4.2 channel in a
manner that could lead to neuronal hyperexcitability.
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1. Introduction

Pituitary adenylate cyclase-activating polypeptide (PACAP), first isolated as a hypothalamic
hormone (Miyata et al., 1989), is known to exert neurotrophic and neuromodulatory effects.
It exists in two biologically active forms: as a 38-amino acid peptide PACAP38 or its post-
translationally truncated N-terminal form, PACAP27 (Miyata et al., 1990). PACAP is
expressed in brain regions including the thalamus, hypothalamus, amygdala, cortex,
cerebellum and hippocampus, where PACAP38 is the more prevalent of the two forms
(Koves et al., 1991, Arimura et al., 1994, Arimura, 1998). In the brain, PACAP exerts its
biological effects by binding to its specific receptor PAC1 (gene name — Adcyaplrl) and
activating diverse intracellular signaling (Spengler et al., 1993, Blechman and Levkowitz,
2013). PACAP38-mediated PKA activation is reported to modulate synaptic plasticity by
phosphorylation of the NMDA-type ionotropic glutamate receptors (GluNs) that enhances
channel activity in sympathetic preganglionic, cortical and hippocampal neurons (Wu and
Dun, 1997, Yaka et al., 2003). Furthermore, PACAP38 has been shown to alter dendritic
spine morphology by inducing shrinkage of spine heads in hippocampal neurons (Gardoni et
al., 2012). Neuronal excitability in hippocampal CA1 neurons was found to be elevated
upon PACAP38 application (Di Mauro et al., 2003), although the underlying mechanism is
not understood. The mMRNA and protein levels of PACAP are reported to be elevated
following hyperexcitable insults such as cerebral ischemia and kainate-induced seizures in
rats (Nomura et al., 2000, Chen et al., 2006b, Stumm et al., 2007). Such insults lead to an
increase in the intrinsic excitability of neurons (Meier et al., 1992, Schiene et al., 1996, Fan
et al., 2008); however, the precise molecular mechanisms governing such alterations in
neuronal excitability are poorly understood.
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Voltage-gated K* (Kv) channels are critical regulators of the amplitude, frequency and
duration of action potentials (APs), and thereby control neuronal excitability (Birnbaum et
al., 2004, Johnston et al., 2010). Different Kv channels with specific biophysical properties
are localized in different sub-cellular compartments of mammalian brain neurons, in order to
perform these functions (Lai and Jan, 2006, Vacher et al., 2008). The Kv4.2 channel
constitutes the major dendritic Kv channel with characteristic rapidly activating and
inactivating A-type currents (1 ) in mammalian brain neurons (Hoffman et al., 1997). These
channels are critical in controlling the threshold and magnitude of neuronal membrane
excitability as they limit back-propagating APs in the dendrites (Hoffman et al., 1997,
Johnston et al., 2000, Yuan et al., 2002, Chen et al., 2006a). Accordingly, up-regulation of
Kv4.2-mediated | 5 provides a neuroprotective mechanism for ischemia-induced
excitotoxicity and neuronal damage (Deng et al., 2011), and downregulation of Kv4.2
currents lead to increased excitability of neurons in hyperexcitable and chronic pain
conditions (Hu et al., 2006, Barnwell et al., 2009). Kv4.2 expression and localization is
altered upon seizure induction in rats and elimination of Kv4.2 channels lowers the seizure
threshold in knockout (Kcnd27-) mice (Tsaur et al., 1992, Lugo et al., 2008, Barnwell et al.,
2009). In addition, Kv4.2 is enriched in dendritic spines where they function as integrators
of synaptic information by altering NMDA receptor activation and subunit composition
(Kim et al., 2007, Jung et al., 2008). Most of the modifications in Kv4.2 channel localization
and function have been attributable to phosphorylation of the channel protein by several
protein kinases (Hoffman and Johnston, 1998, Schrader et al., 2002, Schrader et al., 2006,
Hammond et al., 2008, Schrader et al., 2009, Lin et al., 2011).

Since hyperexcitable conditions such as ischemic stroke, seizures and chronic pain lead to
increases in local PACAP levels in the region of assault, as well as altered neuronal
excitability, we hypothesized that PACAP could presumably influence Kv4.2 channel
function. We found that multiple PACL1 isoforms are expressed in rodent brain neurons, and
their activation by PACAP leads to elevation of intracellular cAMP levels and downstream
activation of PKA and ERK1/2. Furthermore, distinct PKA, PKC, Ras and MEK1/2
signaling, as well as arrestin-2 signaling downstream of PAC1-Null or Hop1 or Hop2
isoform activation by PACAP converge on ERK1/2 activation. Subsequently,
phosphorylation of Kv4.2 by ERK1/2 resulted in a decrease in the number of channels on
the cell surface, leading to dynamic down-regulation of channel function. These results
suggest a direct signaling crosstalk between PACAP and the major dendritic Kv channel in
neurons, which could profoundly influence neuronal excitability.

2. Materials and Methods

2.1. Animals and ethics

All experiments involving the use of rats and mice were approved by the University of lowa
Institutional Animal Care and Use Committee, as well as by the Washington University
Institutional Animal Care and Use Committee, and in strict accordance with the Guide for
the Care and Use of Laboratory Animals described by the National Institutes of Health.
Every effort was made to minimize the number of rats and mice used and their suffering.

Neuropharmacology. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupte et al. Page 4

2.2. Materials

Recombinant PACAP27 and PACAP38 were purchased from Bachem; PKA inhibitor
KT5720 ((9R,10S,12S)-2,3,9,10,11,12-Hexahydro-10-hydroxy-9-methyl-1-0x0-9,12-
epoxy-1H-diindolo[1,2,3-fg:3’,2/,1’-kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic
acid, hexyl ester),PKC inhibitor BIM-1 (2-[1-(3-Dimethylaminopropyl)indol-3-yl]-3-
(indol-3-yl) maleimide), MEK1/2 inhibitor U0126 (1,4-Diamino-2,3-dicyano-1,4-bis[2-
aminophenylthio]butadiene), and PKA activator forskolin ([3R-(3a,4ap,5p,68,6aa,10a,10af,
10ba)]-5-(Acetyloxy)-3-ethenyldodecahydro-6,10,10b-trihydroxy-3,4a,7,7,10a-
pentamethyl-1H-naphtho[2,1-b]pyran-1-one) were purchased from R&D Systems — Tocris
Bioscience; Hank's Balanced Salt Solution (HBSS), B27, Dulbecco's Modified Eagles
Medium (DMEM), Trypsin-EDTA (0.05%), ProLong Gold, TRIzol, Alexa fluor-conjugated
secondary antibodies, GlutaMAX, penicillin/streptomycin, Lipofectamine2000, Neurobasal
media, and TOPO-TA cloning kit were purchased from Life Technologies. Site-directed
mutagenesis kit was purchased from Agilent Technologies. All other chemicals, antibodies
and reagents used in this study were purchased from Sigma, Bio-Rad, Roche Applied
Science, PerkinElmer, Merck-Millipore, Cell Signaling Technologies, BD Biosciences, LI-
COR Biosciences, VWR and Thermo-Fisher Scientific. All NeuroMab antibodies were
purchased from the University of California at Davis and National Institutes of Health
NeuroMab Facility through Antibodies Inc. 32P-labeled orthophosphate was obtained from
Perkin-Elmer.

2.3. Primary culture of rat hippocampal neurons

Hippocampi from Sprague-Dawley rat embryos (E18 stage) were isolated and cultured
according to the previously described protocols (Mohapatra et al., 2008, Shepherd et al.,
2012). Cells were cultured with NeuroBasal medium containing B27 supplement, on poly-L-
lysine coated petri dishes at a density of 100,000 cells per 35 mm dish for biochemical and
CAMP ELISA experiments, and on poly-L-lysine coated 12 mm? round glass coverslips at a
density of 60,000 cells per 35 mm dish carrying 5 coverslips for electrophysiological and
immunocytochemical experiments. For on-cell fluorescence immunocytochemical
experiments neurons were plated at a density of 100,000 cells per well in 24-well plates that
were coated with poly-L-lysine. Neurons were cultured at 37°C containing 5% CO», with
replacement of half of the media on a weekly basis. Immunocytochemical, biochemical and
CAMP ELISA experiments were performed on neurons cultured for 14-16 days in vitro
(DIV), and electrophysiological experiments were performed on neurons at 9-12 DIV.

2.4. Immunostaining of rodent brain sections and cultured rat hippocampal neurons

Whole brain sections (40 um-thick, sagittal) from adult rats and mice were prepared as
previously described (Shepherd et al., 2012). Fixed brain sections were blocked and
permeabilized using 10% goat serum and 0.3% Triton X-100 in 0.1 M phosphate buffer
(PB). Sections were then incubated with anti-Kv4.2 mouse monoclonal (1:500; clone K57/1;
NeuroMab) and anti-PACL1 rabbit polyclonal (1:500; Thermo Fisher Scientific) antibodies at
4°C overnight. These antibodies have previously been characterized and validated for their
specificity (Schulz et al., 2004, Menegola and Trimmer, 2006). After washing, sections were
incubated with AlexaFluor 488-conjugated goat anti-mouse 1gG and AlexaFluor 555-
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conjugated goat anti-rabbit 1gG secondary antibodies (1:1000, Life Technologies), along
with the nuclear dye DAPI (1:5000) for 3 h at 4°C with gentle agitation. Sections were then
mounted onto glass slides under coverslips using ProLong Gold anti-fade mounting media
(Life Technologies) and imaged using the LAS-X laser-scanning confocal imaging system
(Leica) mounted on a TCS SPE DMI 4000B microscope equipped with 10x [numerical
aperture (NA) 0.3] and 63x (NA 1.3) Apochromat objectives (Leica). Separate sets of brain
sections were stained with the same combination of AlexaFluor conjugated secondary
antibodies and DAPI, without any prior incubation with anti-Kv4.2 and anti-PAC1
antibodies, to determine the background immunofluorescence levels of brain sections.
Multiple sections from multiple mouse/rat brains were immunostained and analyzed for
Kv4.2 and PAC1 expression.

Immunostaining of cultured rat hippocampal neurons (CHNs; 14-16 DIV) grown on glass
coverslips were performed as described previously (Mohapatra and Trimmer, 2006,
Shepherd et al., 2012). Neurons were stained with anti-Kv4.2 mouse monoclonal (1:1000;
clone K57/1; subtype-1gG1; NeuroMab), anti-PACL1 rabbit polyclonal (1:500; Thermo
Fisher Scientific), and anti-glial fibrillary acidic protein (GFAP) mouse monoclonal (1:1000;
clone 1B4; subtype-1gG2b; BD Biosciences) antibodies for 1 h at room temperature with
gentle agitation. Secondary antibodies used for these staining were, AlexaFluor 555-
conjugated goat anti-mouse 1gG1, AlexaFluor 633-conjugated goat anti-mouse 1gG2b, and
AlexaFluor 488-conjugated goat anti-rabbit 1gG secondary antibodies (1:2000, Life
Technologies), along with the nuclear dye DAPI (1:5000) for 1 h at room temperature. After
final washing, coverslips were mounted onto glass slides using ProLong Gold anti-fade
mounting media (Life Technologies). Images were taken using an MRc-5 digital camera
connected to a Zeiss Axiolmager epifluorescence microscope, using the AxioVision
software (Carl Zeiss), with a 63x Plan-Apochromat objective (NA 1.4; Carl Zeiss). Images
were then transferred as.TIFF files to prepare overlapping images for each antibody staining
in Photoshop software (Adobe Systems).

2.5. Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated from hippocampus, cortex and cerebellum of adult mice and rats, as
well as from cultured rat hippocampal neurons (CHNSs) using TRIzol reagent (Life
Technologies). Obtained RNA was reverse transcribed into cDNA using SuperScript 111 RT-
PCR kit (Life Technologies) as per manufacturer's instructions. Primer set [5/-
ATGAATGACAGCACAGCTC-3 (forward) and 5-TCAGGTGGCCAAGTTGTCG-3’
(reverse)] spanning the PAC1 variable region in the third intracellular loop, based on known
mouse and rat PAC1 sequences (NCBI reference sequences: NM_007407.4 and
NM_133511.2, respectively), was used. Identification of various PAC1 isoforms expressed
in mouse and rat brain regions was done based on differences in the isoform-specific
molecular weights. PCR products of PAC1-Null, PAC1-Hopl and PAC1-Hop2 isoforms
were confirmed by sequencing. Subsequently, the primer set 5’-
ATGGCCAGAACCCTGC-3” (forward) and 5-TCAGGTGGCCAAGTTGTCG-¥
(reverse), based on known mouse PAC1 sequence (NCBI reference sequences:
NM_007407.4) was utilized for the amplification of full-length PACL1 receptor isoforms
from mouse hippocampus cDNA. Individual full-length PAC1 isoforms were cloned in
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TOPO-TA cloning vector, and subsequently sub-cloned in pYFP-N1 plasmid (Clontech) for
expressing mPAC1-YFP protein.

2.6. On-cell fluorescence immunocytochemical assay on cultured hippocampal neurons

CHNs were subjected to on-cell Western assay for quantitatively determining the changes in
the surface expression of neuronal Kv4.2 channels, as described previously (Lin et al.,
2011). After specific drug treatments for different durations, neurons on 24-well plates were
fixed with 4% PFA, blocked with Odyssey IR dye blocking buffer (LI-COR Biosciences),
and then incubated with anti-Kv4.2 mouse monoclonal antibody (1:200; clone K57/1;
NeuroMab) overnight at 4°C. After washing 3 times with the blocking solution cells were
incubated with anti-mouse 1gG conjugated with IR Dye-800 (1:5000; LI-COR Biosciences)
for 1 h at room temperature. Cells were then washed and permeabilized with 0.2% Triton
X-100 in PBS for 10 min at room temperature, followed by addition of anti-MAP2 rabbit
polyclonal antibody (1:1000; Sigma) in blocking buffer and further incubation for 1 h at
room temperature. After washing, cells were incubated with anti-rabbit IgG conjugated with
IR Dye-680 (1:5000; LI-COR Biosciences) for 1 h at room temperature. After final washing
with PBS for 3 times, the relative infrared signal intensities at 700 and 800 nm were
captured for each well using an Odyssey infrared imaging system (LI-COR Biosciences),
and quantified using NIH ImageJ software. Surface Kv4.2 signal intensities were normalized
to the respective MAP2 signal intensities for each well, and the relative levels of cell surface
Kv4.2 under all drug treatment conditions were compared to untreated control conditions.

2.7. Site-directed mutagenesis, and culture and transfection of HEK293T cells

Recombinant rat Kv4.2 in pPRBG4 vector (generously provided by Dr. James Trimmer) was
used as a template to generate mutants using the QuickChange site-directed mutagenesis kit
(Agilent Technologies) as per manufacturer's instructions. Alanine-substitution mutations
were generated at PKA phosphorylation site (Kv4.2-S552A) and at ERK1/2 phosphorylation
sites (Kv4.2-T602A, Kv4.2-T607A, Kv4.2-S616A, and Kv4.2-T602/607A/S616A triple
mutant), as per previous identification and characterization (Adams et al., 2000, Anderson et
al., 2000, Schrader et al., 2006, Hammond et al., 2008, Schrader et al., 2009, Seikel and
Trimmer, 2009). Human embryonic kidney cells stably expressing T-antigen (HEK293T;
ATCC) were cultured in DMEM containing GlutaMax, 10% fetal bovine serum (FBS,
HyClone) and penicillin/streptomycin, in a humidified incubator at 37°C with 5% CO,.
Cells were transiently co-transfected with plasmids containing wild-type (WT) or mutant
Kv4.2 cDNAs, KChIP2 cDNA (generously provided by Dr. James Trimmer) and mPAC1-
Null-YFP-N1 or mPAC1-Hopl-YFP-N1 or mPAC1-Hop2-YFP-N1 cDNAs (cloned from
mouse hippocampus) in HEK293T cells using Lipofectamine2000 reagent, according to
manufacturer's protocol. To determine the effect of Ras activation on PAC1-induced
ERKZ1/2 phosphorylation, HEK293T cells were co-transfected with pcDNAS3 plasmid
containing the dominant negative form of Ras (N17-Ras or DN-Ras), along with plasmids
containing each of the above-mentioned mPACL1 isoforms. In order to verify the role of
arrestin signaling in PAC1-mediated ERK1/2 activation, HEK293T cells stably expressing
Arrestin-2 (also referred in the literature as f-arrestin-1) siRNA or Arrestin-3 (also referred
in the literature as B-arrestin-2) siRNA were used. Generation and characterization of these
stable cell lines are described previously (Zhang et al., 2012). Efficacy of specific siRNA-
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mediated knockdown of Arrestin-2 and Arrestin-3 in these stable cells lines was verified
using previously designed specific primer sets and quantitative RT-PCR protocols (Zhang et
al., 2012). These stable cells were transiently transfected with plasmids containing either
mMPAC1L-Null-YFP-N1 or mPAC1-Hopl-YFP-N1 or mPAC1-Hop2-YFP-N1 cDNAs. All
biochemical and electrophysiological experiments were performed 42-48 h post-
transfection.

2.8. Assay for intracellular cAMP production

Intracellular cAMP production in CHNSs and transfected HEK293T cells was quantified
using a cAMP ELISA kit (Cell Signaling). Following treatment (20 min at 37°C) with
forskolin (10 uM), PACAP27 or PACAP38 (10 or 100 nM each) or untreated/control cells
were lysed and cAMP concentrations were determined according to the manufacturer's
protocol. Total protein concentrations were obtained using BCA assay (Pierce). Intracellular
CAMP levels were expressed as femtomoles of CAMP per g of total protein. Experiments
were repeated in 4 or more cultures of hippocampal neurons and HEK293T cells.

2.9. Immunoblotting

Lysates were prepared from CHNs and transfected HEK293T cells (with or without drug
treatments) and size-fractionated on 10% SDS-PAGE gels as described previously
(Mohapatra and Trimmer, 2006, Shepherd et al., 2012). Separated proteins were then
transferred to a nitrocellulose membrane and blocked using 4% non-fat milk powder in Tris-
buffered saline (TBS) or 5% BSA for phosphorylated proteins. Membranes were probed
using anti-mouse phosphorylated ERK1/2 at T202/Y204 (p-ERK1/2, 1:1000; Cell
Signaling) and anti-rabbit total ERK1/2 (t-ERK1/2, 1:1000; Cell Signaling) primary
antibodies, and subsequently incubated with horseradish peroxidase (HRP)-conjugated anti-
mouse or anti-rabbit 1gG secondary antibodies (1:10,000; Antibodies Inc.). After washing
three times with TBS, immunoreactive bands were developed with enhanced
chemiluminescence reagent (PerkinElmer), onto X-ray films (Kodak Biomax). Experiments
were repeated in 3 or more batches of CHNs and transfected HEK293T cells.

2.10. Metabolic 32P-labeling

Metabolic labeling with 32P was performed as previously described (Merrill et al., 2013).
DIV 12-13 CHNs on culture dishes were washed and incubated in medium containing
phosphate-free RPMI (MP Biomedical), 1% dialyzed FBS and 0.5 mCi-mL1 32P-|abeled
orthophosphate (PerkinElmer) for 4 h at 37°C. During the last 20 m in of this incubation,
neurons were treated with vehicle, 100 nM PACAP38 or 10 uM forskolin. Cells were then
washed, lysed and immunoprecipitated with either anti-Kv4.2 antibody (5 pg per reaction;
clone K57/1; NeuroMab) or anti-protein phosphatase 2A (PP2A) antibody (5 g per
reaction; Millipore) in the presence of phosphatase inhibitors. Lysates were analyzed by
phosphorimaging and immunoblotting for total Kv4.2 (1:1000; clone K57/1; NeuroMab),
and the signal intensities quantified using the NIH Image J software. Experiments were
repeated in CHNs from 4 different culture batches.
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2.11. Electrophysiology and data analyses

Outward K™ currents were recorded from CHNs and transfected HEK293T cells using the
whole-cell voltage-clamp mode of the patch-clamp technique at room temperature, as
described previously(Mohapatra et al., 2009, Shepherd et al., 2012). Patch pipettes were
pulled from borosilicate glass tubings (TW150F-4; World Precision Instruments) using a
PC-10 puller (Narishige). Pipettes were fire polished using a microforge (World Precision
Instruments) to obtain a pipette resistance of 2-5 MQ when filled with internal solution
containing (in mM): 140 KCI, 5 NaCl, 1 CaCl,, 1 MgCl,, 10 HEPES, 10 EGTA, and 0.4
Na-ATP, pH 7.3. The extracellular buffer contained (in mM): 140 NaCl, 5 KClI, 2 CaCl», 1
MgCls,, 10 HEPES, and 10 glucose, pH 7.4. For CHN recordings, 0.5 uM tetrodotoxin was
added to the external solution to block fast-activating Na* currents, and 10 uM MK801 was
added to block NMDAR-mediated currents. We observed NMDAR-like EPSCs in cultured
rat hippocampal neurons while recording neuronal A-type K* (1) currents during our
preliminary experiments, presumably due to significant spontaneous glutamate release and
neuronal activity in 9-12 DIV cultures. Since the isolation of 15 currents were done digitally
from total neuronal outward K* currents (Ix), these NMDAR-mediated currents interfered
with accurate isolation of | 5 currents, due to which MK801 was applied in the extracellular
buffers in all experiments on cultured hippocampal neurons. Cells were treated with 100 nM
PACAP38 in external solution for 20 mins at 37°C or pre/co-treated for 10 min with 1 pM
KT5720 or 1 uM U0126 before addition of PACAP38 for 15 min. Currents were recorded
using a Digidata 1440A data acquisition system (Molecular Devices) and Axopatch 200B
amplifier, with a sampling rate of 5 kHz and filtering at 1 kHz using a digital Bessel filter.
Currents were compensated from whole-cell capacitance and series resistance (60-70%), and
leak-subtractions were performed off-line. pPCLAMP 10 software (Molecular Devices) was
used for data acquisition and Clampfit 10 (Molecular devices), Origin 7 (Microcal
Software), Excel (Microsoft) and Prism6é (GraphPad Software) were used for data analysis
and preparing traces/figures.

For isolation of neuronal 1 5 currents, total Ik currents were first obtained with step-
depolarization from -100 mV to +80 mV for 500 ms in +10 mV increments, from a holding
potential of -100 mV. Subsequently, delayed rectifier K* (Ipg) currents were obtained by
applying a -30 mV pre-pulse for 500 ms before step-depolarization from -100 mV to +80
mV for 500 ms in +10 mV increments, in order to inactivate | 5. Isolation of | 5 was then
done by digitally subtracting Ipg from I, as described previously (Norris and Nerbonne,
2010). For voltage-dependent activation of Kv4.2 currents in HEK293T cells, cells were
held at -100 mV followed by step-depolarization from -100 to +80 mV for 500 ms with +10
mV increments. Current densities were calculated by dividing peak 15 (CHNSs) or Kv4.2 (in
HEK?293T cells) currents at each voltage step with the original cell capacitance.
Conductance (G) was determined using the formula G = 1/(V-Ex) where | is the peak
current, V is the membrane potential and E is the reversal potential of K* (-85 mV).
Conductance-voltage curves were obtained by fitting normalized conductance (G/Guax)
with the Boltzmann equation, and half-maximal conductances (Gy;2) were determined.
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2.12. Statistical analysis

One-way ANOVA with multiple comparison post-hoc tests, and unpaired Student's t-test
(Microsoft Excel and GraphPad Prism6) were used for testing the significance of data
obtained in control vs various drug treatment groups. p<0.05 was considered statistically
significant.

3. Results

3.1. PAC1 isoform expression in rodent brain and activation of downstream signaling

Expression of the PACAP receptor, PACL, in rodent brain has previously been reported
utilizing in-situ hybridization and immunohistochemical staining (Spengler et al., 1993, Joo
et al., 2004). The PAC1 mRNA in vertebrates has been shown to undergo extensive
alternative splicing that can affect ligand binding, G-protein coupled signaling and receptor
heteromerization (Spengler et al., 1993, Chatterjee et al., 1996, Pantaloni et al., 1996,
Ushiyama et al., 2007). We chose to perform an unbiased analysis of the expression of
PAC1 in rat and mouse brain. Our RT-PCR analysis with specific primers targeting the
variable region of PAC1 identified splice variants corresponding to two different molecular
weights (Fig. 1A). These two bands were observed in the cortex, hippocampus and
cerebellum of both rat and mouse, as well as in cultured rat hippocampal neurons (CHNS).
Upon sequencing of these PCR products/bands we confirmed that the lower band was
PAC-1-Null and the upper band contained both PAC1-Hopl and PAC1-Hop2 isoforms.
PAC1 has been previously described to be expressed in CA1, CA3 and dentate gyrus of the
hippocampal formation (Joo et al., 2004). Consistent with this report, we observed diffuse
immunoreactivity of PAC1 in these areas of both mouse (Fig. 1B) and rat brain
(Supplementary Fig. 1), with relatively greater staining intensity in the outer molecular layer
of the dentate gyrus, stratum oriens and stratum radiatum regions. These regions in the
hippocampal formation are enriched with distal dendrites and dendritic spines, where Kv4.2,
a major neuronal dendritic ion channel, is highly expressed (Hoffman et al., 1997, Johnston
et al., 2000, Rhodes et al., 2004), as seen with Kv4.2 immunolabeling (Fig. 1B). The PAC1
and Kv4.2 immunostaining overlaps to a large extent, indicating that they are presumably
co-expressed within the same population of neurons and might therefore be amenable to
signaling crosstalk. In order to further confirm this assertion we performed
immunocytochemical staining of cultured rat hippocampal neurons with Kv4.2 and PAC1
antibodies, and found that both these proteins are expressed in the somata and dendrites of
these neurons (Supplementary Fig. 2). In addition to neurons PAC1 is also expressed in
astrocytes/glial cells, as verified by co-labeling with the astro-glial marker GFAP
(Supplementary Fig. 2). Although our RT-PCR results show relatively low levels of all
PACL1 isoforms in mouse cortex, no visible differences were observed in PAC1
immunostaining patterns and intensities in both rat and mouse cortex (data not shown).

We next verified if PAC1 expressed in hippocampal neurons are functional. Stimulation of
PAC1 by its ligand PACAP has been shown to activate Gas-coupled signaling for the
downstream activation of adenylate cyclase (AC), resulting in production of cCAMP
(Spengler et al., 1993, Lu et al., 1998). We therefore used an ELISA-based approach to
quantify cAMP levels in CHNs after treatment with PACAP38 (10 and 100 nM, 20 min) or

Neuropharmacology. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupte et al.

Page 10

its N-terminal truncated version PACAP27 (10 and 100 nM, 20 min). Both PACAP27 and
PACAP38 led to a significant increase in CAMP levels (181.52 + 16.6 and 189.44 + 4.7
fmol/pg protein for 10 nM PACAP27 and 10 nM PACAP38, respectively), as compared to
control/untreated conditions (0.39 + 0.12 fmol/ug protein; Fig. 2A). No significant dose-
dependence of PACAP-induced increases in intracellular cAMP levels was observed in
CHNSs (Fig. 2A). Surprisingly, elevation in cAMP was higher upon PACAP treatment than
with forskolin (10 pM, 20 min), a direct activator of AC (103.12 + 17.25 fmol/ug; Fig. 2A).
Another hallmark of PACAP/PACL signaling that has been widely reported in multiple cell
types (Villalba et al., 1997, Blechman and Levkowitz, 2013, May et al., 2014) is the
activation of ERK1/2, as determined by elevated levels of phospho-ERK1/2. We therefore
performed immunoblot analysis to determine the effect of PACAP on ERK1/2
phosphorylation in CHNSs. Increasing concentrations of both PACAP27 and PACAP38
dramatically enhanced ERK1/2 phosphorylation levels (Fig. 2B). Specifically, the majority
of the phosphorylation occurred in the ERK2 isoform (p42 band) upon PACAP exposure.
Similar to cAMP production, we did not observe a clear dose-dependence of the PACAP-
induced increase in ERK1/2 phosphorylation levels in CHNs, although PACAP38 showed
some trend (Fig. 2B-C). These results suggest that the PACL1 is functionally expressed in
hippocampal neurons, and that its activation by PACAP leads to increased intracellular
cAMP production (precursor for PKA activation) and activation of ERK1/2.

3.2. PACAP exposure leads to enhanced Kv4.2 phosphorylation and reduction in cell
surface levels of the channel in hippocampal neurons

Given that PACAP treatment activates PKA and ERK1/2 in hippocampal neurons, we next
sought to determine if Kv4.2 could serve as a downstream substrate for protein
phosphorylation. Numerous reports have previously shown that Kv4.2 can undergo
phosphorylation by PKA, PKC, ERK1/2 and other MAP kinases (Schrader et al., 2002,
Yuan et al., 2002, Schrader et al., 2006, Hammond et al., 2008, Schrader et al., 2009, Seikel
and Trimmer, 2009). In order to assess the global phosphorylation state of Kv4.2, we
performed metabolic labeling of CHNs with 32P, followed by PACAP application, and
subsequently immunoprecipitated the Kv4.2 protein. Separate sets of 32P labeled CHNs
were used for immunoprecipitation of protein phosphatase 2A (PP2A) to serve as negative
controls. From these samples the extent of Kv4.2 phosphorylation, relative to total channel
protein levels were determined by phosphor-imaging and immunoblotting, respectively.
Both forskolin- and PACAP38 treated-lysates showed more intense 32P signals as compared
to controls (bottom row blot, Fig. 3A). Upon normalization to total immunoprecipitated
Kv4.2 protein (top row blot, Fig. 3A), PACAP38 treatment showed a significant increase
(1.67 £ 0.07 fold) in Kv4.2 phosphorylation levels compared to untreated or control
conditions, while forskolin produced a 1.25 + 0.12 fold increase (not significantly different
from control (Fig. 3B). These results indicate that PACAP promotes phosphorylation of the
Kv4.2 channel protein in CHNSs.

Phosphorylation of Kv4.2 by PKA has been shown to induce rapid internalization of the
channel protein from the cell surface (Hoffman and Johnston, 1998, Kim et al., 2007, Lin et
al., 2011). However, EKR1/2 phosphorylation of Kv4.2 has been suggested to have no
influence on cell surface density of the channel protein, primarily based on comparison of
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constitutive levels of cell surface protein in WT and mutations at ERK1/2 phosphorylation
sites (Schrader et al., 2006, Schrader et al., 2009), although direct evidence in support of this
is lacking. We next verified whether PACAP/PACL activation, which could activate
ERK1/2 and PKA in CHNs (Fig. 2A-C), interfered with the extent of cell surface Kv4.2
channel protein levels. Using a quantitative on-cell fluorescence immunocytochemical
antibody-based infrared intensity assay (Lin et al., 2011), we determined that exposure of
CHNSs to PACAP27 and PACAP38 (100 nM, 20 min) led to a significant reduction in cell
surface Kv4.2 protein levels in neurons (70.35 + 6% and 80.54 + 2.24% of untreated control
levels for PACAP27 and PACAP38 treatment conditions, respectively; Fig. 3C-D).
Interestingly, no significant reduction in cell surface Kv4.2 protein levels was observed
when cells were pre/co-treated with PACAP38 and pharmacological inhibitors of either
PKA (1 uM KT5720) or MEK1/2 (1 uM U0126). Exposure of neurons to forskolin (10 uM,
20 min), the activator of cCAMP/PKA, also led to a similar reduction in cell surface Kv4.2
protein levels (64.28 + 9.16% compared to untreated control conditions), which was again
absent when cells were pre/co-treated with pharmacological inhibitors of either PKA (1 uM
KT5720) or ERK1/2 (by inhibition of MEK1/2; 1 uM U0126; Fig. 3C-D). These results
indicate that PACAP/PACL1 signaling in hippocampal neurons could lead to dynamic
phosphorylation of Kv4.2 protein, and PKA/ERK-dependent internalization of the channel
protein from the cell surface.

3.3. PACAP acutely reduces hippocampal A-type currents (Ia)

Having established that PACAP can influence the phosphorylation state of Kv4.2, we next
determined its effect on channel activation. Currents through Kv4.2 constitute the majority
of neuronal | o currents (Hoffman et al., 1997, Johnston et al., 2000, Chen et al., 2006a). A
number of studies have shown that exposure to forskolin or 8-Br-cAMP leads to altered
localization of Kv4.2 and reduction in | 5 currents in hippocampal neurons, mainly by PKA-
phosphorylation of the channel protein (Hoffman and Johnston, 1998, Hammond et al.,
2008, Lin et al., 2011), and to some extent by ERK1/2-phosphorylation of the channel
protein (Schrader et al., 2009). We used two-step voltage protocols in order to isolate | o
from hippocampal neurons (Norris and Nerbonne, 2010). PACAP38 application led to a
significant reduction in | 5 current density at more depolarizing potentials as compared to
control neurons (Fig. 4A-B). The current density at +80 mV upon treatment with 100 nM
PACAP38 for 20 min was 38.1 + 7.6 pA/pF as compared to 74.1 + 9.3 pA/pF under control
conditions. Analysis of relative current densities at physiologically relevant voltages showed
a significant reduction in | 5 densities upon PACAP38 treatment at all voltages from -30 mV
to +40 mV (Fig. 4C). Since PACAP38-induced internalization of cell surface Kv4.2 protein
was sensitive to PKA/ERK1/2 activity, we next performed whole-cell 1 5 recordings from
PACAP38-treated CHNs that were pre/co-treated with pharmacological inhibitors of either
PKA (1 uM KT5720; Fig. 4, D) or ERK1/2 (1 uM UQ126; Fig. 4E). Both these inhibitors
completely attenuated the PACAP38-induced decrease in | 5 densities (Fig. 4D-E),
indicating the involvement of PKA and ERK1/2 signaling in dynamic modulation of | in
hippocampal neurons.
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3.4. Cloned PAC1 isoforms from mouse hippocampus exhibit similar functional signaling
characteristics under heterologous expression

Kv4.2 is the major, but not the only channel responsible for the generation of I 5 in
hippocampal neurons. Dendritic Kv4.3 channels and axonal Kv3.3, Kv3.4 and Kv1.4
channels also contribute to | o currents in these neurons (Rudy and McBain, 2001, Vacher et
al., 2008, Carrasquillo et al., 2012, Carrasquillo and Nerbonne, 2014). In order to understand
the specific modulation of Kv4.2 by PACAP-mediated channel phosphorylation,
heterologous expression of Kv4.2 channel and PAC1 receptor in mammalian cells is
preferred. First, utilizing specific primer sets we cloned the full-length cDNAs of PAC1
isoforms from mouse hippocampus. Upon sequencing, three isoforms were identified,
PAC1-Null, PAC1-Hopl and PAC1-Hop2 (Supplementary Fig. 3, and Fig. 5A), which were
consistent with our prior observations (Fig. 1A). These individual isoforms were then sub-
cloned into peYFP-N1 expression vectors for further characterization. The nucleotide
sequence of the PAC1-Null isoform was identical to the previously cloned PAC1-Null from
mouse brain (NCBI reference sequence: NM_001025372.2; (Hashimoto et al., 1996). The
PAC1-Hopl isoform cloned from mouse hippocampus shows an insertion of 84 nucleotides,
corresponding to 28 amino acid residues, in the 3™ intracellular loop (between the 51 and
6t transmembrane domains of the protein, Supplementary Fig. 3, and Fig. 5A), consistent
with the mouse PAC1-Hop1 sequence from GeneBank (NCBI reference sequence:
NM_007407.4). However, our cloned PAC1-Hopl from mouse hippocampus showed four
nucleotide substitutions, out of which two were silent, leading to no change in the amino
acid translation. The other two substitutions, at nt413 and nt679, result in changes in amino
acids Asp to Gly at residue 138 and Lys to Arg at residue 227 of PACL, respectively
(Supplementary Fig. 3). The cloned PAC1-Hop2 isoform from mouse hippocampus was
identical to the PAC1-Null isoform, except for the insertion of 81 nucleotides,
corresponding to 27 amino acid residues, in the same 39 intracellular loop region
(Supplementary Fig. 3, and Fig. 5A).

We next confirmed that the PACAP/PAC1-mediated signaling cascades activated in neurons
were also recapitulated upon heterologous expression in HEK293T cells. For this purpose,
we co-transfected Kv4.2 and its accessory subunit KChIP2 with either of the three PAC1
isoforms that we had cloned from mouse hippocampus. cAMP levels were measured
following 20 min application of PACAP27 (100 nM), PACAP38 (100 nM) or forskolin (10
M) in HEK293T cells expressing Kv4.2 + KCHIP2 and YFP-tagged PAC1-Null or PAC1-
Hopl or PAC1-Hop2 (Fig. 5B). PACAP27 and PACAP38 elevated cAMP levels to a similar
extent, as did forskolin, the direct activator of AC, in cells transfected with all three cloned
PAC1 isoforms (Fig. 5B). Control levels of cAMP were approximately 0.3 — 0.7 fmol/ug
under each of the three transfected conditions. We next determined if PACAP stimulates
ERKZ1/2 activation in this heterologous system. PACAP did not activate ERK1/2 in cells
expressing YFP in addition to Kv4.2 and KChIP2, as indicated by no detectable phospho-
ERK1/2 signals (Fig. 6A). Transfection of cells with YFP-tagged PAC1-Null or PAC1-
Hop1l or PAC1-Hop2, along with Kv4.2 and KChIP2 led to activation of ERK1/2 upon
PACAP27 or PACAP38 treatments, as determined by increased levels of p-ERK1/2 (Fig.
6B) that are significantly increased, compared the respective control/un-treated conditions
(Fig. 6C).

Neuropharmacology. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupte et al.

Page 13

Multiple intracellular signaling cascades underlying ERK1/2 activation have been shown for
PAC1 isoforms in different cell types (Macdonald et al., 2005, Broca et al., 2009, Blechman
and Levkowitz, 2013, May et al., 2014). Our results from mouse hippocampal PAC1
isoforms expressed in HEK293T cells show that PACAP38-mediated activation of ERK1/2
could be significantly attenuated by the PKA inhibitor KT5720 (1 uM) in Null, but not in
Hop1l and Hop2 isoforms (Fig. 6B-C). However, the PKC inhibitor BIM-1 (0.5 pM) and
MEKZ1/2 inhibitor U0126 (1 pM) that inhibits ERK1/2 activation, completely attenuated
ERKZ1/2 phosphorylation in all three isoforms (Fig. 6B-C). It is known that activation of
PKA and PKC could lead to phosphorylation and activation of Ras, which in combination
with Rap1l leads to activation of MEK1/2, and MEK1/2 phosphorylates ERK1/2 for its
activation (Villalba et al., 1997, Blechman and Levkowitz, 2013, May et al., 2014). To
verify the involvement of Ras, we co-transfected HEK293T cells with a dominant-negative
Ras (N17-Ras or DN-Ras), which led to complete attenuation of PACAP38-induced
ERKZ1/2 phosphorylation in all three isoforms (Fig. 7A). PACAP/PAC1-induced ERK1/2
activation has also been shown to be mediated in a G-protein-independent manner, via
arrestin-2 (also referred to as (B-arrestin-1) signaling in INS-1E (B cells and pancreatic islets
(Broca et al., 2009). Accordingly, we investigated the role of arrestin-2 in PACAP-induced
ERKZ1/2 activation by transfecting HEK293T cells stably expressing either arrestin-2 or
arrestin-3 siRNA (the later one as a negative control) with individual PAC1 isoforms. These
stable siRNA arrestin knockdown HEK293T cells were previously characterized to have a
stable reduction of either arrestin-2 or arrestin-3 expression (Zhang et al., 2012).
Furthermore, we performed gRT-PCR and determined that there was a 60-70% reduction in
arrestin-2 and arrestin-3 mRNA levels only in HEK293T-arrestin-2-siRNA and HEK293T-
arrestin-3-siRNA stable cell lines, respectively, as compared to HEK293T cells, similar to
the previously observed results (Zhang et al., 2012). PACAP38 treatment (100 nM, 20 min)
led to strong ERK1/2 phosphorylation in HEK293T cells stably expressing arrestin-3 siRNA
with each individual PAC1 isoform, without any difference between individual isoforms
(Fig. 7B), indicating no involvement of arrestin-3 in PACAP/PAC1-mediated ERK1/2
activation. However, PACAP38 treatment of cells stably expressing arrestin-2 siRNA failed
to induce any detectable ERK1/2 phosphorylation upon transient transfection of Hop1 and
Hop2 isoforms, but not the Null isoform (Fig. 7B). In cells stably expressing arrestin-2
siRNA and transient transfection of PAC1-Null isoform, PACAP38 treatment led to similar
extent of ERK1/2 phosphorylation, as observed in cells without any siRNA expression (Fig.
6B) or in cells expressing arrestin-3 siRNA (Fig. 7B). Collectively, these results indicate
that differences exist amongst PAC1 isoforms for downstream intracellular signaling leading
to ERK1/2 phosphorylation, in terms of the involvement of PKA and arrestin-2 signaling;
however, these signaling cascades converge on PKC-Ras-MEK1/2 signaling downstream of
activation of all three isoforms (Fig. 7C). Since PAC1-Null is the most widely and
abundantly expressed isoform in the brain (Fig. 1A), and relatively multi-faceted
downstream signaling results from its activation, we used this isoform for all subsequent
experiments in HEK293T cells.

3.5. PACAP acutely reduces Kv4.2 currents in transfected HEK293T cells

We next performed voltage-clamp electrophysiological analysis of Kv4.2 currents, with or
without PACAP treatment in HEK293T cells. PACAP38 treatment (100 nM) of HEK293T
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cells expressing Kv4.2, KChIP2 and mPAC1-Null-YFP significantly decreased Kv4.2
current density as compared to control/untreated conditions (Fig. 8A-B). We determined the
time-course of the PACAP-induced reduction in Kv4.2 currents, which showed a
progressive decrease in the current density that was maximal at 20 min of PACAP38
treatment (Fig. 8A-B). Mean current density at +80 mV in control cells was 325.4 + 33.7
pA/pF, whereas it was reduced to 265.0 + 36.6 pA/pF, 207.5 + 33.8 pA/pF, 121.6 + 25.8
pA/pF, and 159.8 + 40.3 pA/pF in cells treated with 100 nM PACAP38 for 5, 10, 20 and 30
min, respectively (Fig. 8B). We also determined the voltage-dependence of Kv4.2 activation
from the conductance-voltage relationship. There was no significant difference in the half-
maximal channel conductance upon PACAP38 treatment (G =-2.7 0.8 mV, k=182 +
0.8 mV; and Gy =-3.1 £ 0.8 mV, k=15.5 + 1.2 mV for control and PACAP38-20 min
treatment conditions, respectively; Fig. 8C). These Gyo values for Kv4.2 are in line with the
previously published Gy, activation value for the channel currents in HEK293T cells co-
expressing KChIP2 (Liu et al., 2014). Similarly, we determined the voltage-dependence of
activation of | o, from recordings obtained with cultured hippocampal neurons (Fig. 4A-B),
with or without PACAP38 treatment (100 nM, 20 min). No significant difference was
observed in the activation Gy, values for control vs PACAP38-treated neurons (Fig. 8D).
We also determined the voltage-dependence of Kv4.2 channel inactivation, and found no
significant difference in the half-maximal inactivation potentials for control vs PACAP38
treatment conditions (not shown). These results, in combination with our observations on
PACAP38-mediated rapid internalization of cell surface Kv4.2 levels (Fig. 3C-D), suggest
that downregulation of channel function primarily occurs due to a decrease in the number of
surface channels, rather than any alteration in voltage-dependence of channel activation.

3.6. PACAP-induced reduction of Kv4.2 currents is dependent on both PKA and ERK1/2

activity

Our results showed that all three isoforms of PAC1 expressed in mouse brain neurons
mediate CAMP and ERK signaling. Also, PACAP38 application led to significant reduction
in 15 and Kv4.2 current amplitudes. We next investigated if such functional modulation of
Kv4.2 currents was dependent on these kinases. Pre/co-treatment of HEK293T cells co-
expressing Kv4.2, KCHIP2 and PAC1-Null-YFP with the PKA inhibitor KT5720 (1 uM) for
20 min significantly attenuated the PACAP38-mediated decrease in Kv4.2 current density,
compared to KT5720 (1 uM) application alone (Fig. 9A-B). Furthermore, pre/co-treatment
of U0126 (1 uM) for 20 min, an inhibitor of ERK1/2 activation, completely abolished the
PACAP38-mediated decrease in Kv4.2 currents, compared to application of U0126 (1 uM)
alone (Fig. 9A, and C). Pre/co-treatment of cells with both KT5720 and U0126 together for
20 min also led to complete attenuation of PACAP38-mediated decrease in Kv4.2 current
density (Fig. 9A, and D), similar to the U0126 + PACAP38 treatment condition. It must be
noted here that application of KT5720 and U0126 together did not produce any additive
effects on PACAP38-induced reduction in Kv4.2 currents, as compared to conditions when
these inhibitors were applied individually.

Upon closer look at the Kv4.2 current densities at relatively less depolarizing and
physiologically-relevant voltages (-40 mV to +40 mV) it became clear that co-application of
KT5720 or U0126 with PACAP38 led to no significant decrease in Kv4.2 current densities
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at these voltages (Fig. 9E). These results, in combination with our observations from
immunoblot experiments (Fig. 7B-C), indicate that these two kinases presumably converge
on ERK1/2 to influence Kv4.2 channel function.

3.7. PACAP-induced reduction of Kv4.2 currents is dependent on phosphorylation of the
channel protein by ERK1/2, but not PKA

Previous studies have shown that Kv4.2 can be phosphorylated by PKA at S552, and by
ERKZ1/2 at residues T602, T607 and S616 in the cytoplasmic C-terminus of the channel
protein (Adams et al., 2000, Anderson et al., 2000). The kinase inhibitors used in our study
could have off-target effects, and alternatively, PACAP/PAC1/ERK1/2-induced reduction in
Kv4.2 currents could also be mediated by phosphorylation of other proteins, but not of
Kv4.2 directly. To examine whether the PACAP effect involves direct phosphorylation of
Kv4.2 channel, we introduced phospho-disruptive mutations at the PKA (S552A) and ERK
phosphorylation sites (T602, T607, and S616A). Upon expression in HEK293T cells, along
with KChIP2 and PAC1-Null-YFP, these mutants did not exhibit any significant difference
in their current densities, as compared to the WT channel (Fig. 10A-D, and 11A-D).
Interestingly, the PKA phosphorylation site mutant, Kv4.2-S552A, exhibited a significant
reduction in current density upon PACAP38 application (100 nM, 20 min; Fig. 10A-B), to
an extent similar to that observed for Kv4.2-WT channels (Fig. 10A-D). These results are
not in direct agreement with observations from experiments on Kv4.2-WT channel with
KT5720 application (Fig. 9B and E). However, based on our immunoblot results showing
attenuation of ERK1/2 phosphorylation with KT5720 pre/co-application in the PAC1-Null
isoform, these observations in the Kv4.2-S552A mutant clearly indicate that PKA activation
converges on ERK1/2 activation to exert functional effects on Kv4.2 channel.

We next investigated the role of ERK1/2 phosphorylation of Kv4.2 in the PACAP-induced
reduction in channel function/density. Of the 3 amino acid residues in Kv4.2 that can be
phosphorylated by ERK1/2, we found that the Kv4.2-T602A mutant exhibited a significant
PACAP38-mediated decrease in channel current density, to an extent similar to that
observed in WT channels (Fig. 11A). Although the Kv4.2-T607A mutant exhibited a
significant PACAP38-mediated decrease in channel current density, the extent of this
decrease was lesser compared to WT channels (Fig. 11B). Interestingly, the Kv4.2-S616A
mutant did not show any PACAP38-induced reduction in channel current density (Fig. 11C),
and a similar observation was made for the Kv4.2-T602/T607/S616A triple mutant channel
(Fig. 11D).

Altogether, these results suggest that PACAP38-mediated activation of PKA and PKC
converges on ERK1/2 activation, which subsequently leads to phosphorylation of Kv4.2,
Phosphorylation of Kv4.2 at S616, and to some extent at T607, result in internalization of
channel proteins from the cell surface, thereby leading to significant downregulation of
channel function.

4. Discussion

Our study identified the expression of PAC1 isoforms in different rodent brain regions,
where they are mostly co-expressed in Kv4.2-immunoreactive neurons. The PACL1 ligands,
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PACAP27 and PACAP38, activate multiple G-protein signaling mechanisms that result in
elevated levels of CAMP, indicating increased PKA activity, as well as PKA/PKC/Ras-
dependent activation of ERK1/2. Furthermore, PACAP exposure enhances Kv4.2
phosphorylation levels, which is accompanied by a rapid reduction in cell surface levels of
the channel protein, leading to downregulation of Kv4.2-based | 5 currents in hippocampal
neurons and under heterologous expression. Interestingly, this reduction in Kv4.2 current
was independent of the voltage-dependence of channel activation; rather it was dependent
on ERK1/2-, but not PKA-mediated phosphorylation of the channel protein. These findings
suggest a novel convergent phosphorylation-dependent mechanism by which PACAP could
function as a neuromodulator to increase neuronal excitability.

Isoform-specific differences in PAC1 signaling have been reported by several groups, but
the results are often conflicting (Spengler et al., 1993, Nicot and DiCicco-Bloom, 2001,
Blechman and Levkowitz, 2013, Yan et al., 2013). A number of studies have reported that
the PAC1-Null isoform signals preferentially through Gag-coupled mechanisms resulting in
AC activation, whereas the Hop1 isoform signals through the Gaq pathway resulting in
inositol-triphosphate production mediated by phospholipase-Cp (PLCP) activation (Spengler
etal., 1993, Nicot and DiCicco-Bloom, 2001). In contrast, other studies have reported that
all PAC1 variants can activate AC (Spengler et al., 1993, Blechman and Levkowitz, 2013).
These differences could be attributed to developmental changes in expression, as well as
differences in the species and tissue types studied (Grimaldi and Cavallaro, 1999, Jamen et
al., 2002, Yan et al., 2013). Our study shows functional expression of Gag-coupled
signaling, resulting in elevated cAMP levels for all three PACL1 isoforms detected in rodent
brain, a finding in line with the previous reports (Spengler et al., 1993, Blechman and
Levkowitz, 2013). Interestingly, we found that PACAP38-induced ERK1/2 phosphorylation
is largely dependent on PKA activity in the Null isoform, but not in Hop1 and Hop2
isoforms. However, our results suggest that PKC and Ras activity are the major downstream
determinants of ERK1/2 activation in all three PAC1 isoforms. Previous studies have shown
a similar PKC dependence of ERK1/2 activation for the human PAC1-Hopl isoform (May
et al., 2014), and Ras-dependent ERK1/2 activation upon PACAP38 exposure of rat
cerebellar granule neurons (Villalba et al., 1997), where Kv4.2 is abundantly expressed
(Vacher et al., 2008). Another interesting finding from our study is the involvement of a
GPCR-independent, arrestin-2-dependent endocytic pathway that leads to ERK1/2 activation
in PAC1-Hopl and Hop2 isoforms, but not in the Null isoform. Arrestin-2-mediated
potentiation of ERK1/2 by PACAP has previously been reported in pancreatic -cells (Broca
et al., 2009). Isoform-specific differences in arrestin dependence have not been elucidated
before. The ability of the Null isoform to activate such diverse signaling pathways that
converge on ERK1/2 phosphorylation could presumably provide a rationale for its abundant
expression over the other two isoforms in mammalian brain, where it could influence the
expression, localization and function of several ion channels and receptors.

The influence of PACAP-activated signaling mechanisms on modulation of voltage-gated
channels that are critical to the intrinsic excitability of neurons had not been well explored
previously. Since PACL1 is localized to neuronal dendrites, and previous studies have shown
modulation of NMDA-type glutamate receptors by PACAP (Yaka et al., 2003, Macdonald et
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al., 2005), we chose to explore such signaling crosstalk between PACAP and Kv4.2 channel,
which is a critical regulator of dendritic excitability. Downregulation of Kv4.2 expression
and | 5 current density upon prolonged (24 h) exposure to PACAP in mouse olfactory
neuroepithelial cells and neurons have been shown. These effects on Kv4.2 expression are
sensitive to pharmacological inhibition of PLC and PKC (Han and Lucero, 2005, 2006). In
contrast, PACAP38 has been shown to exert no modulating effects on | 5 currents in rat
cerebellar granule neurons (Mei et al., 2004), in which Kv4.2 is abundantly expressed
(Vacher et al., 2008). Our findings suggest that Kv4.2 currents could be rapidly
downregulated by PACAP/PACL signaling that is dependent on convergent PKA/ERK1/2-
mediated phosphoregulation of the channel. The precise mechanisms underlying
internalization of Kv4.2 are not known. A dileucine motif in the C-terminus of the channel
has previously been shown to be critical for forskolin-mediated internalization of surface
Kv4.2 channels (Hammond et al., 2008). AMPA-mediated internalization of Kv4.2 channels
from dendritic spines was also shown to be mediated by clathrin-dependent endocytosis
(Kim et al., 2007). Additionally, it has been suggested that PKA phosphorylation-induced
internalization of Kv4.2 is dependent on its interaction with the A-kinase anchoring protein
5 (AKAPS5, also known as AKAP79/150) scaffold, which carries the regulatory subunits of
PKA (Lin et al., 2011). However, ERK1/2 phosphorylation/activation are independent of
any direct influence from AKAP5 scaffolding or signaling. Therefore, the precise molecular
and cellular mechanisms underlying ERK1/2-mediated internalization of cell surface Kv4.2
protein remains to be elucidated.

Previous studies have shown that Kv4.2 can undergo rapid PKA-dependent phosphorylation
at residue S552, following an increase in neuronal activity or treatment with forskolin,
which led to a decrease in the cell surface density of Kv4.2 protein and reduction in the total
channel currents (Hammond et al., 2008, Lin et al., 2011). Our results show that PACAP
activation of PAC1 increased cCAMP production to a similar or greater extent than forskolin
treatment, and pharmacological blockade of PKA activity led to no significant reduction of
Kv4.2 current density by PACAP38 at physiologically-relevant membrane potentials.
However, the phospho-disruptive mutant Kv4.2-S552A channel exhibits PACAP38-induced
reduction of current density similar to that observed in WT channels, suggesting no direct
phosphorylation of Kv4.2 by PKA downstream of PACAP/PAC1 activation. Furthermore,
our biochemical analysis in HEK293T cells showed attenuation of PACAP-mediated
ERK1/2 phosphorylation/activation in the major/abundant PAC1 isoform Null by
pharmacological blockade of PKA, which suggests that PKA signaling converges on
ERKZ1/2 activation, in order to downregulate Kv4.2 current density. Phosphorylation of
Kv4.2 by ERK1/2 at residues T602, T607 and S616 has previously been shown in
hippocampal neurons (Schrader et al., 2006). Other studies have also shown that activation
of ERK1/2 [both by direct pharmacological modulators, as well as downstream of
metabotropic glutamate receptor 5 (mGIuR5) activation] leads to phosphorylation of Kv4.2,
in particular at the residue S616, resulting in reduced | 5 current density in spinal cord dorsal
horn neurons (Hu et al., 2006, Hu et al., 2007, Hu and Gereau, 2011). Our results are
consistent with these observations, and suggest that the PACAP/PAC1-mediated reduction
in Kv4.2 current is mediated by direct phosphorylation of the channel protein by ERK1/2.
Furthermore, our observations also suggest S616 as the critical ERK1/2 phosphorylation

Neuropharmacology. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupte et al.

Page 18

site, as has been shown for mGluR5-mediated phosphorylation of Kv4.2 (Hu et al., 2007, Hu
and Gereau, 2011). Since, PACAP did not significantly alter the voltage-dependence of
channel activation/inactivation, and PACAP treatment led to a PKA/ERK1/2-dependent
decrease in the cells surface channel numbers, the reduction of channel density can be
attributed mostly to the later.

Reduction in Kv4.2 currents leads to an increase in AP back-propagation, which ultimately
results in enhanced excitability of mammalian brain neurons (Yuan et al., 2002, Chen et al.,
2006a). Application of PACAP38 to CAL hippocampal neurons has been shown to induce
increased AP firing frequency (Di Mauro et al., 2003), although the underlying mechanism
is not known. Findings from our study indicate that these effects could possibly result from
PACAP38-mediated reduction in Kv4.2 currents. Interestingly, it was also shown that
PACAP reduces the slow afterhyperpolarizing currents (sl onp) in CAL hippocampal
pyramidal neurons, which resulted in increased AP firing frequency (Taylor et al., 2014).
Therefore, in-depth future investigations are required to find out the relative contribution of
PACAP-modulation of Kv4.2 vs sl onp currents in the regulation of dendritic and overall
neuronal excitability. Several studies have shown that PACAP expression is increased in and
around the infarct area following cerebral ischemic stroke (Chen et al., 2006b). Furthermore,
mice lacking a functional PACAP gene (Adcyap™) exhibit increased infarct volume upon
induction of stroke, and intracerebroventricular administration of PACAP in both WT and
Adcyap™ mice can significantly reduce infarct volumes and the delayed inflammatory
response following cerebral ischemia (Chen et al., 2006b, Ohtaki et al., 2006, Brifault et al.,
2014). Rapid reperfusion following ischemic stroke leads to increased excitability of
neurons, although the underlying intrinsic mechanisms are poorly understood (Witte and
Stoll, 1997, Varelas and Mirski, 2001). Upregulation of Kv4.2-based | 5 currents in striatal
neurons has been suggested to provide a neuroprotective mechanism following cerebral
ischemia (Deng et al., 2011). Future studies are thus needed to explore the role of neuronal
PACAP/PAC1-Kv4.2 signaling in alterations of intrinsic excitability associated with
cerebral stroke-reperfusion injury.

The Kv4.2 channel has also been shown to be critical in spinal cord dorsal horn neurons for
central sensitization of chronic pain conditions (Hu et al., 2006, Hu and Gereau, 2011).
Increased ERK1/2 activation is observed in these neurons upon induction of chronic
inflammatory and neuropathic pain (Ji et al., 2002, Zhuang et al., 2005, Zhang et al., 2014).
Also, PACAP expression has been shown to be increased in spinal cord dorsal horn regions
following induction of chronic inflammatory and neuropathic pain conditions (Mabuchi et
al., 2004). Based on our findings, there is a high likelihood that PACAP-ERK1/2-Kv4.2
signaling axis could subserve a mechanism for the central sensitization of chronic
inflammatory and neuropathic pain, which needs to be verified experimentally. In summary,
our study suggests that PACAP, a critical neuropeptide that is endogenously released at
elevated levels in multiple neuro-pathological conditions, could serve as a modulator of
neuronal excitability, by dynamic modulation of Kv4.2 channel phosphorylation and
function.
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Highlights

e PACAP activation of hippocampal PAC1 isoforms leads to PKA and ERK1/2
activation.

«  The major dendritic K* channel Kv4.2 is dynamically downregulated by
PAC1/PKA/ERK1/2 signaling.

e Convergence of PKA and ERK1/2 and phosphorylation of Kv4.2 by the later
reduces channel density.

e PACAP modulation of Kv4.2 is not influenced by voltage-dependence of
channel activity.
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Figure 1.
PAC1 is expressed in mouse and rat brain. A, Representative image showing the PAC1

MRNA expression in various mouse and rat brain regions, and in cultured rat hippocampal
neurons (CHN) from RT-PCR analysis using specific primers spanning the variable region
of PAC1. The Null, Hopl and Hop2 isoforms were identified based on transcript size,
followed by sequencing of the specific PCR products. cDNAs of mouse PAC1-Null, PAC1-
Hopl and PAC1-Hop2 were used as positive controls in these RT-PCR experiments.
Numbers on the left denote the relative mobility of molecular weight markers. B,
Representative confocal photomicrographs of the hippocampal formation in sections from
mouse brain (40 pm; sagittal) immunostained with antibodies against Kv4.2 (green) and
PACL (red), and DAPI (blue). Kv4.2 is expressed predominantly in the outer molecular
layer of the dentate gyrus, as well as in stratum oriens and stratum radiatum layers, which
contain the distal dendrites of neurons in CA1 and CA3 regions (magnified images shown in
middle and bottom rows. PAC1 immunoreactivity is more intense in the outer molecular
layer of the dentate gyrus, followed by CA1 and CA3 pyramidal cell body and dendritic
layers. Images on the right column of each row are taken from mouse brain sections that
were incubated only with the same secondary antibodies (2° Ab.) and DAPI, without the
primary antibodies against Kv4.2 and PAC1. Scale bar — 100 pm for images in the top row
(magnification: 10x), and 25 um for middle- and bottom-row images (magnification: 63x).
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Figure 2.

Functional expression of PAC1 in cultured rat hippocampal neurons. A, ELISA-based
quantification of intracellular cAMP levels following treatment with PACAP27 (10 and 100
nM), PACAP38 (10 and 100 nM), and forskolin (10 pM) for 20 min. Increased intracellular
CAMP levels upon PACAP treatment are indicative of functional Gag-coupled PAC1
expression in these neurons. Data are presented as mean + SEM (n = 4). *** denotes p<0.05,
significantly different compared to control or untreated condition (One-way ANOVA with
Dunnett's multiple comparisons test). B, Representative immunoblot analysis of ERK1/2
phosphorylation in neurons without or with the treatment of either PACAP27 (10, 30, 100
and 300 nM; 20 min) or PACAP38 alone (10, 30, 100 and 300 nM; 20 min). Numbers on the
left denote the relative mobility of molecular weight markers. t-ERK1/2 and p-ERK1/2
denote total-ERK1/2 and phospho-ERK1/2, respectively. The bottom row shows sample
normalization for same samples probed with anti-mortalin antibody. D, Quantification of p-
ERKZ1/2 levels in neurons from experiments as shown in panel C. Data are presented as
mean £ SEM fold-increase in p-ERK1/2 levels relative to t-ERK1/2 levels, normalized to
control or untreated conditions, as detailed in methods (n = 4-5). * denotes p<0.05, **
denotes p<0.01 and *** denotes p<0.01, significantly different compared to control or
untreated condition (One-way ANOVA with Dunnett's multiple comparisons test).
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Figure 3.
PACAP treatment of cultured rat hippocampal neurons leads to increased phosphorylation

and a decrease in the surface expression level of Kv4.2 protein. A, Representative
immunoblot (top row) and phosphor-imaging (bottom row) images of immunoprecipitated
Kv4.2 protein from cultured hippocampal neurons pre-incubated with 32P-labeled
orthophosphate. Number on the left denotes the relative mobility of protein molecular
weight marker. Treatment of neurons with PACAP38 (100 nM) or forskolin (10 uM) for 20
min led to increased 32P signal intensities of Kv4.2 protein band, which were quantified (B)
using the NIH Image J software. IP neg. Ctrl, denotes sample obtained with
immunoprecipitation using anti-PP2A catalytic subunit antibody from cultured hippocampal
neurons pre-incubated with 32P-labeled orthophosphate, in order to serve as a negative
control. Data in panel B are expressed as mean + SEM fold change in 32P signal intensities
of Kv4.2 normalized to the total immunoprecipitated Kv4.2 protein in each individual
treatment group (n = 4). *** denotes p<0.001, significantly different compared to control or
untreated conditions (One-way ANOVA with Dunnett's multiple comparisons test). C,
Representative images of cultured neurons from on-cell fluorescence immunocytochemical
experiments, immunostained with anti-Kv4.2 antibody (green; before permeabilization) and
anti-MAP2 antibody (red; after permeabilization), under control or untreated conditions, and
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upon treatment with PACAP (100 nM each) or forskolin (10 pM) for 20 min. Infrared signal
intensities for each set of images were acquired using the same exposure time, and surface
Kv4.2 signal intensities, relative to MAP2 signal intensities, were calculated using NIH
ImageJ. Data are presented as mean = SEM of % surface Kv4.2 levels normalized to control
or untreated conditions in panel D (n = 5 for PACAP groups, and 4 for forskolin groups).
Exposure of neurons to PACAP27 or PACAP38 or forskolin significantly decreased the %
of surface Kv4.2 levels, an effect that was absent upon pre/co-treatment of neurons with the
inhibitors of PKA (KT5720; 1 uM) and MEK1/2 (U0126; 1 pM). * denotes p<0.05 and **
denotes p<0.01, significantly different compared to control or untreated conditions (One-
way ANOVA with Tukey's multiple comparisons test).
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Figure 4.
Reduction of A-type K* (1) currents in hippocampal neurons following PACAP38

exposure. A, Representative traces of whole-cell voltage-clamp recordings showing
electrophysiological isolation of | 5 in cultured rat hippocampal neurons. Total outward K*
currents (Ix) were obtained with step-depolarization from -100 mV to +80 mV for 500 ms in
+10 mV increments, from a holding potential of -100 mV. Delayed rectifier currents (IpRr)
were obtained by applying a -30 mV pre-pulse for 500 ms before step-depolarization from
-100 mV to +80 mV for 500 ms in +10 mV increments, in order to inactivate | 5. Isolation of
I o was achieved by subtracting Ipg from Ix. PACAP38 treatment (100 nM, 20 min) led to
reduction in | o amplitude, as quantified in panel B showing the current density — voltage
plots, and re-plotted showing PACAP effects at physiologically-relevant voltages (-40 mV
to +40 mV) in panel C. Data in panels B and C are presented as mean + SEM obtained from
multiple batches of cultured neurons without (control) or with PACAP38 treatment (n = 12
for both groups), ns: not significantly different, and * denotes p<0.05, significantly different
compared to control or untreated conditions (Unpaired Student's t-test). D-E, current density
—voltage plots of | o currents recorded from neurons with PACAP38 treatment (100 nM, 20
min) along with the inhibitors of PKA (KT5720; 1 uM) or MEK1/2 (U0126; 1 uM),
showing attenuation of the PACAP38-induced decrease in | o density. Current density data
for control and PACAP38 treatment from panel B are re-plotted here as dashed lines for
direct comparison. Data are presented as mean + SEM obtained from multiple batches of
cultured neurons (n = 10 for KT5720+PACAP38; and n = 8 for KT5720+PACAP38
treatment groups).
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Figure 5.
Increased intracellular cAMP production in HEK293T cells overexpressing cloned mouse

brain PAC1 isoforms. A, Schematic showing the region in the 3" intracellular loop where
splicing occurs, alongside the amino acid residues for each of the three isoforms expressed
in mouse hippocampus. B, ELISA-based quantification of cAMP levels following treatment
with PACAP27 (100 nM), PACAP38 (100 nM) or forskolin (10 uM) for 20 min in
HEK?293T cells transfected with plasmids carrying YFP-tagged mouse PAC1-Null, PAC1-
Hopl or PAC1-Hop2 cDNAs. Controls for each PACL isoform transfection groups denote
cells treated with vehicle (in 0.1% BSA solutions that is used to prepare PACAP stock
solutions). Data are presented as mean + SEM (n = 3 for forskolin groups, and 5 for
untreated/control and PACAP treatment groups). * denotes p<0.05, ** denotes p<0.01, and
*** denotes p<0.001, significantly different compared to control or untreated conditions for
respective PAC1 isoforms (One-way ANOVA with Tukey's multiple comparisons test).
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Figure 6.

Increased ERK1/2 phosphorylation in HEK293T cells overexpressing cloned mouse brain
PACIR isoforms, and the underlying intracellular cascades. Representative immunoblots of
lysates obtained from HEK293T cells transfected with plasmid carrying YFP-N1 (panel A)
or YFP-tagged PAC1-Null, PAC1-Hopl or PAC1-Hop2 (panel B) cDNAs. Cells were
treated with either PACAP27 or PACAP38 alone (100 nM; 20 min) or pre/co-treated with
specific inhibitors of PKA (KT5720; 1 uM) or MEK1/2 (U0126; 1 uM) or PKC (BIM-I; 500
nM) 10 min before PACAP38 treatment. Numbers on the left denote the relative mobility of
molecular weight markers. t-ERK1/2 and p-ERK1/2 denote total-ERK1/2 and phospho-
ERKZ1/2, respectively. The bottom immunoblot rows show sample normalization for the
same samples probed with anti-mortalin antibody. C, Quantification of p-ERK1/2 levels in
cells from experiments as shown in panel B. Data are presented as mean + SEM fold-
increase in p-ERK1/2 levels relative to t-ERK1/2 levels, normalized to control or untreated
conditions, as detailed in methods (n = 3 for BIM-I groups, and 4-5 for all other groups). *
denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001, significantly different
compared to respective control or untreated conditions; and # denotes p<0.05, # denotes
p<0.01, and ## denotes p<0.001, significantly different compared to respective PACAP38
treatment conditions (One-way ANOVA with Tukey's multiple comparisons test).
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Figure 7.

Ras and arrestin-2-dependence of PACAP38/PAC1-mediated ERK1/2 activation. A,
representative immunoblots (from 3 independent experiments) of lysates obtained from
HEK?293T cells transfected with plasmid carrying YFP-tagged PAC1-Null, PAC1-Hopl or
PAC1-Hop2 cDNAs, with or without the plasmid carrying dominant-negative Ras, N17Ras
(DN-Ras), as indicated below the blot panels. Lysates were collected from untreated cells,
and from cells with PACAP38 treatment (100 nM; 20 min), as indicated on top of the blot
panels. Numbers on the left denote the relative mobility of molecular weight markers. B,
representative immunoblots (from 3 independent experiments) of lysates obtained from
HEK?293T cells stably expressing siRNA for arrestin-2 (arrestin-2-KD) or arrestin-3
(arrestin-2-KD), further transiently transfected with plasmid carrying YFP-tagged PAC1-
Null, PAC1-Hopl or PAC1-Hop2 cDNAs, as indicated below the blot panels. Lysates were
collected from untreated cells, and from cells with PACAP38 treatment (100 nM; 20 min),
as indicated on top of the blot panels. Numbers on the left denote the relative mobility of
molecular weight markers. t-ERK1/2 and p-ERK1/2 denote total-ERK1/2 and phospho-
ERKZ1/2, respectively, and the bottom row immunoblots show sample normalization for the
same samples probed with anti-mortalin antibody for both panels a and b. PACAP38
treatment failed to induce any detectable ERK1/2 phosphorylation in DN-Ras transfected
cells in all three PAC1 isoforms. Interestingly, PACAP38 treatment led to strong ERK1/2
phosphorylation in HEK293T cells stably expressing arrestin-3 siRNA with each individual
PAC1 isoforms. However, PACAP38 treatment did not lead to any detectable ERK1/2
phosphorylation in cells stably expressing arrestin-2 siRNA with PAC1-Hopl and Hop2, but
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not with the Null isoform. C, graphical scheme depicting the intracellular signaling cascades
activated upon PACAP-stimulation of PAC1-Null or Hopl or Hop2 receptors, as determined
from results shown in Fig. 5B and 6A-C and 7A-B. Black arrows indicate stimulation/
activation, and texts in blue, green, red and dark red boxes connected to blunt-ended lines
indicate inhibition of specific signaling components with pharmacological modulators or
dominant-negative overexpression or sSiRNA expression. Abbreviations for AC, cAMP,
DAG, ERK1/2, MEK1/2, PLC, PKA and PKC are consistent with those described elsewhere
in the manuscript.
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Figure 8.
PACAP38-mediated reduction of Kv4.2 currents is resulted from a decrease in current

density, without influencing the voltage-dependence of channel activation. A,
Representative traces of whole-cell voltage-clamp recordings from HEK293T cells
transfected with plasmids containing Kv4.2, KChIP2 and PAC1-Null cDNAs, without
(control) or with PACAP38 (100 nM) for 20 min. Cells were step-depolarized from -100
mV to +80 mV for 500 ms with +10 mV increments from a holding potential of -100 mV. B,
Current density — voltage plots of Kv4.2 currents from cells without (control) or with
PACAP38 (100 nM) treatment for 5, 10, 20, and 30 min. Data are presented as mean + SEM
[n =17 cells for control, and 10, 12, 18 and 8 cells for 5, 10, 20 and 30 min PACAP38
treatments, respectively]. C-D, Conductance — voltage curves for Kv4.2 currents recorded
from HEK?293T cells (C), and for | o currents recorded from cultured hippocampal neurons
(D), without or with PACAP38 treatment (100 nM, 20 min). The half-maximal activation
potential (Gy2) and slope factor (K) calculated from these traces are: Gy, =-2.7 £ 0.8 mV, k
=18.2+0.8;and Gy =-3.1 £ 0.8 mV, k= 15.5 +1.2 for control and PACAP38 treatment
conditions, respectively (panel C); and Gyjp =-29.8 £ 0.7 mV, k= 10.2 + 0.6; and Gy, =
-31.0+1.4mV, k=111 £ 1.2 for control and PACAP38 treatment conditions, respectively
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(panel D). Data are presented as mean £ SEM [n = 17 and 18 cells for control and
PACAP38 treatment groups, respectively].
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Figure 9.
PACAP38-mediated reduction in Kv4.2 current density is dependent on the activity of both

PKA and ERK1/2. A, Representative traces of whole-cell voltage-clamp recordings from
HEK?293T cells transfected with plasmids containing Kv4.2, KChIP2 and PAC1-Null
cDNAs, with PKA inhibitor KT5720 alone (1 uM), PACAP38 (100 nM) + (KT5720, 1 pM),
ERK1/2 inhibitor U0126 (1 uM) alone, PACAP38 (100 nM) + (U0126, 1 pM), and
PACAP38 (100 nM) + KT5720 (1 uM) + U0126 (1 uM) for 20 min. Cells were step-
depolarized from -100 mV to +80 mV for 500 ms with +10 mV increments from a holding
potential of -100 mV. B-D, Current density — voltage plots of Kv4.2 currents from cells with
various drug treatments, as shown in panel A. Data are presented as mean £ SEM [n = 10
and 13 cells for KT5720 and KT5720 + PACAP38, respectively (B); 10 and 12 cells for
U0126 and U0126 + PACAP38, respectively (C); and 11 cells for KT5720 + U0126 +
PACAP38 (D) groups]. Current density data for control and 20 min PACAP38 treatment
conditions from Fig. 7B are re-plotted in panel D as dotted lines for comparison. E,
Comparative plot of Kv4.2 current densities calculated from panels B-C and Fig. 7B,
showing indicated peptide/drug effects at physiologically-relevant voltages (-40 mV to +40
mV). ns: not significantly different, and * denotes p<0.05, significantly different compared
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to respective control or KT5720 alone or U0126 alone treatment conditions (Unpaired
Student's t-test).
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The PACAP38-mediated reduction in Kv4.2 currents is conserved in channel with a
phospho-disruptive mutation at the PKA-phosphorylation site. A, Representative traces of
whole-cell voltage-clamp recordings, using similar voltage protocol as used in Fig. 8, from
HEK?293T cells co-transfected with plasmids containing the cDNA of phospho-disruptive
mutant Kv4.2 at PKA site, Kv4.2-S552A along with plasmids containing the cDNAs of
KChIP2 and PAC1-Null. B, Current density — voltage plots of Kv4.2-S552A channel, with
or without PACAP38 treatment (100 nM, 20 min). Data are presented as mean £ SEM (n =
7-8 cells). C, The proportion of PACAP38-induced current reduction for Kv4.2-WT and
Kv4.2-S552A mutant channels are presented as percent inhibition of mean peak currents,
normalized to respective mean peak currents recorded from untreated control cells, at
physiologically-relevant voltages, as calculated from the data presented in Fig. 8B and 9B.
D, comparative plot of Kv4.2-WT and Kv4.2-S552A current densities at physiologically-
relevant voltages, calculated from the panel 8B and Fig. 7F, showing significant reduction in
current densities at -40 mV to +40 mV upon PACAP38 application in both WT and S552A
mutant channel. * denotes p<0.05, significantly different compared to respective WT and

S552A control cells (Unpaired Student's t-test).
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Figure 11.
The PACAP38-mediated reduction in Kv4.2 currents is attenuated in channels with

phospho-disruptive mutations at ERK1/2-phosphorylation sites. Representative traces of
whole-cell voltage-clamp recordings (using similar voltage protocol as in Fig. 8) from
HEK?293T cells transfected with plasmids containing Kv4.2-T602A (A) or Kv4.2-T607A
(B) or Kv4.2-S616A (C) or Kv4.2-T602A/T607A/S616A triple mutant (D) cDNAs, along
with the plasmids containing KChIP2 and PAC1-Null cDNAs. Current density — voltage
plots for these mutant channels, without or with PACAP38 treatment (100 nM, 20 min) are
given next to the current traces under each panel. Data are presented as mean £ SEM (n =
5-7 cells for A, 7 cells for B, 10-11 cells for C, and 7-9 cells for D). * denotes p<0.05,
significantly different for PACAP38 treatment conditions compared to current densities at
respective voltage pulses under control conditions (Unpaired Student's t-test).
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