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Persistent Electrical Activity in Primary Nociceptors after
Spinal Cord Injury Is Maintained by Scaffolded Adenylyl
Cyclase and Protein Kinase A and Is Associated with Altered
Adenylyl Cyclase Regulation

Alexis Bavencoffe,"* Yong Li,'* Zizhen Wu,' Qing Yang,' Juan Herrera,” Eileen J. Kennedy,’ “Edgar T. Walters,'
and “Carmen W. Dessauer!

Departments of 'Integrative Biology and Pharmacology and 2Diagnostic and Interventional Imaging, McGovern Medical School at UTHealth, Houston,
Texas 77030, and *Department of Pharmaceutical and Biomedical Sciences, College of Pharmacy, University of Georgia, Athens, Georgia 30602

Little is known about intracellular signaling mechanisms that persistently excite neurons in pain pathways. Persistent spontaneous
activity (SA) generated in the cell bodies of primary nociceptors within dorsal root ganglia (DRG) has been found to make major
contributions to chronic pain in a rat model of spinal cord injury (SCI) (Bedi et al., 2010; Yang et al., 2014). The occurrence of SCI-induced
SAinalarge fraction of DRG neurons and the persistence of this SA long after dissociation of the neurons provide an opportunity to define
intrinsic cell signaling mechanisms that chronically drive SA in pain pathways. The present study demonstrates that SCI-induced SA
requires continuing activity of adenylyl cyclase (AC) and cAMP-dependent protein kinase (PKA), as well as a scaffolded complex con-
taining AC5/6, A-kinase anchoring protein 150 (AKAP150), and PKA. SCI caused a small but significant increase in the expression of
AKAP150 but not other AKAPs. DRG membranes isolated from SCI animals revealed a novel alteration in the regulation of AC. AC activity
stimulated by Ca*>*-calmodulin increased, while the inhibition of AC activity by Gai showed an unexpected and dramatic decrease after
SCI. Localized enhancement of the activity of AC within scaffolded complexes containing PKA is likely to contribute to chronic patho-
physiological consequences of SCI, including pain, that are promoted by persistent hyperactivity in DRG neurons.
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Chronic neuropathic pain is a major clinical problem with poorly understood mechanisms and inadequate treatments. Recent
findings indicate that chronic pain in a rat SCI model depends upon hyperactivity in dorsal root ganglia (DRG) neurons. Although
cAMP signaling is involved in many forms of neural plasticity, including hypersensitivity of nociceptors in the presence of
inflammatory mediators, our finding that continuing cAMP-PKA signaling is required for persistent SA months after SCI and long
after isolation of nociceptors is surprising. The dependence of ongoing SA upon AKAP150 and AC5/6 was unknown. The discovery
of a dramatic decrease in Ged inhibition of AC activity after SCI is novel for any physiological system and potentially has broad
implications for understanding chronic pain mechanisms. /
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pathic pain mechanisms are inadequately targeted by available
therapeutics (Cohen and Mao, 2014). Permanent, intractable

Introduction
The mechanisms that maintain chronic pain after injury to either

the peripheral or CNS are poorly understood, and these neuro-
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pain is often produced by spinal cord injury (SCI) (Finnerup,
2013; Walters, 2014 ). Surprisingly, persistent pain-related behav-
ior that develops in rats after contusive SCI at the thoracic level
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requires chronic, ongoing electrical activity in primary afferent
neurons. This was shown by the reversal of behavioral measures
of spontaneous and evoked pain produced by knocking down a
voltage-gated Na ™ channel, Nav1.8, which is uniquely expressed
in primary afferent neurons and required for nociceptor SA
(Yang et al., 2014). SCI-induced chronic SA is especially promi-
nent in the somata of C-fiber dorsal root ganglia (DRG) neurons,
where it has been observed both in vivo and in small dissociated
DRG neurons months after injury (Bedi et al., 2010). Most of the
DRG neurons with SA after SCI are nociceptors as indicated by
their small size and frequent expression of TRPV1 and Navl.8
channels (Bedi et al., 2010; Wu et al., 2013; Yang et al., 2014).
Given the strong evidence that SA generated in the somata of
nociceptors contributes to chronic pain after SCI, it is important
to define the mechanisms that persistently maintain this SA.

Persistent activity in the adenylyl cyclase (AC)-cAMP-protein
kinase A (PKA) pathway has been suggested as a mechanism to
maintain hyperexcitability in nociceptors for days or weeks after
peripheral inflammation or injury (Aley and Levine, 1999; Liao et
al., 1999; Song et al., 2006; Villarreal et al., 2009), but whether
ongoing cAMP signaling contributes to pain-related hyperexcit-
ability lasting months or longer in neuropathic conditions is un-
known. Moreover, possible roles for macromolecular complexes
that coordinate cAMP-dependent events, the nature of com-
plexes that might be linked to nociceptor SA, and whether mo-
lecular regulation within the complexes is altered in nociceptors
during any chronic pain conditions are unknown. Taking advan-
tage of the fact that the SCI-induced SA that has been linked to
chronic pain is retained in nociceptor somata after dissociation
(Bedi et al., 2010; Wu et al., 2013; Yang et al., 2014), we demon-
strate that chronic SA in nociceptors requires continuing ac-
tivity of AC and PKA, plus the presence of an intact complex of
AC5/6, PKA, and the scaffolding molecule A-kinase anchoring
protein 150 (AKAP150, also called AKAP79 in humans or
AKAP5). These findings plus novel alterations found in the
regulation of AC after SCI provide new insights into basic
mechanisms that maintain SA in nociceptors and the conse-
quent excitation of pain pathways.

Materials and Methods

All procedures complied with guidelines of the International Association
for the Study of Pain and were approved by the institutional animal care
and use committee. Male rats (200-300 g) were maintained under a
12:12 h reversed light/dark cycle, and experiments were performed dur-
ing the dark phase (Bedi et al., 2010).

SCI procedures. Contusion injury and postsurgical care were con-
ducted as described previously (Bedi et al., 2010). Briefly, rats in the SCI
group were deeply anesthetized with ketamine (80 mg/kg), xylazine (20
mg/kg), and acepromazine (0.75 mg/kg) before laminectomy of T10
vertebrae followed by a spinal impact using an Infinite Horizon impactor
(150 kdyne, 1 s dwell time). Animals in the Sham group received identical
surgery without spinal impact. Animals in the Naive group received no
surgery. All SCI animals exhibited Basso, Beattie, and Bresnahan (BBB)
hindlimb motor scores of 0—1 (Basso et al., 1995) 1 d after SCI. Hindlimb
motor function showed only partial recovery when examined before
excision of DRGs 1-6 months after SCI, similar to that described previ-
ously (Bedi et al., 2010; Yang et al., 2014).

Dissociation and culture of DRG neurons. Selected DRGs (L4, L5) were
minced and incubated for 40 min at 34°C with trypsin (0.3 mg/ml) and
collagenase D (1.5 mg/ml). DRG fragments were triturated, the neurons
were plated without serum or growth factors onto 8 mm glass coverslips
coated with poly-L-ornithine, and kept overnight in DMEM <5% CO,,
95% humidity at 37°C.

Recording from dissociated DRG neurons. Whole-cell patch recordings
of SA were made at ~23°C from small neurons (soma diameter =30 uwm
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and input capacitance =45 pF) 18-28 h after dissociation using a Mul-
tiClamp 700B amplifier (Molecular Devices) as described previously
(Bedi et al., 2010; Wu et al., 2013). Patch pipettes were pulled from
borosilicate glass capillaries with a P-97 puller (Sutter) and fire polished
to achieve a final electrode resistance of 3—8 m{). Pipettes were filled with
solution containing the following (in mm): 134 KCI, 1.6 MgCl,, 13.2
NaCl, 3 EGTA, 9 HEPES, 1 Mg-ATP, and 0.3 Na-GTP (pH 7.2 adjusted
with KOH, 300 mOsM, adjusted with sucrose). The bath solution con-
tained 140 NaCl, 3 KCl, 1.8 CaCl,, 2 MgCl,, 10 HEPES, and 10 glucose
(pH 7.4 adjusted with NaOH, osmolarity 320 mOsM). After forming a
tight seal (>1 G(1), the membrane was ruptured. After whole-cell con-
figuration was established under voltage clamp, the input capacitance
was measured, and then capacitance and series resistance were electron-
ically compensated. The calculated liquid junction potential was 4.3 mV
and was not corrected. Spontaneous activity (SA) was measured in
current-clamp mode, beginning 2 min after membrane rupture. In pre-
vious studies, we defined SA as at least 1 spike occurring within 60 s (i.e.,
minimum firing rate of 0.02 Hz) (Bedi et al., 2010). Because a demon-
stration of inhibitory effects on SA is impractical in cells with very low
firing rates, in the current study we selected for neurons having initial SA
firing rates of 0.1-5 Hz. For in vitro superfusion of DRG neurons with
inhibitory or inactive control agents, solutions were driven by gravity
from a set of independent tubes connected to an array of fused silica
columns (inner diameter, 200 um). Rapid exchange of solutions was
achieved by shifting the columns horizontally with a micromanipulator.
The distance from the column mouth to the recorded cell was ~100 wm.
A subset of neurons was recorded with the perforated patch method to
achieve stable recordings for much longer periods. Recordings were
made with gramicidin (50 ug/ml) in the recording pipette following
established procedures (Wu et al., 2013; Zhu et al., 2014). The PKA
inhibitors, N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfo-
namide dihydrochloride (H-89), Rp-cAMPs, and the AC inhibitor 2'de-
oxyadenosine 3’-monophosphate (2'deoxy-3’AMP) were purchased
from Sigma-Aldrich. The AKAP disrupting peptide stHt31 and its con-
trol stHt31P were purchased from Promega. Electrophysiological data
were analyzed using PatchMaster, Clampfit version 10.4 (Molecular De-
vices) and Origin 5.0 (MicroCal Software).

Antibodies used for immunoprecipitation and Western blotting. These
were mouse or rabbit anti-AKAP150 (EMD Millipore for Western blot-
ting and Santa Cruz Biotechnology for immunoprecipitation) (Hoshi et
al., 2003), mouse anti-AKAP12 (Sigma-Aldrich, clone JP74) (Havekes et
al., 2012), mouse anti-PKA RIIB (BD Transduction Laboratories) (Hoshi
et al., 2003), mouse anti-B-actin (Santa Cruz Biotechnology), and nor-
mal mouse or rabbit IgG (Santa Cruz Biotechnology). The mouse anti-
AC5 hybridoma cell lines were generated by Genscript against human
ACS5 peptide CGNQVSKEMKRMGFEDPKDKN (Hu et al., 2009). Anti-
bodies were purified by affinity chromatography using antigen immobi-
lized peptide and are highly selective for AC5 over AC6 (data not shown).

RT-PCR of AC isoforms. Fresh DRGs or RNA later-stabilized DRGs
were homogenized on ice using a conventional rotor-stator homogeni-
zer (RNase-free). Total RNA was extracted using RNeasy Mini Kit
(QIAGEN) according to the protocol suggested by the manufacturer.
The RNA was eluted with RNase-free water and quantitated using the
NanoDrop 1000 spectrophotometer. First-strand cDNA was generated
from DNase-treated total RNA (250 ng-600 ng) using Moloney murine
leukemia virus reverse transcriptase (New England Biolabs) and oli-
go(dT) primers. qRT-PCR was performed using an Eppendorf Master-
cycler ep realplex? (Eppendorf) in the presence of SYBR Green I. Primers
to rat AC isoforms 1-9 (Table 1) and rat GAPDH as the control were
designed with NCBI Primer-Blast or using published sequences (Bek et
al., 2001; Landa et al., 2005). The 10 ng cDNA template was used in each
reaction, performed in triplicate for each primer set. The cycling condi-
tions were as follows: 2 min at 94°C followed by 40 cycles of 15 s at 94°C,
0.5 min at 60°C, and 0.5 min at 72°C. The fold change in transcript levels
(224€Y) between SCI and Sham control samples was calculated from
the cycle times (C,) of each primer set as follows, where AACt = ACt
(ACXg; — GAPDHg) — Act(ACXg.m — GAPDHg,...). Statistical
analysis was performed according to Rieu and Powers (2009). Amplified
PCR products were run on 1.5% agarose gels after 35— 40 cycles. Products



1662 - J. Neurosci., February 3, 2016 - 36(5):1660 —1668

Table 1. Primers to rat ACisoforms 1-9

Product

ACisoform Primer  Sequence Position GenBank size (bp)

AC1 Sense  5'-TCCCCGGAACATGGATCTCT-3' 2415-2434 481
Antisense 5'-CCCAGTGCTATCCATCCGAC-3” 2895-2876

AQ Sense  5'-(TCCATTCCGGACTTCAAGG-3' 2739-2758 268
Antisense 5'-CAGGGCATATGCAAACTCCA-3 3006-2987

AG Sense  5'-GTCACCTTAGTCACGAGAGC-3' 4359-4378 184
Antisense 5'-AGTAGCAAAGGCGACTGTAG-3 4542-4523

AC4 Sense  5'-GGAAGACGAGAAGGGCACCGAGAG-3" 1502-1525 467
Antisense 5-GAGCTGGGGGCCTGGTTGTCAC-3” 1968-1947

ACGS Sense  5'-ACCAAGGCCACACTCAACTAC-3' 2255-2275 163
Antisense 5'-GGTTCATCTTGGCGATCA-3 2417-2400

AC6 Sense  5'-CAAAGGAAGGGACGCCGAGAGG-3"  3731-3752 391
Antisense 5'-GGCAAATGGAAACATTCCCCTG-3' 4122-4101

AC7 Sense  5'-CGTTCCCGGACTTCAAAGTGT-3 2712-2731 355
Antisense 5"-AATCACTCCAGCAATCACAGG-3' 3066-3046

AC8 Sense  5'-CAGTCTGGGCCTGAGGAAATT-3' 2748-2768 478
Antisense 5'-AAGTCAGGTTCTTCAAGGGTA-3 3225-3205

AC8’ Sense  5'-TTCACTTGAGCCTAGCCTCG-3 1363-1382 627
Antisense 5’-GGATGTAGATGCGGTGGAAC3’ 1989-1970

AC9 Sense  5'-(GGTCTCCCACAGATGAGAT-3' 3856-3875 351
Antisense 5'-TCTGGGGACAGAAACTGAGG-3' 4206-4187

GAPDH  Sense  5'-TATGACAACTCCCTCAAGAT-3' 483-502 317
Antisense 5'-AGATCCACAACGGATACATT-3’ 799-780

for AC6 and ACS8 were detected by agarose gels upon longer cycles and
also with alternate primers (AC8'); AC1 and AC4 product levels were
very low, and AC7 was below the level of detection for qRT-PCR. All
primers were confirmed using rat brain tissue.

Immunoprecipitation of AC activity. DRGs below the vertebral T10 in-
jury level from sham or SCI rats were used for all biochemical assays. Previ-
ous work showed similarly high incidence of SA after SCI in small neurons
from DRGs from just above the injury level (T8, T9), at the injury level (T10,
T11, T12), and below the injury level (L3 to L6) (Bedi et al., 2010; unpub-
lished observations). Thus, to maximize the amount of relevant DRG tissue,
we pooled DRGs bilaterally from T12 to L6. Immunoprecipitation of protein
complexes with rabbit IgG (control) or anti-AKAP150 antibodies was per-
formed as described previously (Piggott et al., 2008; Kapiloff et al., 2009;
Efendiev et al., 2013). Disrupting peptides (10-20 um) were added during
homogenization and were prepared as described previously (Efendiev et al.,
2010). Immunoprecipitations were assayed for associated AC activity upon
stimulation with 100 nm GTPyS-Gas and 50 um forskolin for 10 min at
37°C. AC8 activity was measured upon stimulation with 100 um Ca** and
300 nM calmodulin. Acetylated cCAMP was detected by enzyme immunoas-
say (ELISA kit from Enzo Life Sciences).

AC activity in DRG membranes. Freshly isolated DRGs were rinsed
with PBS and resuspended in sucrose supplemented buffer: 20 mm
HEPES, 1 mm EDTA, 2 mm MgCl,, 1 mm DTT, 250 mMm sucrose, and
protease inhibitors (0.1 mm phenylmethylsulfonyl fluoride, 0.1 mm Na-
p-tosyl-L-lysine chloromethyl ketone, and 0.1 mm N-tosyl-L-phenyl ala-
nine chloromethyl ketone). Tissue was homogenized using a rotor-stator
tissue homogenizer (5 mm probe; 3 s pulses on ice, 7 times) and centri-
fuged at 1800 X g to pellet nuclei. Membranes were subjected to centrif-
ugation for 20 min at 60,000 X g, resuspended in sucrose supplemented
buffer, and analyzed for protein concentration by Bradford assay. Mem-
branes (6—10 ug/reaction) were immediately assayed for AC activity
upon stimulation with the indicated reagents (Dessauer, 2002). Heart
membranes were prepared from Naive/Sham or SCI animals as described
above for DRGs, except that flash frozen tissue was rapidly thawed and
quartered before homogenization. Membranes from Sf9 cells expressing
AC1 or AC5 were prepared as described previously (Dessauer, 2002).

Statistical analysis. Data are presented as mean = SEM. Comparisons
were made with paired or unpaired ¢ tests, one-way ANOVA followed by
Bonferroni’s post hoc tests corrected for multiple comparisons, or two-
way ANOVA with repeated measures. SA incidence was compared using
Fisher’s exact tests. In many of the biochemical studies, specific a priori
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predictions based on published or unpublished pilot studies were tested
between selected pairs of groups using t tests. Each group used for bio-
chemical comparisons included at least three experiments, with each
experiment performed in duplicate or triplicate. Statistical analyses were
performed with Prism 6 (Graphpad Software).

Results

Activity of anchored PKA is required for persistent SCI-
induced SA in DRG neuron somata

We first asked whether continuing PKA activity is required for
the maintenance of SCI-induced SA in small DRG neurons. SA
occurs in the somata of numerous nociceptors at and below the
injury level for at least half a year after thoracic spinal contusion,
and its incidence is correlated with pain-related behavior (Bedi et
al., 2010). Importantly, SCI-induced nociceptor SA is abolished
by interventions that reverse behavioral signs of pain (Wu et al.,
2013; Yangetal., 2014). As we found previously, SCI significantly
increased the incidence of L4/L5 neurons with SA (Fig. 1A) com-
pared with neurons in Naive or Sham groups (Fig. 1B, top bars):
increased SA was found both 3 d after SCI (SA in 11 of 14 neu-
rons, 79%) and 1-6 months after SCI (23 of 32 neurons, 72%).
No significant differences in SA incidence were found between
neurons tested 3 d versus 1-6 months after SCI in any of the SCI
groups, regardless of treatment after dissociation, so early and
late test data were combined for each group (more than half of
each group shown was tested 1—6 months after SCI). The increase
in SA incidence after SCI was associated with significant depolar-
ization of resting membrane potential (RMP) (Fig. 1B, bottom
bars) (see also Bedi et al., 2010).

Previous work implicated ongoing PKA activity in the main-
tenance of hyperexcitability of small DRG neuron cell bodies
(Song et al., 2006; Zheng et al., 2007) and in the induction of one
type of hyperalgesic priming (Araldi et al., 2015a,b). We found
that bath application of Rp-cAMPS (100 M, applied at least 30
min before establishing whole-cell configuration) significantly
decreased the incidence of SA in DRG neurons dissociated from
DRG in SCI animals, and tended to hyperpolarize RMP (Fig.
1A,B). To determine whether a PKA inhibitor would also reduce
ongoing SA from a dissociated DRG neuron, we superfused a
more membrane-permeant inhibitor, H-89 (50 um), over indi-
vidual cells beginning 2—4 min after establishing whole-cell con-
figuration. As shown in Figure 1, Cand D, spontaneous discharge
in the small DRG neurons we sampled was irregular and showed
considerable variability within and between cells (see also Bedi et
al., 2010). SA firing rates tended to increase during the first min-
ute of whole-cell recording and then stabilize. H-89 applied when
firing had stabilized (n = 6) produced a decrease in firing rate
within 40 s, and SA was essentially eliminated after 2 min of
superfusion. Little or no recovery occurred within 3-5 min of
washout (n = 4, data not shown). Two-way ANOVA with re-
peated measures revealed significant effects of time after super-
fusion (F(,, 65y = 2.53; p = 0.0044), 50 um H-89 treatment
(F1.14) = 5.51; p = 0.0341), and their interaction (F,, ;55 =
2.59; p = 0.0035). Identical experiments using 10 um H-89 under
whole-cell patch recording conditions (n = 3) failed to reduce SA
within 5 min (data not shown). Because membrane-permeant
PKA antagonists such as H-89 are typically bath applied at least
10 min before electrophysiological recording, and it is difficult to
maintain cell health for 10 min or more with the whole-cell patch
configuration, we used the much less damaging (but more tech-
nically difficult) perforated patch method to test the possibility
that the lower 10 uM concentration of H-89 would suppress SA if
allowed more time to penetrate into the cell. In small DRG neu-
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Figure1.  Anchored PKA activity maintains SCl-induced SA in dissociated small L4/L5 DRG neurons. A, Examples of SA and RMP after the indicated treatments. Dashed line indicates least negative
acceptable RMP (—40 mV) for sampled neurons. B, Attenuation of SCl-induced SA and depolarized RMP by inhibitors of PKA and AKAP function. The ratio above each bar denotes the number of
neurons with SA/the number of neurons sampled. Statistical comparisons of SA incidence were made with Fisher’s exact tests on the indicated pairs of groups (paired experiments were run on the
same batches of neurons in different coverslips on the same day). Comparisons of RMP (mean == SEM) were made with one-way ANOVA followed by Bonferroni post hoc tests: *p << 0.05; **p <
0.01;***p < 0.001. ¢, Examples of ongoing SA in dissociated DRG neurons and its rapid reduction by inhibitors of PKA and AKAP function. Top, Cell recorded under whole-cell configuration with a
higher resistance patch pipette containing 100 nm STAD-2 in pipette solution. Middle, Cell recorded with lower resistance patch pipette and superfused with saline (same as bath solution). Bottom,
Cell recorded with a lower resistance pipette and superfused with H-89 in bath solution. D, Time course of the effects of superfused 50 um H-89 on SA firing rate (mean == SEM). Two-way ANOVA
revealed significant effects of H-89 treatment (n = 6 neurons) versus controls (n = 10) and of time after treatment. E, Prolonged recordings of dissociated DRG neurons with the perforated patch
method shows that 10 um H-89 eventually suppresses ongoing SA. Left, Examples of SA recorded T min before and at the indicated times after superfusion of 10 m H-89. Right, Time course of the
effects of 10 wm H-89 treatment on mean SA firing rate recorded with perforated patch. Each point represents the mean == SEM (n = 3 cells) of the average spike frequency in each cell during the
indicated 2 min period. MP, Membrane potential (includes action potentials).

rons showing stable perforated patch recordings for long periods PKA is often targeted to signaling complexes by specific bind-
(25-75 min, n = 3), 10 um H-89 produced clear, prolonged  ingto AKAPs. We tested the necessity of this interaction by using
suppression of SA within 5-10 min of extracellular application  a stearated AKAP-PKA disrupting peptide, stHt31, to inhibit the
(Fig. 1E). interaction between AKAPs and the regulatory subunits of PKA.
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Figure2.

ACactivity maintains SCl-induced SA. 4, Attenuation of SCl-induced SA and depolarized RMP by an ACinhibitor (2" deoxy-3" AMP). The proportion of neurons exhibiting SA was analyzed

with Fisher's exact test (**p << 0.01; 10 cells per group); RMP analyzed with unpaired ¢ test (*p << 0.05). B, Agarose gel of RT-PCR products from RNA isolated from Sham and SCl rats of ACisoforms
and GAPDH control after 40 cycles. Primers used are indicated in Table 1. €, qRT-PCR of AC isoform expression in DRGs from Sham and SCl rats. Fold change (242%) after SCI = SD is plotted. All
samples were normalized to GAPDH controls (n = 3, performed in triplicate). For description of statistical analysis, see Materials and Methods.

Intracellular dialysis of stHt31 (50 um) through the pipette (in
the whole-cell patch configuration) into neurons isolated from
SCI animals significantly reduced the incidence of neurons dis-
playing SA, whereas an inactive version of this peptide, stHt31P
(50 uM), had no effect (Fig. 1A,B). As a complementary ap-
proach, we used STAD-2, a stable “hydrocarbon-stapled” PKA-
AKAP disrupting peptide that is highly selective for the RII
regulatory subunit of PKA (Wang et al.,, 2014). Intracellular de-
livery of STAD-2 (500 nM) significantly reduced SA incidence
and hyperpolarized the RMP, compared with effects of the
scrambled inactive version, Scr-STAD (Fig. 1 A, B).

For both stHt31 and STAD-2, the inhibitory effects were very
rapid. The cells lacking SA exhibited no SA at any point during
the recording session, even at the onset (30—60 s after establish-
ing whole-cell configuration). Moreover, the few cells with SA
did not show a progressive decrease in firing rate after breaking
into the cell. These observations suggest that, at these concentra-
tions and with the 30—60 s delay between break-in and recording
onset, the inhibitors had an all-or-none effect on recorded SA. To
observe the development of the predicted inhibition of ongoing
SA, we used a lower concentration of inhibitor applied through a
smaller aperture patch pipette. We found 4 neurons that exhib-
ited SA when recordings began 15-30 s after break-in using a
patch pipette containing 100 nm STAD-2 (instead of 500 nM) and
having a resistance of 7-12 M() (instead of 3—6 M(}). In each case,
the early SA was abolished within 100 s of break-in, as illustrated
in Figure 1C, and no further SA occurred for the remainder of the
recordings (2—10 min of inactivity). These results confirm that
ongoing SA observed in small dissociated DRG neurons after SCI
is blocked by disruption of AKAP-PKA interactions.

Interestingly, even at the higher concentrations used in most
of our recordings, neither STAD-2 nor stHT31 completely elim-
inated SA in the sampled populations. Indeed, the SA incidence
in the presence of these inhibitors was about the same as in cells
sampled from Naive and Sham groups (Fig. 1B). Moreover, nei-
ther inhibitor caused the DRG neurons to become inexcitable;
artificial injection of depolarizing current in the presence of ei-

ther inhibitor was still able to evoke action potentials (data not
shown). Together, these results indicate that ongoing activity of
PKA anchored by the RII subunit to an AKAP is continuously
required for the generation of persistent SA in isolated nocicep-
tors induced by prior SCI, but this activity is not required for
normal excitability.

AC5/6 complexed with AKAP150 is required for persistent
SCI-induced SA

The requirement of anchored PKA activity for persistent SCI-
induced SA implied that AC activity is also necessary. Using in-
tracellular dialysis of the AC P-site inhibitor, 2'deoxy-3"AMP
(300 M), we found significant reduction of SA incidence and
significant hyperpolarization in small sensory neurons from SCI
rats compared with neurons dialyzed with vehicle (Fig. 2A). To
obtain a complete profile of AC isoform expression, we used
qRT-PCR to compare DRG transcript levels between Sham and
SCI groups. Largely in accord with previous studies (Ehnert et al.,
2004), AC2, AC3, AC5, and AC9 were detected in DRGs taken
from T12 to L6 segments and, to a lesser extent, AC6 and AC8
(Fig. 2B). Relatively small differences in RNA levels for any AC
isoform were found between SCI and Sham groups, although
AC6 was significantly elevated and AC8 was significantly reduced
in the SCI preparations (Fig. 2C).

Most small DRG neurons that exhibit SA after SCI express
TRPV1 (Wu et al., 2013). In nociceptors, TRPV1 is complexed
with AKAP150 and AC5 and/or AC6 (Efendiev et al., 2013).
Therefore, we probed this complex using an AC-AKAP150 dis-
rupting peptide that is selective for the AC5/6 binding domain of
AKAP150 (AKAP7977713 hereafter called AC-AKAPi) (Efendiev
etal., 2010, 2013). We have previously shown that AC-AKAPi is
selective for AC5/6 and does not displace AC2 or AC9 from the
AKAP79/150 scaffold (Efendiev et al., 2010). AC3 and AC8
activity can also be immunoprecipitated with AKAP150 when
overexpressed in HEK293 cells (Fig. 3A) (Efendiev et al., 2010).
AC-AKAPi (10 uwm) had no effect on AKAP150 anchoring of AC3
or AC8 but disrupted AC5 interactions with the scaffold (Fig.
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Figure3. Disruption of AKAP150-anchored ACin DRGs by an AC5/6-AKAP150-selective dis-
rupting peptide (AC-AKAPi) attenuates SCl-induced SA. A, AC-AKAPi is selective for AC5 and
does not disrupt association of AC3 or AC8 with AKAP150. HEK293 cells were transfected with
AKAP150 and the indicated AC isoforms. Samples were immunoprecipitated with anti-
AKAP150 in the presence of control or disrupting peptides (10 wm) during cell lysis, and the
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3A). Our control peptide (AKAP79'%7°°) had no effect on the
association of any AC isoform with AKAP79/150 (Fig. 3A)
(Efendiev et al., 2010). To determine the level of AC activity
associated with AKAP150 in SCI and Naive animals, we immu-
noprecipitated AKAP150, using IgG as a control, from lysates of
DRGs taken from segments T12 to L6 followed by Gas/forsko-
lin-stimulated AC activity measurements. Antibodies against
AKAPI150 pulled down nearly fourfold increased AC activity
compared with IgG in preparations from both SCI and Naive
groups (Fig. 3B). The disrupting peptide AC-AKAPi (20 um)
significantly reduced AKAP150-associated AC activity obtained
from both Naive and SCI groups (Fig. 3B). As AC-AKAPi is se-
lective for AC5 and AC6, and does not affect interactions of
AKAPI150 with other AC isoforms (Fig. 3A) (Efendiev et al.,
2010), these results indicate that most of the AC activity associ-
ated with AKAP150 in DRGs is produced by AC5/6.

To investigate the requirement of this complex for the main-
tenance of SCI-induced SA, we dialyzed small sensory neurons
isolated from SCI rats with AC-AKAPi (20 um) or a control pep-
tide, AKAP150'%°72°° (20 um), that does not affect AC-AKAP150
interactions. As found with the PKA-AKAP disrupting peptides,
dialysis with AC-AKAPi caused a significant decrease in SA inci-
dence compared with the control peptide (Fig. 3C), albeit with no
apparent effect on RMP. This result strengthens the conclusion
that AC5/6-AKAP150 interactions are required for persistent no-
ciceptor SA.

Previous studies have identified expression of several AKAPs
in nociceptors, including AKAP150, AKAP12 (also known as
Gravin), AKAP18, and Yotiao (Schnizler et al., 2008). Western
blotting confirmed expression of AKAP150, AKAP12, and the
RIIB subunit of PKA in DRGs, but the protein levels were largely
unchanged after SCI (Fig. 3D). A small but significant increase in
AKAP150 was detected after SCI. AC5 protein levels were also
unchanged (Fig. 3D); limited amounts of DRG tissue and inade-
quate quality of antibodies to other AC isoforms prevented de-
tection of other AC isoforms.

SCI alters the regulation of ACs in DRGs

An important question is whether SCI alters the function of the
AC5/6-AKAP150-PKA complex. A persistent functional change
in this complex could be important for driving chronic SA and
consequent pain. To begin to address this question, we looked for
SCI-induced modifications in the regulation of AC activity in
membranes isolated from DRGs taken from T12 to L6 segments
in control (Naive and Sham) and SCI rats. AC activity measure-
ments were made under basal enzyme conditions, during stimu-
lation with purified GTPyS-bound Gas (100 nm) either in the
presence or absence of GTPyS-Gad (1 um), and upon stimulation
with Ca®*/calmodulin (100 um/300 nm; Fig. 4A). Membranes
from Naive (n = 2) and Sham (n = 2) rats showed identical
response patterns, so these control data were pooled. Previous

<«

associated stimulated AC activity was measured (mean == SEM, n = 3 performed in duplicate,
normalized to control peptide with AKAP150). *p << 0.05 (paired ¢ test on non-normalized
data). **p << 0.01 (paired t test on non-normalized data). B, AKAP150-associated AC activity is
reduced by AC-AKAPi in DRGs from sham and SCl rats. Samples were immunoprecipitated with
control lgG or anti-AKAP150 in the presence or absence of AC-AKAPi (20 wum), and associated AC
activity was measured (mean == SEM, n = 3).***p << 0.001 (unpaired t test). C, Attenuation of
SCl-induced SA by AC-AKAPi. *p << 0.05 (Fisher's exact test). D, F, AKAP150, but not AC5,
protein expression in DRGs is slightly enhanced by SCI (mean = SEM, n = 3-5). *p < 0.05
(paired ¢ test of SCl vs Sham controls). E, Characterization of anti-AC5. WB of membranes from
Sf9 cells expressing AC3, AC5, or AC6. n.s., Not significant.
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studies have failed to find significant differences in nociceptor
physiology or pain-related behavior between Naive and Sham
animals (Bedi et al., 2010; Wu et al., 2013; Yang et al., 2014). Gess
produced an eightfold increase in activity, which was inhibited
60% by the presence of Gai. This pattern indicates major con-
tributions from AC5/6, which are activated by Gas, inhibited
by Gai, and unaffected by Ca**/calmodulin. Stimulation by
Ca’"/calmodulin alone caused a 1.5-fold enhancement of
basal AC activity, suggesting weak contributions from ACl,
AC3, and/or ACS.

Importantly, DRG membranes isolated from SCI animals
(n = 4) showed significant differences in AC regulation com-
pared with membranes from the control animals; there was a
dramatic loss of Gai inhibition and a 1.5-fold increase in AC
activity stimulated by Ca**/calmodulin (Fig. 4A). SCI had no
significant effect on the total basal or Gas-stimulated AC activity.
This alteration in AC regulation after SCI was not a generalized
effect of SCI, as no alterations in Gad inhibition or Ca?*/calmod-
ulin stimulation were detected in heart tissue from SCI groups
compared with Naive/Sham groups (Fig. 4B). Examples of AC
regulatory patterns are shown as controls in Figure 4C, where
membranes from Sf9 cells expressing AC1 or AC5 were assayed
under the same regulatory conditions as above. Although both
AC isoforms were inhibited by Ged (35% and 58% for AC1 and
ACS, respectively), only AC1 (and AC8, data not shown) was
activated by Ca**/calmodulin (10-fold). These findings suggest
that SCI-induced alterations in the regulation of ACs, especially
AC5/6, are important for driving PKA activity and promoting
nociceptor SA.

Discussion

This study has revealed a previously unsuspected role for AC5
and/or AC6 complexed with AKAP150 and PKA in maintaining
nociceptor hyperactivity after SCI, and has disclosed novel alter-
ations of AC function that have not been reported previously in
any physiological context.

Increases in cAMP synthesis in primary afferent neurons have
long been known to participate in various responses to bodily
injury, including axonal regeneration (Siddiq and Hannila, 2015)
and sensitization (Gold and Gebhart, 2010). In nociceptors, in-
creased cAMP synthesis contributes to sensitization by inflam-
matory signals lasting several hours (e.g., Taiwo et al., 1989; Cui
and Nicol, 1995; Hingtgen et al., 1995; Kress et al., 1996; Gold et
al., 1998), and the acute sensitization of nociceptors by heat or
prostaglandin E, depends upon AKAP150-PKA complexes (Jeske
etal., 2008; Schnizler et al., 2008; Efendiev et al., 2013; Fischer and
McNaughton, 2014). Surprisingly few studies have investigated
whether AC-PKA signaling also contributes to the maintenance
of persistent hyperexcitability of nociceptors. Inhibitors of PKA
activation or AC activity can reduce nociceptor hyperexcitability
when applied days or weeks after nerve crush (Liao et al., 1999),
peripheral prostaglandin E, injection (Aley and Levine, 1999;
Villarreal et al., 2009), or “chronic” (1-2 weeks) compression of
lumbar DRGs (CCD model) (Songet al., 2006; Zheng et al., 2007;
Huang et al., 2012). Inhibition of PKA activity by H-89 has been
reported to block the induction of hyperalgesic priming (lasting
several weeks) by agonists of mu opioid receptors (Araldi et al.,

<«

(100 nu), Gers plus Gevi (1 m), or Ca**/calmodulin (CaM; 100 /300 nm). *p << 0.05 (un-
paired  tests). **p << 0.07 (unpaired t tests). ***p << 0,001 (unpaired ¢ tests). “Significant
difference in CaM-stimulated AC responses of SCI versus Naive/Sham animals. NS, Not
significant.
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2015a) or adenosine A1 receptors (Araldi et al., 2015b). However,
in these priming models, PKA activity only appeared to contrib-
ute for several days to the maintenance of the primed state, and
it is unknown whether the reported behavioral alterations are
driven by nociceptor hyperexcitability or SA. In contrast, we
found that inhibition of PKA activation by Rp-cAMPS, disrup-
tion of PKA anchoring to AKAPs, or inhibition of AC activity by
2'deoxy-3'AMP eliminated both the SA and depolarization of
RMP in small DRG neurons observed months after SCI. In addi-
tion, the PKA inhibitor H-89 was found to rapidly abolish SA
months after SCI. Dependence of nociceptor hyperexcitability on
AC-cAMP-PKA signaling in the CCD model has been associated
with increased expression of PKA, including RII (Huang et al.,
2012), which we did not find after SCI. A major difference be-
tween our SCI model and most neuropathic pain models, such as
CCD, is that most of the sensory neurons tested in the SCI model
are probably not damaged by the neuropathic insult (Bedi et al.,
2010). Moreover, unlike in the CCD model (Huang et al., 2012),
sensory neuron hyperexcitability recorded after SCI does not de-
pend upon activation of protease-activated receptor 2 (Q. Yang
and E. Walters, unpublished observations). The present study
shows, for the first time in any pain model, that AC activity is
necessary to maintain nociceptor hyperexcitability months after
the initiating event. This demonstration is particularly notewor-
thy because the AC-dependent ongoing SA occurs in the same
sensory neurons whose persistent hyperactivity has been shown
to be necessary for behavioral signs of chronic pain after SCI
(Yangetal., 2014).

The displacement of AC5/6 from the AKAP150 complex by a
selective disrupting peptide (AC-AKAPi) strongly reduced SA,
providing clear evidence that SCI-induced SA depends upon sig-
naling activity in a complex containing AC5/6, PKA, and
AKAP150, all of which are present in DRGs from naive and SCI
rats. This finding is interesting in light of the dramatic deficits in
behavioral measures of nociception and neuropathic pain
found in AC5 null mutant mice (Kim et al., 2007). While those
deficits were assumed to reflect loss of AC5 function in the
CNS, the present results suggest that loss of AC5 function in
primary nociceptors could have contributed to the results re-
ported by Kim et al. (2007).

We found no increase in expression of PKA and only a small
increase in expression of AKAP150 after SCI. In contrast, we
found a dramatic change in the regulation of AC activity. Two
regulatory alterations occurred after SCI. First, there wasa ~50%
increase in the relatively small amount of AC activity stimulated
by Ca**/calmodulin. In principle, this could contribute to hy-
perexcitability and is consistent with either increased expression
or increased sensitivity of AC1, AC3, or AC8. AC1 contributes to
chronic pain mechanisms in the brain (Vadakkan et al., 2006) but
was not detected in DRGs (Fig. 2B) (Ehnert et al., 2004). AC8 in
the spinal cord and brain has been suggested to contribute to
persistent pain (Wei et al., 2002) and binds AKAP150 (Efendiev
et al., 2010; Willoughby et al., 2010), but AC8 would represent a
small fraction of AKAP150-associated AC in DRGs, even after
SCI. Importantly, the function of numerous AKAP150-
anchored channels is known to be either enhanced (e.g.,
Cavl.2,Cav3.2, TRPV1, and TRPV4) or inhibited (KCNQ and
TREK) by PKA (Fischer and McNaughton, 2014), and any of
these or yet to be identified channels associated with AKAP150
may promote nociceptor SA.

Second and perhaps more important, there was a large and
novel effect of SCI on the regulation of AC activity by Gai: the
strong inhibitory effect of Gai on Gas-stimulated AC activity
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observed in naive animals was nearly eliminated after SCI. This
loss of inhibition also is likely to contribute in vivo to increased
AC activity and maintenance of nociceptor SA. The altered reg-
ulation of ACs in DRG membranes after SCI differs from the
sensitization of AC5/6 that occurs following prolonged stimula-
tion of Gey,-coupled receptors by opioids (Watts and Neve,
2005) because we found no increase in total Gas-stimulated ac-
tivity. The altered regulation occurs at the level of the AC, and
thus differs from the Gai-dependent nociceptor mechanism pro-
posed for chronic hyperalgesia in which stress or inflammation
may switch the coupling of some receptors from Gas (leading to
PKA activation) to Gai (leading to PKCe activation) (Khasar et
al., 2008). Instead, SCI causes a loss of Gai inhibition of AC
activity. This might, in principle, be caused by a change in the
relative protein expression of different AC isoforms. However,
the only significant changes in relative mRNA levels for AC iso-
forms after SCI were an increase in AC6 and decrease in AC8. If
these changes were translated into corresponding changes in pro-
tein levels, one would expect increased rather than decreased
inhibition by Gai, as AC6 is one of the AC isoforms most sensitive
to Gad inhibition (Taussig et al., 1994; Chen-Goodspeed et al.,
2005). Instead, it is likely that SCI causes intrinsic modification of
AC5/6 that reduces its inhibition by Gai. An interesting question
is whether, in addition to contributing to the maintenance of
chronic nociceptor hyperactivity in conditions such as SCI, loss
of Gai inhibition of AC might contribute to the PKA-dependent
(“Type II”) hyperalgesic priming that can be produced by re-
peated peripheral stimulation of Gai (Araldi et al., 2015a,b). The
unexpected chronic alterations of AC regulation are consistent
with SCI-induced reprogramming of numerous, uninjured noci-
ceptors into a persistent, hyperactive cellular state that was pro-
posed (Bedi et al., 2010; Walters, 2012) and then validated (Yang
et al., 2014) as a major contributor to chronic pain. While the
actual contributions of altered AC regulation to behavioral mea-
sures of pain after SCI (and potentially other pain conditions)
have yet to be determined and the molecular mechanisms under-
lying the alteration of AC regulation remain to be defined, the
present results provide the first direct demonstration that persis-
tent hyperactivity of sensory neurons that excite pain pathways is
associated with long-lasting alterations of AC function and regu-
lation in the hyperactive neurons.
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