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Abstract

Peripheral inflammation produces a long-lasting latent sensitization of spinal nociceptive neurons
that is masked by tonic inhibitory controls. We explored mechanisms of latent sensitization with
an established four-step approach: 1) induction of inflammation; 2) allow pain hypersensitivity to
resolve; 3) interrogate latent sensitization with a channel blocker, mutant mouse, or receptor
antagonist; 4) disrupt compensatory inhibition with a receptor antagonist so as to reinstate pain
hypersensitivity. We found that the neuropeptide Y Y1 receptor antagonist BIBO3304 reinstated
pain hypersensitivity, indicative of an unmasking of latent sensitization. BIBO3304-evoked
reinstatement was not observed in AC1 knockout mice and was prevented with intrathecal co-
administration of a pharmacological blocker to either: the N-methyl-D-aspartate receptor
(NMDAR); adenylyl cyclase type 1 (AC1); protein kinase A (PKA); transient receptor potential
cation channel Al (TRPAL); channel V1 (TRPV1); or exchange protein activated by cAMP
(Epacl or Epac2). A PKA activator evoked both pain reinstatement and touch-evoked pERK
expression in dorsal horn; the former was prevented with intrathecal co-administration of a TRPA1
or TRPV1 blocker. An Epac activator also evoked pain reinstatement and pERK expression. We
conclude that PKA and Epac are sufficient to maintain long-lasting latent sensitization of dorsal
horn neurons that is kept in remission by the NPY-Y1 receptor system. Furthermore, we have
identified and characterized two novel molecular signaling pathways in the dorsal horn that drive
latent sensitization in the setting of chronic inflammatory pain:
NMDAR—AC1—PKA—TRPA1/V1 and NMDAR—AC1—Epacl/2. New treatments for
chronic inflammatory pain might either increase endogenous NPY analgesia or inhibit AC1, PKA
or Epac.
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Introduction

Peripheral inflammation produces a central sensitization in the spinal cord that amplifies the
intensity and extends the duration of nociception [36; 42]. After the initial hyperalgesia
resolves, a silent long-lasting form of central sensitization, termed latent sensitization,
continues to operate [17; 43; 68]. Latent sensitization contributes to the transition from acute
to chronic pain, manifesting as vulnerability to recurrent allodynia or hyperalgesia upon
subsequent injury or stressors [63]. However, the cellular and molecular mechanisms of
latent sensitization remain largely unexplored.

By definition, latent sensitization is opposed by endogenous pain inhibitory mechanisms. A
prime example is observed after disruption of the neuropeptide tyrosine (NPY) and NPY Y1
receptor (Y1R) signaling cascade (which we refer to as the NPY-Y1R axis). Solway et a/.
2011 [58] reported that either genetic (NPY depletion) or pharmacological (intrathecal
administration of an Y1R antagonist) disruption of the spinal NPY-Y1R reinstated
hyperalgesia during the remission phase of latent sensitization, leading to the conclusion that
the NPY-Y'1R axis serves as an endogenous inhibitory brake on latent sensitization, thus
keeping pain in remission. This project sought to unravel the underlying mechanisms that
are kept in check by the NPY-Y1R axis.

Y1R is a member of the G-protein coupled receptor superfamily and couples to inhibitory
G-proteins aj/o, leading to the inactivation of adenylyl cyclase and subsequent down
regulation of cAMP [30; 56]. Ca2*/calmodulin-dependent adenylyl cyclase type 1 (AC1) is
found in superficial laminae of spinal cord. Its activation by Ca2* flux through N-Methyl-D-
aspartate receptors (NMDAR) contributes to inflammatory pain [71; 73]. We reported that
NMDAR-dependent AC1 superactivation contributes to the latent sensitization that is
inhibited by p-opioid receptor constitutive activity (MORca) [17]. We propose an analogous
inhibitory mechanism involving prolonged Y 1R signaling after inflammation. Our first
hypothesis is that endogenous NPY-Y 1R axis maintains latent sensitization in the remission
state by inhibiting NMDAR-dependent AC1.

CAMP is established to activate protein kinase A (PKA) and thus contribute to central
sensitization [1; 42]. In addition, recent studies suggest a new exciting receptor target: the
exchange protein directly activated by cAMP (Epac) [11; 20]. An emerging literature
suggests that Epac critically contributes to pain [22; 23; 29; 31; 34; 57; 70]. These
publications led to our second hypothesis that both PKA and Epac are essential to latent
sensitization, which is silenced by the pain inhibitory NPY-Y1R axis.

Inflammation sensitizes the TRPA1 and TRPV1 channels [49; 50; 59] that are expressed on
the central terminals of C and A8 nociceptors [9; 32; 60; 61; 65], thus facilitating
nociceptive transmission [3; 6; 8; 16; 18; 48; 49]. An estimated 35% of Y 1R-expressing
DRG neurons express TRPV1 [25], and Y 1R activation down-regulates TPRV1/Al-induced
Ca%* mobilization [76; 77] or calcitonin-gene related peptide release [25-27]. PKA
phosphorylation of either channel sensitizes them to inflammation [41; 52; 78]. Thus, our
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third hypothesis is that TRPAL and V1 channels contribute to the latent sensitization that is
silenced by the NPY-Y1R axis.

A schematic representation of these three hypotheses are illustrated in Figure 1.

Materials and Methods

Animals

Male mice were housed 2—4 per cage, with littermates, in a light- (14-h light/dark cycle),
temperature- (68—72° F) and humidity-controlled room with food and water provided ad
libitum. Animals were allowed a minimum of one week to habituate to the facility prior to
their entrance into the study. All procedures were approved by the Institutional Animal Care
and Use Committee of the University of Kentucky and the University of Pittsburgh, followed
the guidelines for the treatment of animals of the International Association for the Study of
Pain, and conducted in full compliance with the Association for Assessment and
Accreditation of Laboratory Animal Care. Commercial mice. Male C57BL/6 mice weighing
18-20g were purchased from Charles Rivers (Indianapolis). AC1 knockout (KO) mice. As
previously described [17], breeding pairs of AC1~- mice were kindly provided by Dr. Daniel
Storm (Washington University, Seattle, WA, USA), and bred at our facility to congenicity
onto a C57BL/6 background. Male homozygous and their wildtype littermates were used in
this study at the age of 8-12 weeks when the studies started. Genotype was confirmed before
and after each study by tail-snip PCR.

Complete Freund’s Adjuvant (CFA) Model of Inflammatory Pain

Mice were injected subcutaneously with 5 pl CFA (1mg/ml, Sigma-Aldrich, St. Louis, MO)
into the midplantar region of the left hindpaw with a 30G needle. Sham treatment involved
restraint, with the left hindpaw extended for 1 min.

Mechanical Threshold Testing.

Animals were acclimated to a stainless-steel grid within individual Plexiglas tubes for at
least 60 min prior to behavioral testing. To evaluate sensitivity to a non-noxious mechanical
stimulus, we used an incremental series of 8 von Frey filaments (Stoelting, Inc, Wood Dale,
IL) of logarithmic stiffness (0.008-6 grams). The 50% withdrawal threshold was determined
using the up-down method [10]. Each filament was applied perpendicular to the central
plantar surface of the hindpaw skin with sufficient force to cause a slight bending of the
filament. A positive response was defined as a rapid withdrawal of the paw within a count of
5 seconds, as silently counted by the experimenter.

Intrathecal (i.t.) Drug Administration

Intrathecal injection was performed in lightly restrained unanesthetized mice as previously
described [24]. Briefly, a 30 G needle attached to a Hamilton microsyringe was inserted
between L5/L6 vertebrae, puncturing the dura (confirmed by presence of reflexive tail flick).
We then injected a 5 pl volume of vehicle or drug. The data of Figure 2 were obtained 21
days after CFA induction, after two consecutive i.t. injections, each separated by 15 min.
The data of Figure 3A include animals that were injected twice using a cross-over design
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with a 7-day separation between two injections. Animals receiving vehicle for the first
injections received drug for the second, and animals receiving drug for the first injections
received vehicle for the second. In all cases, group means of vehicle and drug did not differ
on either injection day, and so were combined for final analysis.

The following drugs and doses were used for intrathecal injections: BIBO 3304
trifluoroacetate (BIBO, Tocris Biosciences, United Kingdom), 5 pg/5 pl; (+)-MK-801
hydrogen maleate (MK-801, Sigma-Aldrich, St Louis, MO), 1 pug/5 ul (this dose of MK801
was devoid of overt motor effects); NB0O1 (Sigma-Aldrich, St Louis, MO), 1.5 ug/5 pl; N°-
Benzoyladenosine- 3°, 5’- cyclic monophosphate (6-Bnz-cAMP), sodium salt membrane-
permeant (6Bnz, BIOLOG Life Science Institute, Bremen, Germany), 10 nmol/5 ul; H-89
dihydrochloride hydrate (H89, Sigma-Aldrich, St Louis, MO), 10, 30 nmol/5 pl; 8-(4-
Chlorophenylthio)-2’- O-methyladenosine 3’,5’-cyclic Monophosphate sodium salt (8cpt,
Enzo Life Sciences, United Kingdom), 3 nmol/ 5 pl; ESI-09 and HIC0197 (synthesized by
Dr. Jia Zhou, UTMB), 10 pg/5 pl; HIC0350 (synthesized by Dr. Jia Zhou, UTMB), 1 ug/5
ul; HC 030031 (Tocris Biosciences, United Kingdom) 10 pg/5 pl; AMG 9810 (Tocris
Biosciences, United Kingdom) 1, 10 nmol/5 pl. Vehicle used for Figure 4A and 8A was
saline. Vehicle used for Figure 5A, 6A, 8B-D, was ethanol: alkamuls EL-620 (Rhodia,
Cranbury, NJ): saline in a volume ratio of 2:2:6. Vehicle used for other experiments was
ethanol: alkamuls EL-620: saline in a volume ratio of 1:1:8.

Blinding procedure

The experimenter was blinded to drug treatments in all behavioral pharmacology
experiments by a laboratory colleague. Briefly, all drugs and vehicle were made in identical
tubes. A lab mate color-coded the tubes for the experimenter. The key for coding was kept
hidden in a notebook until the completion of the experiment. The experimenter then
obtained the key for data analysis.

Immunohistochemistry and quantification of pERK

Separate cohorts of mice were tested for baseline mechanical sensitivity and exposed to CFA
or sham treatment. Mechanical thresholds were reassessed 3 days and/or 21 days later,
followed by intrathecal injection of 6Bnz (10 nmol) 8cpt (3 nmol), or vehicle (5 ul). To
determine the effect of vehicle or drug on pERK activation in the ipsilateral dorsal horn, a
light touch stimulation protocol was initiated 30 min after the end of behavioral testing. As
previously described [31; 33], mice were anesthetized with isoflurane (5% induction, 2%
maintenance). The plantar surface of the left hindpaw was gently stroked in the longitudinal
plane with a cotton-tip for 3 seconds out of every 5 seconds, for 5 min. After an additional 5
min wait time, mice received an intraperitoneal injection of sodium pentobarbital (>100
mg/kg, 0.2 ml, Fatal Plus ®) and were transcardially perfused with ice cold 1x phosphate
buffered saline (PBS) with heparin (10,000 USP units/L) followed by ice-cold fixative (10%
phosphate buffered formalin). The lumbar spinal cord was removed and post-fixed overnight
in 10% phosphate buffered formalin and then cryoprotected in 30% sucrose in 0.1 M PBS
for several days. Transverse sections (30 um) centered at L4 were cut on a freezing
microtome or cryostat and collected in antifreeze. The sections were washed three times in
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PBS and then pretreated with blocking solution (3% normal goat serum and 0.3% Triton
X-100 in PBS) for 1 h. Sections were then incubated in blocking solution containing the
primary antibody rabbit anti-pERK (1:1000, Phospho-p44/42 MAPK, Cell Signaling
Technology #4370, RRID:AB_2315112) overnight at room temperature on a slow rocker.
The sections were washed three times in PBS, and incubated in goat anti-rabbit secondary
antibody (1:1000, Alexa Fluor 488, Invitrogen A11008, RRID:AB_143165) for 60 min,
washed in PBS then 0.01 M phosphate buffer without saline, mounted onto Superfrost Plus
slides, air dried, and cover-slipped with Hard Set Antifade Mounting Medium with DAPI
(VECTASHIELD®)

All images were captured on a Nikon Eclipse Ti2 microscope using a 10x objective
(numerical aperture 0.45) and analyzed using NIS-Elements Advanced Research software
v5.02. We focused our quantification of the number of pERK immunopositive cell profiles
within lamina I-11, where the majority of nociceptive peripheral afferents terminate within
the dorsal horn (Corder et al., 2010), in left (ipsilateral to light touch stimulation) L4 spinal
cord segments. Two observers who did not know the identity of the slides / sections (e.g.
blinded to treatment) manually counted punctate immunoreactive profiles in 3-5 high
quality randomly selected sections of L4 spinal cord from each animal. The manual counts
for each L4 section were averaged between the two blinded quantifiers. These averaged
section counts for each individual animal were then averaged for an overall animal mean of
punctate immunoreactive profiles.

Differences between means were analyzed by two-way analysis of variance (ANOVA)
(Figure 2-6, 7A and 8), as indicated in the figure legends. Drug/Dose/Gene was a grouping
factor and time was the repeated measure. If a significant interaction or group was found (p
< 0.05), the ANOVA was followed by Bonferroni’s (for 2-group comparison) or Tukey’s
post-hoc (for multi-group comparison) tests. Figure 7B was analyzed by Student’s ¢test
(Graphpad Prism v7). Differences between means after intrathecal drug treatment (Figure
9J) were analyzed with a one-way analysis of variance (ANOVA) followed by Holm-Sidak
post-hoc tests.

Inflammation-induced pain sensitization is tonically opposed by spinal Y1 signaling and
requires NMDAR activation.

As illustrated in Figure 2, mechanical hypersensitivity was confirmed three days after CFA
injection, and then resolved by day 21. Consistent with previous reports [40; 58], the Y1R
antagonist BIBO3304 did not change mechanical threshold in sham mice not given CFA,
and, reinstated mechanical hyperalgesia at both 30 (p = 0.0004) and 60 (p = 0.0003) min
after i.t. injection (Drug x Time; F3 25 = 8.643; p = 0.0004).

NMDAR-Ca?*-AC1-cAMP signaling is required to maintain the inflammation-induced
latent sensitization that is inhibited by p-opioid receptor constitutive activity (MORca) [17].
To test the hypothesis that prolonged endogenous NPY-Y1R signaling similarly suppresses
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latent sensitization, we first asked whether NMDAR activity is required for the induction of
pain reinstatement produced by inhibition of Y1R signaling. Figure 2 illustrates that the
activity-dependent NMDAR blocker MK801, but not vehicle, prevented the reinstatement
evoked by BIBO3304 at both time points (p < 0.0001, p = 0.002, respectively). When given
by itself, MK801 did not change mechanical threshold (P>0.05) and did not produce motor
function side effects [17].

Latent sensitization requires AC1 activation.

Next, we used deletion mutant mice to ask whether AC1 is required for the latent
sensitization that is masked by Y1R. Consistent with previous reports [17; 73], baseline
mechanical thresholds were similar between AC1KO and WT mice (Figure 3A, P > 0.05).
However, CFA produced a time-dependent difference in mechanical hyperalgesia (Gene x
Time, F1 14 =4.932; p = 0.0434). While induction of hyperalgesia was similar across strains
(d1-3, P > 0.05), mechanical thresholds returned to baseline sooner in AC1KO mice. These
results indicate that AC1 is not required for the expression of acute nociception, but
contributes to the later phase of CFA hyperalgesia. We next injected BIBO3304 after
mechanical hypersensitivity had returned to baseline in both strains (21/28 days). BIBO3304
reinstated mechanical hyperalgesia in WT but not AC1KO (Gene x Time, Fq 26 = 20.5; p =
0.0001).

To determine whether the site of action of AC1 is at the spinal cord, we intrathecally co-
injected BIBO3304 with NBOO01, a selective AC1 inhibitor [71]. As illustrated in Figure 3B,
NBOO1 prevented the ability of BIBO3304 to reinstate mechanical hyperalgesia (Drug x
Time, F1 9 =10.24; p=0.0108).

PKA contributes to latent sensitization that is inhibited by the endogenous NPY-Y1R axis.

Corder et al. 2013 [17] reported that an NMDAR-Ca2*-AC1-cAMP signaling pathway
drives the latent sensitization that is masked by MORca but did not investigate signaling
mechanisms downstream of cAMP. To determine whether PKA activation is sufficient to
reinstate hyperalgesia, we administered the selective PKA activator, 6-Bnz-cAMP (6Bnz) to
mice given CFA 21 days earlier and their sham controls. As illustrated in Figure 4A, we
used a dose (10 nmol, i.t.) that did not produce mechanical hyperalgesia in sham mice. We
found that 6Bnz reinstated mechanical hyperalgesia when given 21 days after CFA induction
(Group x Time; Fy, 29 =5.571; p = 0.0119). To confirm that the reinstatement produced by
6Bnz is through the activation of PKA, we injected the PKA inhibitor H89. As illustrated in
Figure 4B, H89 dose-dependently inhibited the reinstatement produced by 6Bnz (Group x
Time; F3’ 29=6.364; p= 0.0019).

To determine whether PKA contributes to the latent sensitization that is masked by NPY/Y1,
we intrathecally administered H89 together with the Y1 antagonist BIBO3304 in mice given
CFA 21 days earlier. As illustrated in Figure 4C, H89 attenuated BIBO3304-evoked
reinstatement of mechanical hyperalgesia (Group x Time; F3 35 = 5.965; p = 0.002).
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TRPA1 and TRPV1 contribute to latent sensitization.

The above results suggest that an NMDAR-AC1-PKA signaling pathway drives latent
sensitization. Phosphorylation by PKA is required for TRPA1 activation or sensitization as
described in several rodent pain models [14; 54; 72]. To test the hypothesis that TRPA1
activity contributes to latent sensitization, we intrathecally injected HC030031, a TRPA1
antagonist, together with BIBO3304 in mice given CFA 21 days earlier. As illustrated in
Figure 5A, HC030031 attenuated BIBO3304-evoked reinstatement of mechanical
hyperalgesia (Group x Time, F3 30 = 7.398; p = 0.0008).

Similar to TRPAL, PKA-dependent sensitization or reduction of desensitization of TRPV1
can increase the responsiveness of pain-processing neurons during pain perception. [5; 44;
46; 47; 51; 78]. To test the hypothesis that latent sensitization contributes to TRPV1
activation, we intrathecally injected AMG9810, a TRPV1 antagonist, together with
BIBO3304 in mice given CFA 21 days earlier. As illustrated in Figure 5B, AMG9810 dose-
dependently attenuated the BIBO3304-evoked reinstatement of mechanical hyperalgesia in
the CFA model (Group x Time, F 29 = 19.38; p < 0.0001).

PKA-driven latent sensitization is TRPA1- and TRPV1-dependent.

It is unknown whether PKA-driven TRPA1 and TRPV1 activation contributes to latent
sensitization. To test that PKA-driven latent sensitization is TRPA1- or TRPV1-dependent,
we intrathecally delivered TRPA1 or TRPV1 antagonists, HC030031 or AMG9810
respectively, together with the PKA activator 6Bnz in mice given CFA 21 days earlier. As
illustrated in Figure 6, HC030031 (10 pg) prevented the ability of 6Bnz to reinstate
mechanical hypersensitivity (Figure 6A, Group x Time, F» 30 = 10.25; p = 0.0004), while
AMG9810 (30 nmol) attenuated 6Bnz-evoked reinstatement of mechanical hypersensitivity
(Figure 6B, Group x Time, F3 35 =5.799; p = 0.0025).

PKA-driven latent sensitization is not AC1-dependent.

Both TRPA1 and TRPV1 are Ca?* permeable cation channels, allowing Ca2* influx into the
cell upon activation. We posited that the resulting influx of CaZ* could either activate a
downstream calcium-dependent enzyme AC1, or cause further activation of the upstream
AC1 thus forming a positive feedback loop that would then potentiate latent sensitization
and pain reinstatement. To test this hypothesis, we delivered the PKA selective activator
6Bnz not only to wild type mice, but also to AC1 knockout mice at 21 days after CFA
induction. We purposefully chose a dose of 6Bnz that did not produce mechanical
hypersensitivity in uninflamed mice (Figure 4A). When conducted after the resolution (28
days) of CFA-induced hyperalgesia, reinstatement of mechanical hyperalgesia by the PKA
activator 6Bnz was not reduced in AC1 knockout mice (Figure 7, P > 0.05).

Epacl and Epac?2 contribute to latent sensitization that is inhibited by the NPY-Y1R axis.

cAMP signaling is mediated not only by PKA, but also by exchange protein directly
activated by cAMP (Epac). The two isoforms are isoforms 1 (Epacl, RapGef3, cAMP-GEF
I) and isoform 2 (Epac2, RapGef4, cAMP-GEF 1) [11; 20]. They catalyze GDP/GTP
exchange in small G-proteins [19; 39], activating downstream signaling. An emerging
literature indicates that both contribute to pain sensitization after inflammation or injury [22;
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23; 29; 31; 33; 34; 45; 57; 70]. To determine whether Epac activation is sufficient to
reinstate hyperalgesia, we administered the selective Epac activator, 8cpt, at a dose (3 nmol)
that does not produce mechanical hyperalgesia in sham mice. As illustrated in Figure 8A,
8cpt reinstated mechanical hyperalgesia when tested after the resolution (21 days) of CFA-
induced hyperalgesia (Figure 8A, Group x Time; F3 19 = 5.555; p = 0.0066).

We next tested the hypothesis that endogenous latent sensitization is mediated by Epacl
and/or Epac2. After the resolution (21 days) of CFA-induced hyperalgesia, we injected
BIBO3304 with either Epacl/2 dual antagonists HIC0197 and ESI-09, or with a highly
isoform-selective Epac2 antagonist HIC0350 [2; 12; 13]. Each of these attenuated
BIBO3304-evoked reinstatements of mechanical hyperalgesia: HIC0197 (Figure 8B, Group
x Time; F3 39 = 5.749; p = 0.0023); ESI-09 (Figure 8C, Group x Time; F3 45 =5.033; p =
0.0043); and HIC0350 (Figure 8D, Group x Time; F3 36 = 6.071; p = 0.0019).

PKA and Epac contribute to latent sensitization of dorsal horn neurons.

Peripheral inflammation produces a cAMP-dependent latent central sensitization in the
spinal cord that amplifies the intensity and extends the duration of nociception [36; 42][17;
43; 68][. To test the hypothesis that the cCAMP receptors, PKA and Epac, contribute to latent
sensitization of dorsal horn neurons, we evaluated stimulus-evoked expression of pERK.
Dorsal horn pERK expression is widely used as a marker of central sensitization in models
of persistent pain [13; 29; 31]. As illustrated by the timeline of Figure 9A, we injected 6Bnz
(10 nmol), 8cpt (3 nmol), or vehicle (5 ul, i.t.) into mice 21 days after sham or CFA
induction, applied light mechanical stimulation, and then extracted spinal cords for pERK
immunohistochemistry in lamina I-11 of the L4 dorsal horn. As illustrated in Fig 9B, the
number of pERK+ cells was small when tested 3 days after sham treatment. By contrast, Fig
9C illustrates that light touch stimulation induced pERK expression is in a relatively large
number of cells when tested 3 days after CFA. We next evaluated pERK expression after
confirming that both hyperalgesia (Fig 9D) and stimulus-evoked increases in pERK
expression (Fig 9E) had resolved by Day 21. As illustrated in Figs 9F-I, both 6Bnz (F4 2,
=7.741, p=0.0200) and 8cpt (F4 22 =7.741, p=0.0008) increased stimulus-evoked pERK
expression as compared to CFA 21d mice that received vehicle. Similarly, both 6Bnz (F4 22
=7.741, p= 0.0200) and 8cpt (F4 22 =7.741, p= 0.0048) increased pERK expression in CFA
21d mice as compared to Sham 21d mice.

Discussion

NPY is abundantly expressed in laminae I-111 of the dorsal horn [28; 53], and is up-regulated
on the side ipsilateral to paw inflammation [37](Ji et al. 1994), where it can inhibit
inflammation-enhanced Y'1R signaling and substance P release [64]. We targeted spinal
NPY pain inhibition with intrathecal injection of the Y1R antagonist, BIBO3304. We cannot
rule out diffusion along the dorsal root to the DRG; however, NPY is not expressed in the
DRG after paw inflammation [66; 67]. Therefore, the present studies indicate that intrathecal
BIBO reinstated hyperalgesia upon blockade of the actions of NPY that was released from
spinal interneurons.
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Endogenous NPY-Y1R axis maintains latent sensitization in remission by inhibiting
NMDAR-dependent AC1.

The NMDAR is a non-selective cation channel (permeable to both Na+ and Ca2+) which
can be found in almost every synapse in the superficial dorsal horn. Ca%* stimulated
isoforms of adenylyl cyclase are activated by NMDARSs in brain [15], and NMDAR-derived
Ca?* increases are linked to cAMP signaling pathways [15; 75] necessary for LTP initiation
[69], opiate physical dependence [79] and spinal synaptic facilitation [71; 74]. Continued
activation of NMDAR leads to the induction and maintenance of central sensitization [42].
Furthermore, AC1 contributes to high frequency stimulation-induced LTP [71]. We report
that during the pain remission stage after CFA, spinal delivery of the NMDAR activity
blocker MK-801 silenced Y 1R antagonist-induced reinstatement of mechanical
hypersensitivity. Likewise, genetic (AC1 knockout) or pharmacological (NB001)
interruption of AC1 prevented reinstatement. The interpretation of these results is two-fold:
1) Inflammation induces an NMDAR- and AC1-dependent latent sensitization, likely in
dorsal horn; and 2) NMDAR- and AC1-dependent latent sensitization is inhibited by the
NPY-Y1R axis. These conclusions are consistent with our previous report that an NMDAR-
AC1-dependent latent sensitization is inhibited by MORca [17]. As in the previous study,
we reported that intrathecal MK-801 abolished an NTX-precipitated increase in CAMP when
given 21 days after CFA induction [17]. Moreover, direct activation of spinal NMDARs with
intrathecal NMDA increased spinal CAMP levels [17], indicating that NMDAR signaling is
directly linked to downstream cAMP signaling during opioid receptor inverse agonism. In
summary, we conclude that an NMDAR-cAMP linkage drives the pronociceptive latent
sensitization that is kept in remission both by endogenous MORca and NPY-Y 1R signaling.
Current studies, presented in abstract form, are finding that the intrathecal combination of a
mu opioid receptor inverse agonist and a Y1R antagonist act synergistically to reinstate
mechanical hypersensitivity [21]. This suggests that MORca and NPY-Y1 signaling work
together to restrain latent sensitization within a state of remission.

Inflammation produces a long-lasting latent sensitization of two cAMP effectors: PKA and

Epacs

The current behavioral and pERK immunohistochemical results show that intrathecal
injection of either a selective PKA (6Bnz) or Epac activator (8cpt) reinstated hyperalgesia
and touch-evoked neuronal activation when given 21 days after CFA induction. These data
indicate that inflammation induces a latent sensitization of dorsal horn neurons such that less
PKA or Epac agonist is required to induce allodynia, and, ultimately, a state of vulnerability
to the transition from acute to chronic pain. Possible underlying mechanisms could be: a)
Sensitization of PKA and/or Epac, such that less robust activation of PKA or Epac is
sufficient to produce hyperalgesia; or b) Increased affinity of PKA or Epac for agonist.
Although G-protein coupled receptor pain inhibitory systems (MORca, NPY/Y1R) are
active 21 days after CFA induction, PKA and Epac activators are of sufficient power to
override them. Our results are reminiscent of previous studies showing that direct activation
of spinal NMDARs (with intrathecal NMDA) or AC (with intrathecal forskolin) produced
enhanced spontaneous nocifensive behaviors when given 21 days after CFA induction [17].
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Latent sensitization of PKA is maintained by TRPA1 and TRPV1 but not by AC1

Inflammation or injury-induced hyperalgesia is associated with PKA-induced
phosphorylation and modulation of TRPAL [14; 54; 72] and TRPV1 [5; 44; 46; 47; 51, 78].
We found that intrathecal injection of a TRPAL antagonist (HC030031) or a TPRV1
antagonist (AMG9810) prevented the reinstatement of mechanical hyperalgesia produced by
6Bnz. We conclude that inflammation triggers a long-lasting sensitization of PKA-TRPA1
and PKA-TRPV1 signaling cascade that is masked by the NPY-Y1R axis.

Reinstatement of mechanical hyperalgesia by the PKA activator 6Bnz was not reduced in
AC1 knockout mice. We conclude that Ca2* influx through TRPA1 or TRPV1 channels, and
any ensuing upstream activation of AC1, does not form a positive feedback loop that
potentiates latent sensitization (Figure 1). Any Ca2* signaling downstream of PKA is also
AC1-independent.

NPY-Y1R axis maintains latent sensitization in remission by inhibiting PKA and Epac1/2.

When tested after the resolution (21 days) of CFA-induced hyperalgesia, we found that
intrathecal injection of a PKA inhibitor (H89) or Epac inhibitors (ESI-09, HIC0350, or
HJC0197) attenuated the reinstatement of mechanical hyperalgesia by a Y1R antagonist
(BIBO3304). Because ESI-09 and HIC-0197 (nonselective Epacl1/2 dual inhibitors) and
HJC0350 (Epac2-specific inhibitor) attenuated BIBO3304 reinstatement, we conclude that
Epac2 and possibly Epacl are critical isoforms that contributes to latent sensitization. These
data extend previous studies in rodent models of sub-chronic pain (e.g. behavioral testing
conducted less than two weeks after inflammation or injury) that supported a pro-
hyperalgesia actions of PKA [1] and Epacs [22; 23; 29; 31; 33; 34; 45; 57; 70]. For example,
previous studies in pain models of inflammation, nerve-injury, or plantar incision indicated
that pharmacological inhibition, genetic knockout, or antisense oligodeoxynucleotide
knockdown of Epacl (presumably in DRG neurons) reduced pain-like behavior [22; 31; 45;
70]. We conclude that PKA and Epacs are necessary for the cellular mechanisms that drive
latent sensitization. This is consistent with previous studies suggesting that PKA mediates
the hyperalgesic priming induced by repeated p-opioid exposure [4], and that Epac mediates
hyperalgesic priming induced by periphery inflammation (hindpaw carrageenan or
YeRACK) [33; 70]. Our data describing inhibition of latent sensitization by intrathecal
administration of HIC0350, ESI-09, and HJC0197 extend the therapeutic targeting of
Epacl/2 inhibition to the dorsal horn of the spinal cord. In summary, our data have identified
the downstream components of inflammation-induced latent sensitization and pain, beyond
the spinal NMDAR-Ca2*-AC1-cAMP signaling pathway that was earlier described by
Corder et a/2013 [17], and provide support for further investigation of the contribution of
spinal Epacl and Epac? to chronic inflammatory pain.

NPY-Y1R axis maintains latent sensitization in remission by inhibiting TRPAL1 and TRPV1.

The non-selective cation channels TRPA1 and TRPV1 are polymodal sensors located on
nociceptor cell bodies and nerve terminals of primary afferent neurons. Channels on
peripheral terminals detect somatosensory stimuli and transmit noxious information to the
spinal cord [38], but the contribution of TRPAL and TRPV1 on central terminals is poorly
understood. We report that spinal delivery of a TRPAL or TRPV1 antagonist attenuated Y1R
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antagonist-induced mechanical hyperalgesia reinstatement during latent sensitization and
conclude that both TRPA1 and TRPV1 contribute to the inflammation-induced latent
sensitization that is masked by the endogenous NPY-Y'1R axis.

Following exposure of inflammatory mediators, TRPA1 [7] and TRPV1 [35; 55; 80] are
phosphorylated by PKA through scaffolding protein A-kinase anchoring protein 79/150
(AKAP150). Furthermore, both AKAP150 and TRPAL [7] or TRPV1 [62] are required in a
carrageenan-induced hyperalgesic priming model. This suggests a possible role of AKAP
for PKA-TRPAL/TRPV1 sensitization during inflammatory latent sensitization. AKAP may
also mediate AC-PKA and cAMP-Epac signaling by providing an anchoring platform [33].
These studies suggest an interesting future direction to study the contribution of AKAP to
latent sensitization.

Conclusions

Inflammation produces latent sensitization, which includes not only sensitization of neurons
in the dorsal horn, but also a concomitant strengthening of endogenous inhibition. Together,
these opposing systems underlie a vulnerability to episodic pain that is manifested when
inhibitory controls fail [17; 43; 58]. In this paper, we identified and characterized two novel
molecular signaling pathways (Figure 1) that drive latent sensitization at the spinal level,
after inflammation: NMDAR—AC1—PKA—TRPA1/V1 and NMDAR—AC1—Epacl/2.
We argue that both are silently supersensitive during latent sensitization: silent because of
tonic inhibitory control by the spinal NPY-Y 1R axis. To further test this working model,
further studies are warranted to determine receptor levels (e.g. immunohistochemistry and
western blot) and enzyme catalytic activity. In conclusion, the data described in this paper
advance our understanding of the contribution of NMDAR, AC1, PKA, TRPA1, TRPV1,
and Epacs to chronic pain. Spinal AC1 and Epacs are particularly attractive targets for the
development of a new pharmacotherapy for chronic pain.
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Figure 1. Working hypotheses of the intracellular signaling pathways and mechanisms of latent
sensitization that determine chronic inflammatory pain.

The endogenous NPY-Y1 receptor axis maintains latent sensitization in a state of remission
(blueline and circle) through tonic inhibition of NMDAR-dependent AC1 (red arrows;
Hypothesis 1), PKA and Epac (vermilion arrows; Hypothesis 2), and TRPA1 and TRPV1
channels (orange arrows; Hypothesis 3). In this model, a Y1 receptor antagonist will
disinhibit NPY-Y1R, leading to pronociceptive neurotransmitter release, spinal neuron
excitability and, ultimately, pain. The data of Figure 7 argues against a proposed
pronociceptive feedback loop represented by the pink dashed arrow. Questions mark refer
to unidentified postsynaptic mechanisms downstream of Epac 1/2. The current data suggest
that inflammation sensitizes two pronociceptive signaling pathways that are silenced by the
pain inhibitory NPY-Y1R axis: NMDAR — AC1 — PKA— TRPAL/V1 at the presynaptic
terminals of primary afferent neurons; and NMDAR — AC1 — Epacl/2 that operates
within these presynaptic terminals and/or in post-synaptic sites on excitatory Y1R-
expressing dorsal horn interneurons.
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Figure 2. Inflammation-induced pain sensitization istonically opposed by spinal Y1 signaling
and requires NM DAR activation.
Time course of mechanical thresholds at pre-injection baseline, d3, d21 after CFA induction,

and 30 and 60 min after the 2" i.t. injection. Left) Progression and resolution of CFA-
induced mechanical hyperalgesia (n=29). Right) 21 days after CFA intrathecal injection of
MK801 (MK, 1 pg/5 pl) or vehicle (\Veh) was followed 15 min later with injection of
BI1BO3304 (BIBO, 5 ug/5 pl) or vehicle. MK-801 prevented BIBO3304-evoked
reinstatement of mechanical hypersensitivity. Post-injection n=6-8,% £ < 0.05 (MK801 +
BIBO vs Veh + BIBO), #P < 0.05 (Veh + BIBO vs Veh + \eh). Values represent mean +

SEM.
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F_igugjt_e 3. AClisnecessary for thelatent sensitization that is silenced by endogenous Y 1R
signaling.

T?me cogurse of mechanical thresholds at pre-injection baseline, after CFA induction, and 30
and 60 min after i.t. injection. A Left) Progression and resolution of CFA-induced
mechanical hyperalgesia in AC1KO mice and their WT littermates. n=8, x£< 0.05. A
Right) Effect of BIBO3304 (BIBO, 5 ug/5 ul) when administered during pain remission. All
animals were injected twice using a cross-over design with 7-day separation between the
two i.t. injections. Post-injection n=13-16,% £ < 0.05 (AC1KO-BIBO vs WT-BIBO). B)
After the induction (3 days) and resolution (21 days) of CFA-induced hyperalgesia (n=22),
co-administration of NB0O1 (1.5 ug) prevented BIBO3304-evoked reinstatement of
mechanical hypersensitivity. Post-injection n=5-6, x < 0.05 (NB001+BIBO vs BIBO).
Values represent mean + SEM.
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Figure 4. PKA activation is sufficient to reinstate mechanical hyperalgesia and contributesto the
latent sensitization that is masked by NPY/Y 1.

Time course of mechanical thresholds at pre-injection baseline, d3, d21 after CFA induction,
and minutes after i.t. injection. A) CFA (n=28) but not sham injection (n=8) produced a
mechanical hyperalgesia that peaked at 3 days and resolved within 21 days.x P < 0.05 (CFA
vs Sham). 6Bnz (10 nmol) reinstated mechanical hyperalgesia in mice treated 21 days earlier
with CFA but not sham controls. Post-injection n=6-8, x < 0.05 (CFA 6Bnz vs sham
6Bnz). B) After the induction (3 days) and resolution (21 days) of CFA-induced
hyperalgesia (n=54), co-administration of H89 (30 nmol) blocked 6Bnz-evoked
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reinstatement. Post-injection n=4-12. % P < 0.05 (30 nmol H89 + 6Bnz vs 6Bnz). C) H89
(10 nmol) attenuated BIBO3304 (BIBO, 5 ug)-evoked reinstatement of mechanical
hyperalgesia when given 21 days after CFA induction. Post-injection n=8-12. x < 0.05
(H89 + BIBO vs BIBO). Values represent mean + SEM.
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Figure5. TRPA1 and TRPV1 contributesto latent sensitization.
Time course of mechanical thresholds at pre-injection baseline, d3, d21 after CFA induction,

and minutes after the i.t. injection. A) After the induction (3 days) and resolution (21 days)
of CFA-induced hyperalgesia (n=34), Co-administration of HC030031 (HC, 10 ug)
attenuated BIBO3304-evoked reinstatement of mechanical hypersensitivity. Post-injection
n=6-10. x < 0.05 (HC+BIBO vs BIBO). B) AMG9810 (AMG, 10 nmol) attenuated
BIBO3304-evoked reinstatement of mechanical hypersensitivity. Post-injection n=4-8. % P <
0.05 (AMG+BIBO vs BIBO). Values represent mean £ SEM.
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Figure 6. PKA-driven latent sensitization ismediated by TRPA1 and TPRPV 1.
Time course of mechanical thresholds at pre-injection baseline, d3, d21 after CFA induction,

and minutes after i.t. injection. A) After the induction (3 days) and resolution (21 days) of
CFA-induced hyperalgesia (n=54), co-administration of HC030031 (10 ug) abolished 6Bnz
(10 nmol)-induced reinstatement of mechanical hypersensitivity. Post-injection n=9-12. x P
< 0.05 (HC030031+6Bnz vs 6Bnz). B) Co-administration of AMG9810 (30 nmol)
attenuated 6Bnz-induced reinstatement of mechanical hypersensitivity. Post-injection n=5—
12. % P< 0.05 (AMG9810+6Bnz vs 6Bnz). Values represent mean £ SEM.
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Figure 7. PKA-driven latent sensitization isnot AC1-dependent.
A) Time course of mechanical thresholds at pre-injection baseline, d3, d28 after CFA

induction, and 30, 60, and 180 min after i.t. injection. B) Decrease in mechanical threshold,
30 min after i.t. injection, plotted as percentage of pre-injection baseline. When injected
after the resolution (28 days) of CFA-induced hyperalgesia, 6Bnz (10 nmol)-evoked a
mechanical hyperalgesia that was similar between AC1KO and WT mice (p>0.05). n=7-9.
Values represent mean + SEM.
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Figure 8. Epac activation is sufficient to reinstate mechanical hyperalgesia and contributesto the
latent sensitization that is masked by NPY/Y 1R.

Time course of mechanical thresholds at pre-injection baseline, d3, d21 after CFA induction,
and minutes after i.t. injection. A) CFA (n=12) but not sham injection (n=11) produced a
mechanical hyperalgesia that peaked at 3 days and resolved within 21 days, 8cpt (3 nmol)
reinstated mechanical hyperalgesia when given 21 days after CFA induction but not in sham
control mice. %~ < 0.05 (CFA vs sham). Post-injection n=5-6, % P < 0.05 (CFA 8cpt vs
sham 8cpt). B) After the induction (3 days) and resolution (21 days) of CFA-induced
hyperalgesia (n=84), co-administration of HIC0197 (10 pg) attenuated BIBO3304 (BIBO, 5
ug)-induced reinstatement of mechanical hyperalgesia. Post-injection n=6-14. x£< 0.05
(HJC0197 + BIBO vs BIBO). C) ESI-09 (10 ug) attenuated BIBO3304-evoked
reinstatement. Post-injection n=10-14. x£< 0.05 (ESI-09 + BIBO vs BIBO). D) HIC0350
(1 pg) attenuated BIBO3304-evoked reinstatement. Post-injection n=5-14. % P < 0.05
(HJC0350 + BIBO vs BIBO). Values represent mean + SEM.
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Figure 9. PKA or Epac activation is sufficient to reveal latent sensitization of dorsal horn
neurons.

A) Timeline of experimental design for light touch mechanical stimulation-induced pERK
immunoreactivity in mice 21 days after CFA. B-C) pERK immunoreactivity following light
mechanical stimulation in representative transverse sections of L4 dorsal horn, 3 days after
sham treatment (B) or intraplantar CFA injection (C). D) CFA (n=20) but not sham (n=10)
produced mechanical hyperalgesia that peaked at 3 days and resolved by 21 days. E-I)
pERK immunoreactivity following light mechanical stimulation in representative transverse
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sections of L4 dorsal horn 21 days after Sham or CFA, following intrathecal administration
of vehicle in CFA mice (E), 10 nmol 6Bnz in Sham (F) or CFA mice (G), or 3nmol 8cpt in
Sham (H) or CFA mice (I). J) Quantification of pERK. After the induction (Day 3) and
resolution (Day 21) of CFA-induced hyperalgesia, intrathecal administration of 6Bnz or 8cpt
increased the number of pERK-immunoreactive profiles in lamina I-11 as compared to
intrathecal administration of vehicle [* 2 < 0.05 (CFA-vehicle vs CFA-6Bnz, CFA-vehicle
vs CFA-8cpt)], or as compared to sham controls [* 2 < 0.05, (Sham-6Bnz vs CFA-6Bnz,
Sham-8cpt vs. CFA-8cpt)). n=5-6 mice per group. Values represent mean = SEM. Scale bar
100 pm.
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