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Generation of a Pain Memory in the Primary Afferent
Nociceptor Triggered by PKCe Activation of CPEB

Oliver Bogen, Nicole Alessandri-Haber, Carissa Chu, Robert W. Gear, and Jon D. Levine
Departments of Medicine, and Oral & Maxillofacial Surgery, Division of Neuroscience, University of California at San Francisco, California 94143-0440

Isolectin B,-positive [IB,(+)] primary afferent nociceptors challenged with an inflammatory or neuropathic insult develop a PKCe-
dependent long-lasting hyperalgesic response to a subsequent challenge by the proinflammatory cytokine prostaglandin E, (PGE,), a
phenomenon known as hyperalgesic priming. Here we demonstrate that the neuroplasticity underlying nociceptor priming requires 72 h
to be established; rats that have been challenged with the inflammatory mediator TNFa 24 or 48 h ahead of PGE, do not show the
enhanced and prolonged hyperalgesic response by which primed IB,(+)-nociceptors are being characterized. Moreover, as the under-
lying plasticity can be interrupted by the peripheral administration of the protein translation inhibitor anisomycin it is reflected by
changes in the peripheral protein expression pattern. Finally, the induction of priming by the selective PKCe agonist, psi € receptor for
activated c kinase ()eRACK) can be prevented, but not reversed by intrathecal injections of antisense oligodeoxynucleotides for the
cytoplasmic polyadenylation element binding protein (CPEB) mRNA, a master regulator of protein translation that coimmunoprecipi-
tated with PKCe and is almost exclusively expressed by IB,(+)-nociceptors. Our results suggest that CPEB is downstream of PKCe in the
cellular signaling cascade responsible for the induction of priming, raising the intriguing possiblity that prion-like misfolding could be a

responsible mechanism for the chronification of pain.

Introduction
Hyperalgesic priming has been defined as a long-lasting latent
hyperresponsiveness of nociceptors to inflammatory media-
tors subsequent to an inflammatory or neuropathic insult
(Aley et al., 2000; Parada et al., 2003b; Reichling and Levine,
2009). The neuroplasticity associated with the primed state
can be detected behaviorally as an enhanced and prolonged
hyperalgesic response to the proinflammatory cytokine prostaglan-
din E, (PGE,) and be explained by a switch in the intracellular sig-
naling pathway mediating PGE,-induced hyperalgesia (Aley et al.,
2000; Khasar et al., 2008). In naive rats PGE,-induced hyperalgesia
resolves within 4 h and is mediated by GaS-PKA-signaling (Aley et
al., 2000). In contrast, in primed rats PGE,-induced hyperalgesia
lasts for >24 h (Aley et al., 2000). The early phase of PGE,
hyperalgesia in primed rats is still mediated by GaS-PKA
whereas the late phase is mediated by G;,,-PKCe (Aley et al.,
2000; Khasar et al., 2008; Dina et al., 2009). Moreover, the
dose-response relationship for PGE, hyperalgesia is shifted to
the left by one order of magnitude (Parada et al., 2003b) sug-
gesting that hyperalgesic priming also causes an increase in the
magnitude of hyperalgesia.

Since hyperalgesic priming is still present months later
(Aley et al., 2000; Parada et al., 2003b; Ferrari et al., 2010) it is
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likely associated with the formation of a molecular memory in
primary afferent nociceptors. Given the continuous turnover
of most cellular proteins it is difficult to conceive that a simple
switch in the coupling of a G-protein coupled receptor is suf-
ficient to explain the endurance of the plasticity associated
with the “primed” nociceptor. As hyperalgesic priming is in-
duced by PKCe activity and restricted to a subpopulation of
small diameter C-fiber afferents, the so-called isolectin B,-
positive [IB,(+)]-nociceptors (Aley et al., 2000; Parada et al.,
2003b; Joseph and Levine, 2010), the search for molecular
candidates that maintain the plastic changes associated with
the priming and constitute the molecular memory should fo-
cus on molecules that are: (1) selectively expressed by IB,(+)-
nociceptors and (2) downstream of PKCe in the signaling
cascade mediating hyperalgesic priming.

Here we show that the plastic changes that maintain primed
nociceptors in their long-lasting hyperexcitable state need ~72 h
to be established and that they are reflected by changes in the
peripheral protein expression pattern. We also show that the cy-
toplasmic polyadenylation element binding protein (CPEB), an
RNA-binding molecule that regulates the translation of other-
wise dormant mRNAs (Richter, 2007; Villalba et al., 2011) is not
only almost exclusively expressed by IB,(+)-nociceptors and can
be coimmunoprecipitated with PKCe, the downregulation of its
expression level by the intrathecal administration of antisense
oligodeoxynucleotides (ODNs) targeting its mRNA can prevent,
but not reverse, the induction of priming by the selective PKCe
agonist yeRACK (Dorn et al., 1999; Aley et al., 2000). Our results
are compatible with the idea that a self-perpetuating conformer
of CPEB constitutes a form of pain memory in the primary affer-
ent nociceptor.
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Materials and Methods

Animals. All experiments were performed on adult male Sprague Dawley
rats (250—400 g; Charles River Laboratories). Animals were housed,
three per cage, under a 12 h light/dark cycle in a temperature- and
humidity-controlled room in the animal care facility of the University of
California, San Francisco. Food and water were available ad libitum.
Experimental protocols were approved by the Institutional Animal Care
and Use Committee at University of California at San Francisco and
adhered to the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals. All effort was made to minimize the number
of animals used and their suffering.

Mechanical nociceptive threshold testing. The nociceptive flexion reflex
was quantified using an Ugo Basile analgesymeter (Stoelting), which
applies a linearly increasing mechanical force to the dorsum of the rat’s
hindpaw. The nociceptive threshold was defined as the force in grams at
which the rat withdrew its paw, and baseline paw-pressure threshold was
defined as the mean of three readings before the test agents were injected.
Each paw was treated as an independent measure and each experiment
performed on a separate group of rats. Data are presented as mean
change from baseline mechanical nociceptive threshold.

Drugs and their administration. TNFa was purchased from R&D Sys-
tems, anisomycin from EMD Biosciences, and A-carrageenan and PGE,
from Sigma-Aldrich. The PKCe agonist {)cRACK (peptide-sequence:
HDAPIGYD) was synthesized by Biomatik. The selection of the drug
doses used in this study was based on dose-response curves determined
during our previous studies (Taiwo and Levine, 1991; Aley et al., 2000;
Parada et al., 2003a,b).

Stock solutions of TNFa (¢ = 1 ug/ul) in PBS containing 0.5% bovine
serum albumin (Sigma-Aldrich) were further diluted (1:50 => ¢, =
20 ng/pl) with the same buffer immediately before injection. The injec-
tion volume was 5 ul. Stock solutions of PGE, (¢ = 1 ug/ul) in abs. EEOH
were diluted (1:50 => 20 ng/ul) with 0.9% NaCl immediately before
injection. The EtOH concentration of the final PGE, solution was ~2%
and the injection volume was 5 ul. Stock solutions of anisomycin (¢ = 10
ug/ul) in an 1:1 mixture of absolute EtOH and 0.9% NaCl were further
diluted (1:25 => ¢4, = 0.4 ug/pl) with 0.9% NaCl immediately before
injection. The EtOH concentration of the final anisomycin solution was
~2%. Carrageenan was dissolved and diluted in 0.9% NaCl (cg,,,; = 1%)
immediately before injection. The injection volume was 5 ul. yeRACK
was dissolved and diluted in 0.9% NaCl (cg,, = 0.4 ug/pl). All drugs
were administered via a beveled 30-gauge hypodermic needle attached to
a Hamilton microsyringe (Hamilton) by polyethylene tubing. Anisomy-
cin as well as /sRACK were administered via hypotonic shock by which
2.5 ul of H20, followed by 1 ul of air and 2.5 ul of the drug [¢g,,, (in both
cases) = 0.4 pg/ul; dose = 1 pg] were administered sequentially into the
rat hindpaw from the same syringe.

Immunohistochemistry. Naive rats were deeply anesthetized with so-
dium pentobarbital (100 mg/kg, i.p.) and perfused through the left ven-
tricle with ~35 ml of PBS containing 100 U Heparin/ml PBS followed by
300 ml of methanol buffered 10% formalin (Fisher Scientific). L4 dorsal
root ganglia (DRGs) were immediately dissected out and postfixed over-
night in the same fixative before they were sequentially transferred and
stored in PBS containing 10%, 20% or 30% sucrose and 0.02% NaN3
(Sigma Aldrich), for 12-24 h each. DRGs were embedded in Tissue Tek
(OCT compound, Electron Microscopy Sciences), sectioned at 20 wm in
a Leica cryostat, and transferred into PBS. The free-floating tissue sec-
tions were thoroughly rinsed with PBS and blocked and permeabilized
under light agitation for 1 h at room temperature (RT) with PBS con-
taining 0.3% Triton X-100 (PBS-T) and 5% normal rabbit serum (Jack-
son ImmunoResearch Laboratories). CPEB expression and IB, reactivity
were revealed by a 48 h incubation at 4°C with an 1:500 dilution of a goat
anti-CPEB antibody (sc-48983, Santa Cruz Biotechnology) in PBS-T
containing 5% normal rabbit serum followed by three washing steps with
PBS-T and a 2 h incubation at RT and under light agitation with a 1:500
dilution of a Cy3 labeled anti-goat antibody (A21432, Invitrogen Life
Technologies) and 5 ug of FITC-conjugated IB, (121411, Invitrogen)/ml
PBS-T containing 5% normal rabbit serum and 0.1 mg of Ca®" and
Mg?* ions/ml PBS-T. Tissue sections were washed three times with
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PBS-T containing 0.1 mg of Ca?" and Mg?" ions/ml PBS-T and
mounted with DAPI containing mounting media (Invitrogen).

ODN preparation and administration. The antisense ODN sequence
for CPEB, 5'-CATACACCACTCCACCAAATAG-3" (Invitrogen), was
directed against a unique region of the rat mRNA sequence. The corre-
sponding NCBI GenBank accession number and ODN position within
the mRNA-sequence are NM_001106276.1 and 1354-1375. The mis-
match ODN sequence 5'-AATAGAACACACCACCTGATAC-3' corre-
sponds to the antisense sequence with 7 bases mismatched (denoted in
bold).

ODN was reconstituted in nuclease-free 0.9% NaCl (10 ug/ul) and
stored at —20°C until use. For each injection, rats were anesthetized with
2.5% isoflurane. A dose of 40 ug (injection volume 20 ul) of CPEB
antisense or mismatch ODN was administered using a 3/10 cc insulin
syringe with a 29-gauge ultra fine Y2-inch fixed hypodermic needle (Bec-
ton Dickinson) inserted intrathecally, on the midline between the fourth
and fifth lumbar vertebrae, once daily over 3 consecutive days. Using this
protocol others and we have previously demonstrated the downregula-
tion of several different proteins including the TTX-resistant sodium
channel, NaV1.8 (Lai etal., 2002), PLC 3-3 (Joseph et al., 2007), gp130, a
receptor subunit for IL-6 (Summer et al., 2008) or the mitochondrial
fission regulator dynamin-related protein 1 (Ferrari et al., 2011).

Protein extraction and Western blot. To confirm that the change in the
nociceptive responses associated with antisense ODN treatment are due
to a decrease in the peripheral protein expression level of CPEB, a West-
ern blot analysis was performed. Saphenous nerves from anesthetized
rats were ligated with silk surgical suture (4—0) 1 cm above the knee-level
bifurcation of the nerves. A 5 mm section of the saphenous nerve prox-
imal to the ligation was harvested 24 h after the last ODN injection and
protein extraction and Western blot analysis were performed as previ-
ously described (Bogen et al., 2008; Summer et al., 2008).

CPEB immunoreactivity was detected with a 1:500 dilution of affinity-
purified goat anti-CPEB antibody (sc-48983, Santa Cruz Biotechnology)
followed by incubation with a 1:5000 dilution of horseradish peroxidase-
conjugated mouse anti-goat antibody (31400, Thermo Fisher Scientific).
A 1:1000 dilution of affinity-purified rabbit anti-B-actin antibody
(ab8227; Abcam) followed by a 1:5000 dilution of horseradish pero-
xidase-conjugated donkey anti-rabbit antibody (NA-934; GE Healthcare
Biosciences) was used to normalize the immunoreactivities of the
protein samples. Immunoreactivities were visualized by using the
enhanced chemiluminescence detection system (Thermo Fisher Sci-
entific). Results were analyzed by computer-assisted densiometry
(AlphaEaseFC software, Alpha Innotech Corporation) and levels of
CPEB immunoreactivity were normalized with respect to the B-actin
levels in each sample. The percentage decrease in protein expression
level was calculated using the formula: [normalized density for
antisense-normalized density for mismatch]|/normalized density for
mismatch X 100.

Coimmunoprecipitation experiments. L4/L5 DRGs dissected out of rats
that were primed by a single intradermal injection of 5 ul of a 1% carra-
geenan solution 3 d prior were transferred into PBS-T supplemented
with a complete protease inhibitor cocktail (Roche Diagnostics) and ho-
mogenized with an ultrasonic tissue homogenizer. The homogenized
DRGs were incubated during shaking at 1400 rpm for 4 h at RT in an
Eppendorf shaker and solubilized proteins extracted by centrifugation at
20,000 X g for 15 min at RT. After adding of 5 ul of rabbit anti-PKCe
(sc-214, Santa Cruz Biotechnology) or 5 ul of goat anti-CPEB (sc-48983,
Santa Cruz Biotechnology) antibodies protein extracts were incubated
under shaking for 30 min at RT before 50 ul of preequilibrated protein A
(Sigma-Aldrich) or G (GE Healthcare Biosciences) Sepharose beads were
added and the extracts were further incubated for additional 4 h at RT
under continuous rotation. The protein A or G Sepharose beads were
spun down and washed twice with PBS-T under vigorous shaking at 1000
rpm in an Eppendorf shaker and eluted by boiling in sample buffer (3%
(w/v) SDS, 10% (v/v) Glycerol, 5% (v/v) B-Mercaptoethanol, 0.025%
(w/v) Bromophenol blue, 62.5 mm Tris-HCI, pH 6.8). The protein pre-
cipitates were separated by SDS-PAGE and transferred to a nitrocellulose
membrane as described previously (Bogen et al., 2008; Summer et al.,
2008). Protein extracts coimmunoprecipitated with the rabbit anti-
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PKCe antibody/protein A Sepharose were
probed with an 1:500 dilution of the anti-CPEB
antibody followed by a 1:2000 dilution of an
horseradish  peroxidase (HRP)-conjugated
anti-goat antibody (Thermo Fisher Scientific)
whereas protein extracts coimmunoprecipi-
tated with the goat anti-CPEB antibody/Pro-
tein G Sepharose were probed with an 1:500
dilution of the anti-PKCe antibody followed
by an 1:2000 dilution of an HRP-conjugated
anti-rabbit antibody (GE Healthcare Biosci-
ences) and immunoreactivities were visualized
by using the enhanced chemiluminescence de-
tection system (Thermo Fisher Scientific).
Characterization of the anti-CPEB and
anti-PKCe antibodies. The goat anti-CPEB
antibody that we used in this study had not
been characterized before. Therefore, we
have validated the specificity of the antibody
by competitive Western blotting of rat re-
combinant CPEB under reducing/denaturat-
ing as well as nonreducing/naive conditions
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using the commercially available antigenic
peptide (sc-48983-P, Santa Cruz Biotechnol-
ogy) as a blocking peptide. The antibody
shows a specific immunoreactivity to the rat
recombinant CPEB at the apparent molecu-

lar weight of 64 kDa, which can be competi-  Figure 1.

Post-PGE,

Time to onset of priming. TNFex (100 ng) or vehicle was administered intradermally into the hindpaws of separate

tively blocked by increasing amounts of the
antigenic peptide added to the primary anti-
body solution (data not shown).

The specificity of the rabbit anti-PKCe anti-
body that we used in the present study has been
demonstrated previously (Khasar et al., 1999;
Dina et al., 2005).

Statistics. ~ Two-way  repeated-measures
ANOVAs with up to eight within-subjects fac-
tor (time) and one between-subjects factor
(treatment) were used to determine whether
significant differences between experimental
groups were observed. For within-subjects ef-

groups of rats. As previously demonstrated, TNF-induced hyperalgesia returned to baseline within 24 h following administration
(Paradaetal., 2003a). To test for the existence of priming, PGE, (100 ng) was administered into the samesite 1, 2, or 3 d following
TNFox administration (A—G, respectively). PGE,-induced hyperalgesia returned to baseline within 4 h on days 1 and 2 following
TNFo administration and on all 3 d following vehicle administration. However, PGE,-induced hyperalgesia remained elevated at
4hon day 3 in the TNFa-treated rats, indicating the onset of hyperalgesia priming (Aley et al., 2000; Parada et al., 2003b). A, Day
1. The two-way repeated-measures ANOVA showed no significant differences between the TNF - and the vehicle-treated groups,
either with respect to the group X time interaction (F; ;o) = 0.033, p = 0.861) or main effect of group (F; ;o) = 0.575, p =
0.466). B, Day 2. The two-way repeated-measures ANOVA showed no significant differences between the TNF - and the vehicle-
treated groups, either with respect to the group X timeinteraction (F; ;o) = 0.007, p = 0.985) or main effect of group (F; ;) =
0.236, p = 0.638). (, Day 3. The two-way repeated-measures ANOVA showed significant differences between the TNF - and the
vehicle-treated groups, the group X time interaction was £ 1) = 55.487, p < 0.001, and the main effect of group was £ ; ;) =
14.828, p = 0.003, indicating that the onset of hyperalgesic priming is not immediate but occurs after a 3 d delay after TNFov
administration.

fects the Mauchly criterion was used to deter-

mine whether the assumption of sphericity was

met; if not, Greenhouse-Geiser p-values are presented. Statistical signif-
icance (i.e., the a-level) was set at p < 0.05.

Results

Onset of hyperalgesic priming

To identify molecules that are responsible for the neuroplasticity
that maintains primed nociceptor latent hyperexcitability to a
subsequent challenge by proinflammatory mediators we first
sought to analyze the time course for the onset of priming. Most
of the molecules that are known to induce priming e.g., carra-
geenan, GDNF, NGF, reRACK and IL-6 also induce long-lasting
mechanical hyperalgesia (Aley et al., 2000; Bogen et al., 2008;
Dina et al., 2008; Ferrari et al., 2010; Joseph and Levine, 2010)
which make them less suitable for determination of the onset of
priming (Aley et al., 2000; Parada et al., 2003b). However, TNF«
not only induces priming (Parada et al., 2003a) it also induces
mechanical hyperalgesia that lasts <24 h (Parada et al., 2003a).
We therefore used TNFa to analyze the time course for the onset
of priming.

As shown in Figure 1, rats treated with a single intradermal
injection of 100 ng of rat recombinant TNFe, 24 or 48 h ahead of
a subsequent injection of 100 ng of PGE, into the same site, are
not primed. The PGE,-induced mechanical hyperalgesia lasts <4
h (Fig. 1A,B). However, rats that received TNFa 72 h before

PGE, are primed, as PGE, mechanical hyperalgesia is still present
at 4 h (Fig. 1C) (Aley et al., 2000; Parada et al., 2003b). These
results suggest that the plastic changes that render primed noci-
ceptors hyperexcitable to proinflammatory mediators need ~72
h to be established.

Hyperalgesic priming depends on protein translation in

the periphery

Given that the plastic changes associated with primed nocicep-
tors need ~72 h to be established (Fig. 1), a time span too short
for the transcription and anterograde transport of new gene
products to the periphery (Alvarez et al., 2000; Giuditta et al.,
2002) and too long to be explained by the covalent modification
of proteins (Hucho and Levine, 2007), the insertion of mechano-
sensitive ion channels into the cell membrane (Zhang et al., 2005;
Di Castro et al., 2006) or the crosstalk of complex signaling net-
works in peripheral nociceptive terminals (Bhalla and Iyengar,
1999) we next tested whether peripheral administration of the
commonly used protein translation inhibitor anisomycin (Dale
et al., 1987; O’Leary et al., 1995; Manseau et al., 1998) could
prevent priming. As shown in Figure 2, hyperalgesic priming
induced by a single intradermal injection of carrageenan (5 ul of
a 1% solution) can be prevented by intradermal injections of
anisomycin (1 ug per day over 3 d) into the same site. This sug-
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(Molliver et al., 1997; Stucky and Lewin,
1999; Fang et al., 2006). As shown in Fig-
ure 3A, almost all CPEB-expressing neu-
rons are IB,-positive suggesting that,
indeed, most of the CPEB-expressing
neurons give rise to nociceptive afferents
of the class that mediates hyperalgesic
priming (Ferrari et al., 2010; Joseph and
Levine, 2010). To evaluate for a functional
role of CPEB in the process of hyperalgesic
priming we next tested whether
carrageenan-induced priming can be pre-
vented by the intrathecal administration
of antisense ODN to CPEB mRNA. As
shown in Figure 3B, rats treated with 40
pg of antisense ODN for CPEB mRNA for

7 consecutive days (starting 3 d before car-

E rageenan challenge and for the 4 d of
carrageenan-induced hyperalgesia) do
not show the enhanced and prolonged hy-
peralgesic response following peripheral
administration of 100 ng of PGE, that
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Figure 2.

gests that the enhanced and prolonged hyperalgesic response
of primed nociceptors to a subsequent inflammatory stimulus is
reflected by changes in the peripheral protein expression pattern.

CPEB is necessary for the induction of hyperalgesic priming
That priming can be induced by peripheral administration of a
selective PKCe activator (Aley et al., 2000; Parada et al., 2003b)
and be blocked by the peripheral administration of a protein
translation inhibitor (Fig. 2) suggests that the plastic changes that
constitute the memory of the primed nociceptor are: (1) depen-
dent on protein biosynthesis and (2) located in the peripheral
nociceptive terminals. In our search for molecules that regulate
the translation of gene products that are responsible for the latent
and long-lasting hyperexcitability of primed nociceptors we fo-
cused on CPEB. CPEB is an RNA-binding molecule that initiates
the translation of mRNAs that carry a cytoplasmic polyadenyla-
tion element at their 3’ end (Richter, 2007; Villalba et al., 2011)
and has been shown to contribute to long-term facilitation in
sensory neurons, in the marine mollusk Aplysia californica (Si et
al., 2003a,b; Bailey et al., 2004).

To analyze for a possible role of CPEB in the process of hyper-
algesic priming we first sought to find out whether CPEB is ex-
pressed by sensory neurons in the DRG. As shown in Figure 34,
anti-CPEB-immunoreactivity can be detected in a large subpop-
ulation of primarily small-to-medium diameter sensory neurons.
To further analyze whether the CPEB-expressing neurons are
nociceptors we next sought to determine whether the CPEB-
expressing neurons can be colabeled with IB,, a well character-
ized marker for GDNF-responsive, Ret-expressing nociceptors

(arrageenan-induced priming can be prevented by anisomycin. Anisomycin (1 wg) or its vehicle was injected intra-
dermally once each day in separate groups. A single dose of carrageenan (5 pul of a 1% solution) was administered to all rats on the
first day of anisomycin administration. Carrageenan-induced hyperalgesia returned to baseline by day 4 in both anisomycin- and
vehicle-treated rats (data not shown). To test for hyperalgesic priming, PGE, (100 ng) was administered into the same sites and
tested at 30 min, 4 h and 24 h. PGE,-induced hyperalgesia remained elevated to the 24 h time point in vehicle-treated rats,
indicating the presence of hyperalgesic priming, but hyperalgesia was dissipated by 4 hin anisomycin-treated rats, demonstrating
its ability to block of hyperalgesic priming. The two-way repeated-measures ANOVA showed a significant time X group interac-
tion (Fi3 39, = 61.731, p << 0.001) as well as a significant main effect of group (F; 1) = 193.272, p < 0.001).

24 characterizes primed nociceptors (Aley et
al., 2000; Parada et al., 2003b), while rats
treated with mismatch ODN do. To
confirm that the attenuation of the PGE,-
induced hyperalgesia in carrageenan-
treated rats is due to the decrease in the
peripheral protein expression level of
CPEB we performed a Western blot anal-
ysis of protein extracts of the saphenous
nerve of a separate group of rats. As shown
in Figure 3C, rats that were treated with
antisense ODN for CPEB mRNA showed
a28 * 8% (p < 0.05) reduction in the protein expression level of
CPEB in the saphenous nerve compared with those that were
treated with mismatch ODN.

CPEB is downstream of PKCe in the signaling cascade
mediating priming

Given that priming can be induced by the peripheral administra-
tion of a selective PKCe agonist (Aley et al., 2000; Parada et al.,
2003b) and mammalian CPEB activity is regulated by phosphor-
ylation (Huang et al., 2002; Atkins et al., 2004) we next sought to
analyze whether CPEB could be a potential PKCe substrate. Pro-
tein extracts derived from dorsal root ganglia of rats primed
by a single intradermal injection of carrageenan (5 ul of a 1%
solution) 3 d ahead were first immunoprecipitated with an
anti-PKCe or anti-CPEB antibody and the respective protein
precipitates afterward analyzed by Western blotting using the
appropriate anti-CPEB or anti-PKCe antibodies. As shown in
Figure 4A, PKCe as well as CPEB could be coimmunoprecipi-
tated with the respective anti-CPEB or anti-PKCe antibodies
compatible with the suggestion that priming in nociceptors is due
to a PKCe-induced activation of CPEB. To further confirm that
CPEB is downstream in the signaling cascade responsible for the
plastic changes underlying priming we next sought to analyze
whether priming induced by the intradermal administration of
the selective PKCe agonist, yeRACK (Dorn et al., 1999; Aley et
al., 2000) can be prevented by the downregulation of CPEB ex-
pression at the periphery. As shown in Figure 4 B, priming in-
duced by the intradermal injection of 1 ug of YeRACK can be
prevented by the intrathecal administration of antisense ODN for
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Figure3. A, Colocalization of anti-CPEBimmunoreactivity and IB,-reactivity in rat L4 DRGs. Anti-CPEB immunoreactivity
(left) can be detected in a large subpopulation of small to medium sized sensory neurons. As the majority of cells that
express CPEB immunoreactivity can also be labeled with IB, (middle and right), a marker for a subset of nociceptive C-fiber
afferents, many of them are supposed to be nociceptors that innervate the upper epidermal layer of the skin, at the side of
nociceptive testing. Red fluorescence, Goat anti-CPEB antibody/Cy3-conjugated anti-goat antibody. Green fluorescence,
IB,-FITC conjugate. Blue, DAPI counterstain. Scale bar, 100 wm. B, Antisense ODNs for CPEB mRNA can prevent
carrageenan-induced priming. Naive rats were treated with antisense or mismatch ODN for CPEB mRNA (40 wg/day) for 7
consecutive days. A single dose of carrageenan (5 wl of a 1% solution) was administered to all rats on day 4 of ODN
administration. On day 8, 1 d after the last ODN administration, carrageenan-induced hyperalgesia had diminished to
baseline levels, and PGE, was administered into the same site, as was carrageenan before. To test for hyperalgesic priming,
paw-withdrawal thresholds were measured 30 min, 4 h and 24 h after PGE, administration. PGE,-induced hyperalgesia
remained elevated to the 24 h time point in mismatch-treated rats, indicating the presence of hyperalgesic priming, but
hyperalgesia was dissipated by 4 h in antisense-treated rats, demonstrating its ability to block of hyperalgesic priming. A
two-way repeated-measures ANOVA showed a significant main effect of time (F, ,o) = 486.280; p < 0.001), indicating
that, overall, nociceptive thresholds changed over the times tested, but no significant group X time interaction (F; ) =
1.199; p = 0.322) and no significant main effect of group (F; ;) = 3.341; p = 0.098). These results indicate that the ODN
groups did not differ significantly from each other up until the time of PGE, injection. A second two-way repeated-
measures ANOVA that included the three post-PGE, time points showed a significant group X time interaction (Fs 5 =
68.856; p < 0.001), a significant main effect of group (F; 15, = 120.561; p << 0.001), as well as a significant main effect
of time (F 5 55, = 250.686; p < 0.001). Together these results indicate that the groups differed significantly only after PGE,
administration. ¢, Downregulation of the peripheral CPEB expression level by antisense ODN for CPEB mRNA. Protein
extracts derived from the saphenous nerve of animals that have been treated with intrathecal antisense ODN for CPEB
mRNA for 3 consecutive days demonstrate a 28 == 8% decrease in the anti-CPEB immunoreactivity compared with those
that were treated with mismatch ODN (p << 0.05; unpaired Student’s ¢ test; N = 6 each for antisense- and mismatch-
treated rats). Note that the two bands visualized by anti-CPEB immunoreactivity are most likely due to a phosphorylated
(upper band) and nonphosphorylated (lower band) variant. The calculated molecular weight of CPEB is 62 kDa (according
to UniProtKB/Swiss-Prot database-entry P0C279).
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CPEB mRNA for 7 consecutive days fur-
ther substantiating the idea that priming
is due to a PKCe-induced activation of
CPEB. Finally, to determine whether
CPEB activity constitutes the memory
that maintains primed nociceptors hyper-
excitable to the subsequent challenge by
proinflammatory mediators we analyzed
whether hyperalgesic priming can be re-
versed by antisense ODN for CPEB
mRNA. As shown in Figure 4C, intrathe-
cal administration of antisense ODN for
CPEB mRNA for three consectutive days
does not reverse the priming induced by
intradermal administration of 1 ug of
PeRACK.

Discussion

Primary afferent nociceptors challenged
with an inflammatory or neuropathic
insult develop a long-lasting latent hyper-
responsiveness to a subsequent challenge
with proinflammatory cytokines, a phe-
nomenon known as hyperalgesic priming
(Aley et al., 2000; Parada et al., 2003b;
Reichlingand Levine, 2009). Although the
intracellular signaling pathways that ex-
plain the enhanced and prolonged hyper-
algesic response of primed animals have
begun to be elucidated (Aley et al., 2000;
Khasar et al., 2008; Dina et al., 2009) an
explanation for the plastic changes that
constitute the memory that maintains
primed nociceptors hyperexcitable to pro-
inflammatory mediators has remained elu-
sive. To identify the molecular basis for
the underlying neuroplastic changes in
primed nociceptors we first analyzed the
time course for the onset of priming. Our
results show (Fig. 1C) that only rats that
had been treated with TNFa 3 d before
PGE, demonstrate the enhanced and pro-
longed hyperalgesic response by which
primed nociceptors are being character-
ized (Aley et al., 2000; Parada et al,
2003a,b). Given that the neuroplastic
changes that were induced by TNFa need
~72 h to be established (Fig. 1), a time
span that correlates best with the idea that
the underlying neuroplasticity is due to
changes in the protein expression pattern
in the primary afferent nociceptor we next
sought to analyze whether hyperalgesic
priming could be prevented by the com-
monly used protein translation inhibitor
anisomycin (Dale et al., 1987; O’Leary et
al., 1995; Manseau et al., 1998). As shown
in Figure 2, carrageenan-induced priming
could be prevented by the peripheral ad-
ministration of anisomycin suggesting
that the plastic changes that constitute the
memory in primed nociceptors are due to
changes in the peripheral protein expres-
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Figure4. A, PKCe can be coimmunoprecipitated with CPEB (and vice versa). Protein extracts derived from DRGs of carrageenan-primed rats were firstimmunoprecipitated with an anti-CPEB or
anti-PKCe antibody and the precipitates subsequently analyzed by Western blotting using the respective anti-PKCe or anti-CPEB antibodies as described in Materials and (Figure legend continues.)
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sion pattern. Our results are not just consistent with the idea that
long-lasting plastic changes underlying the formation of a molec-
ular memory are induced by the synthesis of new proteins (Dale
et al., 1987; Martin et al., 1997; Costa-Mattioli et al., 2009) but
also with the finding that peripheral protein translation contrib-
utes to long-lasting nociceptor hyperexcitability (Di Castro et al.,
2006; Jiménez-Diaz et al., 2008; Melemedjian et al., 2010).

It has recently been shown that a functionally homologous
mechanism to hyperalgesic priming in rats, namely long-term
facilitation (LTF), in the marine mollusk A. californica, is medi-
ated by the synthesis of a subset of proteins that is directed by
translational dormant mRNAs (Si et al., 2003b; Bailey et al.,
2004). The translation of those proteins is initiated by polyade-
nylation of their respective mRNAs and regulated by CPEB, an
RNA-binding protein that recruits all the molecular components
necessary to catalyze the elongation of their poly(A) tail (McGrew
etal., 1989; Richter, 2007). To determine whether CPEB function
could contribute to the plastic changes that explain the latent and
long-lasting hyperexcitability of primed nociceptors we first an-
alyzed whether CPEB is expressed by sensory neurons in the
DRGs. As shown in Figure 34, not only was anti-CPEB immuno-
reactivity detected in a large subpopulation of small to medium
sized sensory neurons, the majority of them could also be cola-
beled with IB,, a well characterized marker for a subpopulation of
nociceptors (Molliver et al., 1997; Stucky and Lewin, 1999; Fang
etal., 2006). Of note in this regard is the recent finding by Joseph
and Levine who showed that animals that have been pretreated
with the selective neurotoxin IB,-saporin cannot be primed
(Vulchanova et al., 2001; Joseph et al., 2008; Joseph and Levine,
2010).

<«

(Figure legend continued.) ~ Methods. Note that the calculated molecular weight of PKCe is
84 kDa (according to UniProtKB/Swiss-Prot database-entry P09216). B, YseRACK-induced
priming can be prevented by antisense ODN for CPEB mRNA. Naive rats were treated with
antisense or mismatch ODN for CPEB mRNA (40 wwg/day) for 7 consecutive days. A single
dose of yseRACK (1 g) was administered to all rats on day 4 of ODN administration. On
day 8, 1d after the last ODN administration PGE, was administered into the same sites as
reRACK before. To test for hyperalgesic priming, paw-withdrawal thresholds were mea-
sured 30 min, 4 h and 24 h after PGE, administration. PGE,-induced hyperalgesia re-
mained elevated to the 24 h time point in mismatch-treated rats, indicating the presence
of hyperalgesic priming, but hyperalgesia was dissipated by 4 h in antisense-treated rats,
demonstrating its ability to block of hyperalgesic priming. A two-way repeated-measures
ANOVA showed a significant main effect of time (F 4 54, = 283.485; p <0.001), indicating
that, overall, nociceptive thresholds changed over the times tested, but no significant
group X time interaction (F, 4, = 0.389; p = 0.815) and no significant main effect of
group (Fq 19) = 0.019; p = 0.892). These results indicate that the ODN groups did not
differ significantly from each other up until the time of PGE, injection. A second two-way
repeated-measures ANOVA that included the three post-PGE, time points showed a sig-
nificant group X time interaction (F; ;o = 66.212; p < 0.001), a significant main effect
of group (F; 19y = 70.272; p < 0.001), as well as a significant main effect of time
(Fi7,70) = 241.187; p < 0.001). Together these results indicate that the groups differed
significantly only after PGE, administration. C, seRACK-induced priming cannot be re-
versed by antisense ODN for CPEB mRNA. Naive rats received a single dose of iseRACK (1
1.g) on day 1 of the experiment. Beginning on day 5, rats were treated with antisense or
mismatch ODN for CPEB mRNA (40 wg/day) for 3 consecutive days. On day 8, 1 d after the
last ODN administration, PGE, was administered into the same site as |seRACK before. To
test for hyperalgesic priming, paw-withdrawal thresholds were measured 30 min, 4 h and
24 h after PGE, administration. PGE,-induced hyperalgesia remained elevated to the 24 h
time point in mismatch- and antisense-treated rats, indicating the presence of hyperal-
gesic priming in both groups. Thus, antisense for CPEB mRNA was not able to reverse
reRACK-induced priming. The two-way ANOVA showed that neither the time X group
interaction nor the main effect of group were significant (F 5 55, = 0.50; p << 0.985 and
F1.10) = 0.066; p < 0.803, respectively), indicating that the decrease in the CPEB expres-
sion level fails to reverse hyperalgesic priming induced by {seRACK.
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To evaluate whether CPEB function contributes to the neuro-
plasticity that constitutes the molecular memory of primed noci-
ceptors we determined whether carrageenan-induced priming
could be prevented by the knockdown of the CPEB expression
level in primary sensory neurons. As shown in Figure 3B, rats
treated with intrathecal antisense ODN to CPEB mRNA do not
show the enhanced and prolonged hyperalgesic response to PGE,
that characterizes primed nociceptors (Aley et al., 2000; Reichling
and Levine, 2009). By using Western blotting we confirmed
that the behavioral changes in the nociceptive response of
animals treated with antisense ODN for CPEB mRNA corre-
late with a reduction of the CPEB expression in the peripheral
neuron (Fig. 3C).

Given that a selective PKCe agonist (Dorn et al., 1999) can
induce hyperalgesic priming (Aley et al., 2000) and CPEB activity
in mammals has been reported to depend on phoshorylation
(Huang et al., 2002; Atkins et al., 2004) we next sought to analyze
whether CPEB could be a potential PKCe substrate. As shown in
Figure 4 A, PKCe could be coimmunoprecipitated with the anti-
CPEB antibody and vice versa, suggesting that the plastic changes
underlying hyperalgesic priming in IB,(+)-nociceptors are
due to a PKCe-induced activation of CPEB. Interestingly, CPEB
contains at least one potential PKCe phosphorylation site
K304MSSRR;, (Nishikawa et al., 1997; Numazaki et al., 2002).

To further substantiate that CPEB is a potential PKCe sub-
strate we examined whether the induction of priming by the se-
lective PKCe agonist yeRACK (Dorn et al.,, 1999; Aley et al.,
2000) could be prevented by the intrathecal administration of
antisense ODN for CPEB mRNA. As shown in Figure 4B,
eRACK-induced priming could be prevented by the downregu-
lation of the CPEB expression level in primary afferent nocicep-
tors. Interestingly, the effect of the CPEB antisense seems to be
restricted to the neuroplastic changes that are induced by the
priming stimulus as the antisense itself affects neither the baseline
nociceptive threshold of naive rats nor the onset, amplitude or
time course of carrageenan- or YeRACK-induced hyperalgesia
(Figs. 3B, 4B).

Finally, to determine whether CPEB activity represents the
molecular memory that maintains primed nociceptors hyperre-
sponsive to the subsequent challenge by proinflammatory medi-
ators we analyzed whether feRACK-induced priming could also
be reversed by the downregulation of the peripheral expression of
CPEB. As shown in Figure 4C, )cRACK-induced priming could
not be reversed by the intrathecal administration of antisense
ODN for CPEB mRNA. According to findings by the Kandel
group CPEB in Aplysia is a protein with prion-like properties that
exists in two different conformations (Si et al., 2003b). One of its
conformers is catalytically inactive whereas the other one not
only promotes the synthesis of proteins that are responsible for
the plastic changes underlying LTF in Aplysia (Si et al., 2003a) it
additionally self-replicates its active conformation by inducing a
conformational switch in their nonactive counterpart (Si et al.,
2003D). If a similar mechanism exists in IB,(+)-nociceptors it
might not be surprising that a 28% decrease in the peripheral
CPEB expression level after intrathecal administration of anti-
sense ODN for CPEB mRNA cannot reverse the plastic changes
underlying primed nociceptors (Fig. 4 B). This decrease could
just be too low to impact the conformational self-replication of
CPEB that might maintain primed IB,(+)-nociceptors hyperex-
citable to a subsequent challenge by inflammatory mediators.

LTF in Aplysia has also been attributed to the formation of
new varicosities along sensory branches in sensory-motor neu-
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ron cocultures (Miniaci et al., 2008). The formation and stabili-
zation of varicosities is a protein synthesis-dependent process
that needs ~72 h to take place (Miniaci et al., 2008) a time span
that correlates well with our findings (Fig. 1). Moreover, as vari-
cosities give rise to new synaptic connections that would boost
the neurotransmitter-release in response to an incoming action
potential their formation could not only explain the enhanced
and prolonged hyperalgesic response of primed nociceptors but
also their underlying latent and long-lasting plasticity (Aley et
al., 2000; Parada et al., 2003b; Ferrari et al., 2010). However, as
priming can be induced by the peripheral administration of a
selective PKCe agonist (Fig. 4A) and be prevented by the pe-
ripheral administration of a protein synthesis inhibitor (Fig.
2), the enhanced neurotransmitter-release at the central ter-
minals of primed IB,(+)-nociceptors must be somehow con-
trolled by a PKCe-dependent mechanism at the peripheral
nociceptive terminals.

In conclusion, we show that the neuroplastic changes under-
lying hyperalgesic priming a model for the chronification of
inflammatory and neuropathic pain are induced by a PKCe-
dependent activation of CPEB in the peripheral terminals of
IB,(+)-nociceptors. Our results raise the intriguing possibility
that a prion-like mechanism could be responsible for the chroni-
fication of certain pain syndromes.
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