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Background and Purpose: CR4056 is a first‐in‐class imidazoline‐2 (I2) receptor

ligand characterized by potent analgesic activity in different experimental animal

models of pain. In a recent phase II clinical trial, CR4056 effectively reduced pain in

patients with knee osteoarthritis. In the present study, we investigated the effects

of CR4056 on PKCε translocation in vitro and on PKCε activation in vivo in dorsal

root ganglia (DRG) neurons.

Experimental Approach: Effects of CR4056 on bradykinin‐induced PKCε transloca-

tion were studied in rat sensory neurons by immunocytochemistry. PKCε activation

was investigated by immunohistochemistry analysis of DRG from complete Freund's

adjuvant‐treated animals developing local hyperalgesia. The analgesic activity of

CR4056 was tested on the same animals.

Key Results: CR4056 inhibited PKCε translocation with very rapid and long‐lasting

activity. CR4056 decreased hyperalgesia and phospho‐PKCε immunoreactivity in the

DRG neurons innervating the inflamed paw. The effect of CR4056 on PKCε translo-

cation was blocked by pertussis toxin, implying that the intracellular pathways

involved Gi proteins. The inhibition of PKCε translocation by CR4056 was indepen-

dent of the α2‐adrenoeceptor and, surprisingly, was also independent of idazoxan‐

sensitive I2 binding sites. The I2 agonist 2BFI had no effect alone but potentiated

the activity of low concentrations of CR4056.

Conclusions and Implications: Our results demonstrate that CR4056 shares the

ability to inhibit PKCε translocation with other analgesics. Whether the inhibition of

PKCε involves binding to specific subtype(s) of I2 receptors should be further investi-

gated. If so, this would be a new mode of action of a highly specific I2 receptor ligand.
1 | INTRODUCTION

Imidazoline binding sites/receptors are largely expressed in the central

and peripheral nervous system, liver, kidneys, pancreas, and heart.
‐C, cytosine 1‐D‐arabinofuranoside; BK,

receptors; PBS‐T, PBS with 0.3% Trito

r for activated C kinase

ety wileyonline
Currently, three subtypes of imidazoline binding sites/receptors, termed

I1, I2, and I3, have been proposed based on their pharmacological affinity

and functional characterization. To date, only the I1 receptor subtype

has been molecularly identified as the non‐G protein‐coupled
bradykinin; CFA, complete Freund's adjuvant; CP, carrier peptide; DRG, dorsal root ganglia; IB4

n X‐100; PK2, prokineticin 2; PMA, phorbol 12‐myristate 13‐acetate; pPKCε/phospho‐PKCε,
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What is already known

• CR4056 is an imidazoline‐2 (I2) receptor ligand with

demonstrated analgesic properties in animals and

humans.

What this study adds

• CR4056 significantly inhibits the translocation of PKCε

induced by inflammatory mediators in sensory neurons.

• In vivo CR4056 decreases the phospho‐PKCε levels in

the DRG neurons innervating the inflamed tissues.

What is the clinical significance

• These results provide novel mechanisms of action for

CR4056

• These results also are consistent with its analgesic

properties.

VELLANI ET AL. BJP 49
imidazoline receptor antisera‐selected protein, and cloned (Piletz et al.,

2000). I1 is defined as a high‐affinity receptor for clonidine, is present

both in the medulla oblongata and in sympathetic nerve endings, and

is important for the clonidine‐like hypotensive effect (Bousquet,

2000). Conversely, I2 receptors have only been identified functionally

as allosteric modulators of specific subpopulations ofMAO with a high

affinity for idazoxan (Carpene et al., 1995; McDonald, Olivieri, Ramsay,

& Holt, 2010; Ozaita et al., 1997; Tesson et al., 1995) and as modulators

of semicarbazide‐sensitive amine oxidase (Holt et al., 2008) and brain

creatine kinase (Kimura et al., 2009). The modulation of these enzymes

supports the importance of I2 receptors in several pathological condi-

tions of the nervous system (Garcia‐Sevilla, Escriba, & Guimon, 1999;

Halaris & Piletz, 2003), including inflammatory and neuropathic pain

(Aricioglu, Korcegez, Bozkurt, & Ozyalcin, 2003; Boronat, Olmos, &

Garcia‐Sevilla, 1998; Fairbanks et al., 2000). Pharmacologically, I2 recep-

tors can be further subdivided into I2A and I2B, depending on their affin-

ity for amiloride (Bektas, Nemutlu, &Arslan, 2015;Diamant, Eldar‐Geva,

& Atlas, 1992). It is now clear that I2 binding sites are not classic recep-

tors but represent a heterogeneous class of proteins that are able to

bind and respond with different functional effects to well‐defined

ligands. These ligands are characterized by the selective interactionwith

non‐α2 idazoxan binding sites, by a lack of interactionwith classicmono-

amine receptors, and by a common pharmacological signature in vivo

(i.e., analgesic efficacy in selected pain models; synergy with opiates in

controlling pain; ability to counteract opiate tolerance and, sometimes,

opiate physical dependence; and neuroprotective activity). The neuro-

pharmacology of imidazoline I2 receptor ligands has been recently

reviewed by Li (2017).

CR4056 (2‐phenyl‐6‐(1H‐imidazol‐1yl)quinazoline) is a synthetic

drug developed by Rottapharm Biotech with high competitive selectiv-

ity for I2 imidazoline receptors/binding sites (Ferrari et al., 2011; Li &

Zhang, 2011). This drug displays strong in vivo analgesic properties

in several animal models of inflammatory, chronic, and neuropathic

pain (Comi et al., 2017; Ferrari et al., 2011; Lanza, Ferrari, Menghetti,

Tremolada, & Caselli, 2014; Meregalli et al., 2012; Siemian, Wang,

Zhang, & Li, 2018). A recent phase II clinical trial of CR4056 in patients

with knee osteoarthritis chronic pain demonstrated for the first time

the efficacy of an I2 ligand in humans (Rovati et al., 2019). The under-

standing of its pharmacological and molecular mechanisms of action

leading to analgesia is therefore highly relevant to evaluate its poten-

tial use in human therapies and to clarify the functional pathways acti-

vated by I2 ligands.

PKCε is the only isoform of PKC (Alexander et al., 2017) expressed

in the neurons of the dorsal root ganglia (DRG) that translocates to the

plasma membrane after activation of membrane receptors coupled to

Gq (Cesare, Dekker, Sardini, Parker, & McNaughton, 1999; Vellani &

McNaughton, 2004; Vellani et al., 2006; Vellani et al., 2010; Vellani,

Prandini, et al., 2011). The inhibition of translocation, as well as the

inhibition of catalytic activity, prevents the phosphorylation of mem-

brane proteins, particularly ion channels (Numazaki, Tominaga,

Toyooka, & Tominaga, 2002), a mechanism involved in the develop-

ment of hyperalgesia and allodynia. Inhibitors of translocation have

recently raised interest as novel treatments for pain and hyperalgesia.
For example, the inhibition of PKCε translocation by synthetic

peptides that compete for the binding site on its specific receptor for

activated C kinase (RACK) protein, RACK2, was able to largely reduce

the carrageenan‐induced chronic inflammatory pain (Aley, Messing,

Mochly‐Rosen, & Levine, 2000). The importance of PKCε in inflamma-

tory hypernociception and sensitization was also evident in the PKCε

mutant mouse model (Khasar et al., 1999) and is supported by a large

number of studies on specific diseases and by animal models of

hyperalgesia and neuropathy (Aley et al., 2000; Dina et al., 2000; Dina,

Chen, Reichling, & Levine, 2001; Dina, Levine, & Green, 2008;

Shumilla, Liron, Mochly‐Rosen, Kendig, & Sweitzer, 2005; Summer et

al., 2006).

We have previously shown that anti‐inflammatory and analgesic

drugs such as nimesulide, paracetamol, and gabapentin (Vellani et

al., 2013; Vellani & Giacomoni, 2017; Vellani, Franchi, et al., 2011)

inhibit PKCε translocation in cultured DRG neurons stimulated with

inflammatory mediators. In the present study, we showed that

CR4056 tested in vitro is a rapidly‐acting and powerful inhibitor of

PKCε translocation, and we have investigated the mechanisms leading

to this inhibition. In addition, we showed that CR4056 is also effective

in reducing PKCε activation in vivo in an inflammatory pain model.
2 | METHODS

2.1 | PKCε catalytic activity assay

PKCε kinase activity was measured in a cell‐free assay (Cerep, cur-

rently Eurofins, France) as described in Chen et al. (1993). Briefly,

human recombinant PKCε was incubated at 22°C for 60 min in the

presence of the substrate biotinyl‐bAbAbAKIQASFRGHMARKK

(400 nM) and ATP, with or without CR4056 (1 μM). The production

of the phosphorylated substrate was detected by a homogeneous

time‐resolved fluorescence phospho‐assay.

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=516
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2490
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2767
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2421
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=10453
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1486
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7401
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5239
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5483
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2.2 | Culturing isolated neurons from DRG

All the animal care and experimental procedures described here were

in compliance with international laws and policies (Directive

2010/63/EU revising Directive 86/609/EEC on the protection of

animals used for scientific purposes; Guide for the Care and Use of

Laboratory Animals, U.S. National Research Council, 1996) and were

approved by the Institutional Animal Care Ethical Committee of the

University of Modena and Reggio Emilia and the Italian Ministry of

Health. The in vivo experimental procedures, performed at

Rottapharm Biotech, were also approved by Rottapharm Biotech

review board. Animal studies are reported in compliance with the

ARRIVE guidelines (Kilkenny, Browne, Cuthill, Emerson, & Altman,

2010), with the editorial on reporting animal studies (McGrath & Lilley,

2015) and with the recommendations made by the British Journal of

Pharmacology.

For neuronal cultures, a total of 89 Sprague–Dawley rats (2–

3 weeks old) were used. Animals were anaesthetized prior to cervical

dislocation and decapitation with protocols in agreement with the

guidelines of the Committee for Research and Ethical Issues of IASP,

Italian and European legislation (Kilkenny et al., 2010; McGrath et al.,

2010; Zimmermann, 1983).

DRG were obtained from freshly isolated spines after carefully

removing nerve trunks and connective tissue. Larger ganglia, chopped

into 2–4 smaller pieces, were then incubated for 1 hr at 37°C in

0.125% collagenase (Worthington, Freehold, NJ) dissolved in DMEM

containing 10% FBS plus 1% penicillin/streptomycin and 1% L‐gluta-

mine (Euroclone, Milan, Italy). After enzymatic digestion, ganglia were

mechanically dissociated, and neurons were plated at a density such

that neurons would cover approximately 30% of the coverslip surface

in a single layer in Petri dishes containing wells with a glass‐bottom

coverslip (pre‐coated with 10 μg·ml−1 of poly‐L‐lysine and 20 μg·ml−1

of laminin, Sigma‐Aldrich, Milan, Italy). Cells were incubated for

2–3 days in DMEM, as described above, plus 1.5 μg·ml−1 cytosine

1‐D‐arabinofuranoside (ARA‐C, Sigma‐Aldrich) to slow the prolifera-

tion of non‐neuronal cells and 100 ng·ml−1 of nerve growth factor

(Sigma‐Aldrich) to increase cell health and the expression of receptors

that are linked to PKCε translocation upon stimulation (Vellani et al.,

2006; Vellani, Zachrisson, & McNaughton, 2004).
2.3 | Immunocytochemistry experimental design

The immuno‐related procedures used are reported in agreement with

the editorial on immunoblotting and immunohistochemistry (Alexander

et al., 2018) and comply with the recommendations made by the Brit-

ish Journal of Pharmacology. Activation of membrane receptors coupled

to the PLC pathway leads to PKCε translocation from the cytoplasm to

the plasma membrane. To study PKCε behaviour, we employed a well‐

established technique (Vellani et al., 2004; Vellani et al., 2006; Vellani

et al., 2010; Vellani et al., 2013; Vellani, Franchi, et al., 2011; Vellani &

Giacomoni, 2017; Vellani, Prandini, et al., 2011). This technique

involves activation of PKCε translocation in cultured DRG neurons

rapidly induced (30 s) by inflammatory mediators, such as bradykinin
(BK), prokineticin 2 (PK2), thrombin, and endothelin‐1, followed by

fixation with 4% paraformaldehyde and 4% sucrose in PBS (50% dilu-

tion), staining for PKCε, and quantification of the number of neurons in

which translocation is observed. To increase the time precision of

treatments and fixation, an automated system was used in all experi-

ments (FSC‐1, CV Scientific, Modena, Italy). CR4056 and other drugs

under examination were pre‐applied in the culture medium for

10 min or longer (up to overnight) or, in some cases, co‐applied with

the inflammatory mediators used to elicit PKCε translocation. All treat-

ments (including the vehicle), were pre‐dissolved in the culture

medium and were directly applied to the cells at 37°C.

After fixation, cells were permeabilized with 0.2% Triton X‐100

(Sigma‐Aldrich, Milan, Italy) and exposed overnight to a rabbit poly-

clonal antibody highly specific for PKCε that was previously validated

with transgenic animals (Cesare, Dekker, et al., 1999). After extensive

rinsing, PKCε was visualized with a secondary antibody (1:200 dilution

Alexa Fluor 488 goat anti‐rabbit IgG, Thermo Fisher Scientific, Monza,

Italy, Cat# A‐11008, RRID:AB_143165) applied for 2–4 hr at room

temperature in the dark. PKCα was stained with an mouse monoclonal

antibody coupled to Alexa 594 (Santa Cruz Biotechnology, Santa Cruz,

CA, USA, Cat# sc‐8393‐AF594, RRID:AB_628142). Teleostean fish

skin gelatine (0.1%, from Sigma) was present throughout the immuno-

cytochemistry procedures after fixation to avoid nonspecific labelling.

Isolectin B4 staining was obtained with isolectin B4 from Griffonia

simplicifolia coupled to Alexa 594 (Thermo Fisher Scientific, Cat#

I21413, RRID:AB_2313921) and applied at a 1:1,000 concentration

for 10 min in a calcium‐containing solution (PBS). All cultures were also

stained with DAPI (Thermo Fisher Scientific).

Cells showing PKCε translocation were detected with a confocal

microscope (Leica SP2, Leica, Switzerland) by measuring the fluores-

cence intensity along a line drawn through the cytoplasm and the

membrane, thus avoiding the nucleus. Neurons in which the fluores-

cence intensity of the plasma membrane throughout the cell was

1.5‐fold or higher than the mean cytoplasmatic intensity were consid-

ered positive (Cesare, Dekker, et al., 1999). All neurons were either

well above or below the cut‐off threshold, so, according to this crite-

rion, we considered using the percentage of positive neurons to be

appropriate to quantify translocation. At the time of treatment, cover-

slips were assigned a random number and then randomly assigned to

an experimental condition. The analyst was blinded to the treatment

of each coverslip.
2.4 | Western blotting

Cell cultures, prepared as described above, were pre‐incubated with

CR4056 for 10 min and then stimulated for 30 s with 1 μM BK.

Control samples were pre‐incubated with CR4056 or medium only.

Immediately after, the supernatant was removed, and the cells were

scraped with subcellular fractionation ice‐cold buffer (250 mM

sucrose, 20 mM HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 1 mM

EDTA, 1 mM EGTA, 1 mM DTT, plus a protease and phosphatase

inhibitor cocktail). The lysate was passed through a 25‐gauge needle

and centrifuged at 11,000xg for 1 hr at 4°C, and the pellet

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=649
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3717
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4453
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=989
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1482
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(containing the membrane fraction) was resuspended in Mammalian

Protein Extraction Reagent (Thermo Scientific) with the protease and

phosphatase inhibitor cocktail and further passed through a

25‐gauge needle.

Protein concentrations were determined using a Bradford assay

(Sigma‐Aldrich), and 2 μg of protein was loaded onto a NuPAGE

4–12% Bis‐Tris Gel (Invitrogen) and blotted onto a PVDF membrane

(GE Healthcare). Membranes were blocked with StartingBlock

Blocking Buffer (Thermo Scientific) for 1 hr and then incubated

overnight at 4°C with the same anti‐PKCε antibody used for immuno-

cytochemistry (diluted 1:1,000 inTris‐buffered saline with 0.1% Tween

20 + 5% BSA), followed by an HRP‐conjugated anti‐rabbit antibody

(Abcam, Cat# ab6721, RRID:AB_955447) diluted 1:20,000 in

Tris‐buffered saline with 0.1% Tween 20 + 5% BSA. A β‐actin‐specific

antibody (Thermo Fisher Scientific, Cat# MA5‐11869, RRID:

AB_11004139) followed by an HRP‐conjugated anti‐mouse antibody

(Bethyl, Cat# A90‐146P, RRID:AB_10682243) was used as a loading

control. Target proteins were visualized with an enhanced chemilumi-

nescence substrate (SuperSignal West Dura, Thermo Scientific), and

the images were obtained using the Luminescent Image Analyzer

Fujifilm LAS300.
2.5 | Complete Freund's adjuvant model of chronic
inflammatory pain

Male Wistar Han rats (Charles River, Calco, LC, Italy) weighing 175–

300 g at the time of arrival were housed three or two (if weighing

>250 g) per cage in polycarbonate cages (42.5 × 26.6 × 18.5 cm) with

ad libitum access to food and water; the rats were acclimatized for at

least 1 week before performing the tests in a temperature‐ and

humidity‐controlled room (20°C ± 2°C, relative humidity within the

range of 55 ± 10%) with a 12‐hr light/dark cycle (7:00 a.m.–7:00 p.

m.). Animals were assigned to three groups (sham, complete Freund's

adjuvant [CFA], and CFA+CR4056) with simple randomization. Base-

line measurements of mechanical hyperalgesia were comparable

across CFA‐treated groups (block randomization). The total number

of rats used was 18, considering six animals per group is the minimum

number reported in the literature for similar experiments.

Inflammatory pain was induced by a monolateral injection of 100 μl

CFA (Sigma‐Aldrich, Milan, Italy) at a 1 mg·ml−1 concentration diluted

1:1 with saline into the plantar surface of the right hind paw. A sham

vehicle group was present for comparison (Ferrari et al., 2011).

CR4056 (6 mg·kg−1, p.o.) or its vehicle (0.5% hydroxypropylmethyl cel-

lulose) was administered 72 hr after CFA injection. The Randall–Selitto

test was employed to assess the analgesic effect of CR4056 on the

response thresholds to mechanical pressure stimulation. The

nociceptive withdrawal threshold was assessed by a Randall–Selitto

algesimeter (Ugo Basile, Comerio, Varese, Italy). The evaluation of pain

was performed just before CFA injection (basal control value) and 3 days

after CFA injury. On Day 3, two measurements were carried out, first

prior to treatment (pain control value) and then 90 min after CR4056

or vehicle administration.
Immediately, after behavioural assessment (Randall–Selitto test),

rats were deeply anaesthetized with an overdose of urethane

(1.5 g·kg−1, i.p.) and then transcardially perfused with 250 ml 0.9%

saline containing 1% heparin (5,000 IU·ml−1), followed by 500 ml

10% formalin (4% paraformaldehyde, Bio‐Optica Spa, Milan, Italy). L4

and L5 DRG (both ipsilateral and contralateral) were dissected and

post‐fixed in the same fixative (10% formalin) for 24 hr at 4°C. After

that, samples were switched to 0.01% NaN3 (sodium azide, Sigma‐

Aldrich) in PBS (PBS tablets, Sigma‐Aldrich). Each sample was then

dehydrated through a graded series of ethanol solutions, cleared in

xylene (BioClear, Bio‐Optica Spa, Milan, Italy), and embedded in paraf-

fin blocks for sectioning. Each DRG (L4 and L5) was sliced (one section,

5‐μm thickness) with a fully automated rotary microtome (RM2255,

Leica Microsystem Srl, Milan, Italy) and mounted on poly‐L‐lysine‐

coated slides (Thermo Fisher Scientific, Waltham, MA, USA) coupled

to corresponding contralateral DRG. Before starting the immunofluo-

rescence assay, sections were cleared with xylene and rehydrated

through a graded series of ethanol solutions. Antigen unmasking was

performed using 0.05% Tween (Tween 20, Sigma‐Aldrich) in 10‐mM

citrate buffer pH 6.0 (prepared with citric acid, Sigma‐Aldrich) for

20 min at 95°C. Sections were then washed in PBS and PBS with

0.3% Triton X‐100 (PBS‐T, Sigma‐Aldrich), blocked in 10% normal don-

key serum (Sigma‐Aldrich) in PBS‐T, and incubated overnight at 4°C

with the primary antibody in 2% normal donkey serum/PBS‐T.

DRG sections were stained with a rabbit polyclonal antibody anti‐

phospho‐S729 PKCε (Abcam, Cat# ab63387, RRID:AB_1142277),

diluted 1:25. After primary antibody incubation, sections were washed

again in PBS and PBS‐T and incubated with a secondary antibody

(Thermo Fisher Scientific, Cat# A21207, RRID:AB_141637) diluted

1:400 in 2% normal donkey serum in PBS‐T. Sections were dehydrated

again and covered with a coverslip with Fluoroshield mounting

medium containing DAPI (Sigma‐Aldrich); the slides were then visual-

ized with Invitrogen EVOS FL Auto Cell Imaging System (Thermo

Fisher Scientific, Waltham, MA, USA).

The entire area of the DRG section was analysed at 20× magnifica-

tion. The number of neurons positive to staining for phospho‐PKCε

(pPKCε) was normalized to the total number of DAPI‐positive neurons

(i.e., with a clearly visible nucleus). The L4–L5 mean value was consid-

ered for each sample.
2.6 | Data analysis

The experimental design, the data and the statistical analysis comply

with the recommendations of the British Journal of Pharmacology on

experimental design and analysis in pharmacology (Curtis et al.,

2018). For estimation of the percentage of cells showing PKCε trans-

location, all experiments were performed for each condition in at

least five different cultures (replicates: see Vaux, Fidler, & Cumming,

2012), for dose–response experiments (Figures 2a,b and 6a), and in

six cultures for all other experiments. According to power analysis

based on our previous studies on PKCε translocation, five replicates

would be sufficient to achieve 80% power in detecting a 5% differ-

ence with α set at 0.05. Each condition was tested in at least three
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different coverslips from the same culture (repeats), with largely con-

sistent results within each group. At least 700 neurons per coverslip

were analysed. The choice of coverslips for different treatments was

randomized, and coverslip treatment blinded to the analyst (see

above). The values from repeats were averaged to obtain the final

data for one condition from one experiment, which in turn was aver-

aged with other replicates. Translocation data were therefore

expressed as the actual average percentage of PKCε translocated

cells (mean of replicates), with the exception of Figure 1b,c, where
FIGURE 1 Translocation of PKCε induced by inflammatory mediators is
peptide in cultured sensory neurons. (a) Unresponsive neuron (left) compa
translocation of PKCε (right), visualized by immunocytochemistry and conf
treated with a saturating concentration of BK (1 μM) for 30 s and then fix
unresponsive neurons (not expressing functional BK receptors, left) PKCε
most fluorescence is localized in the plasma membrane. The images shown a
scale and acquisition settings. No contrast enhancement was employed. Sc
responsive and unresponsive cells are available in Video S1. (b) Effect of C
mediators. CR4056 (10 μM) was pre‐applied for 10 min, and cells were the
inflammatory mediators: BK (1 μM), prokineticin 2 (PK2, 100 nM), thrombin
and stained for PKCε (n = 6). CR4056 significantly reduced the percentage
compared with the matched control value (CTRL; set to 100%). *P < .05, s
data. Each replicate value was then normalized to its matched control to co
inflammatory mediators. CR4056 was slightly, but significantly, less effecti
elicited by BK, PK2 or ET‐1. #P < .05, significantly different from BK, PK2 o
PKCε blocking peptide on PKCε translocation. The specific PKCε transloca
(PKCε V1–2, 10 μM) was pre‐applied for 60 min to allow cell loading, with
scrambled peptide coupled to the carrier peptide (SCR) and the carrier pept
loading time as PKCε V1–2). Treatment with PKCε V1–2 and with the neg
CR4056 and PKCεV1–2 did not cause further inhibition of PKCε transloca
normalized to matched control. (d) Effect of CR4056 on PKCε translocatio
fraction. BK (1 μM) was added for 30 s to cultured sensory neurons (lane 2)
vehicle control (lane 1). CR4056 (10 μM) added 10 min before BK applicatio
3) was not different from vehicle control
the value of each replicate was normalized to its matched control.

The latter method was used to facilitate the comparison among dif-

ferent treatments.

GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA) and

QI Macros (KnowWare International, Denver, CO, USA) were used for

statistical analyses, except for power analysis, performed using free

software available online (https://clincalc.com/stats/samplesize.aspx).

Data were analysed with t test or with ANOVA where appropriate,

after being tested for normality (Shapiro‐Wilk test) and homogeneity
blocked by CR4056 and by the specific PKCε translocation blocking
red with a neuron which responded to bradykinin (BK) with
ocal imaging. Confocal section of cultured dorsal root ganglia neurons
ed and stained with a rabbit polyclonal antibody against PKCε. In
signal is diffused in the cytoplasm, while in responsive neurons (right),
re taken from two areas of the same confocal image and have identical
ale bar: 10 μm. Image stacks and three‐dimensional reconstructions of
R4056 on PKCε translocation induced by different inflammatory
n exposed for 30 s to saturating concentrations of one of the following
(THR, 100 nM), or endothelin‐1 (ET‐1, 500 nM), and then quickly fixed
of neurons responding to any one of the inflammatory mediators,
ignificantly different from CTRL; t test, performed on non‐normalized
mpare the effect of CR4056 on translocation induced by the different
ve in inhibiting the translocation of PKCε elicited by THR than that
r ET‐1; ANOVA followed by Bonferroni's post hoc test. (c) Effect of the
tion blocker εV1–2 coupled to a membrane‐permeant carrier peptide
or without CR4056 (10 μM). Cells were then challenged with BK. The
ide alone (CP) were used as negative controls (same concentrations and
ative controls were significantly different (P < .05). Co‐application of
tion in comparison with PKCε V1–2 alone (n = 6). Data displayed were
n induced by BK visualized by Western blot assay in the membrane
inducing enrichment of PKCε in the membrane fraction, compared with
n prevents the PKCε translocation (lane 4). CR4056 (10 μM) alone (lane

https://clincalc.com/stats/samplesize.aspx
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(Brown‐Forsythe and Bartlett's test, automatically run by Prism soft-

ware when performing ANOVA, and Levene's test when using QI

Macros). ANOVA was followed by Bonferroni's or Tukey's multiple

comparisons post hoc tests, with P < .05 considered statistically signif-

icant. Data are presented as the mean ± SEM.

Data are presented as bar graphs when a scatter plot did not reveal

any unusual or interesting aspect of the data, in agreement with cur-

rent recommendations (George et al., 2017).
2.7 | Materials

All drugs were obtained from Sigma‐Aldrich (Milan, Italy) except for

PK2 (PeproTech, London, UK) and CR4056 (Rottapharm Biotech,

Monza, Italy) and the PKCε membrane‐permeant blocking peptides,

which were from American Peptide Company (Sunnyvale, CA, USA).

The active blocking peptide PKCεV1–2 (NH2–EAVSLKPT–COOH)

was coupled via a cysteine S–S bond to the TAT‐(47‐57) arginine‐rich

(NH2–YGRKKRRQRRR–COOH) carrier peptide (CP). As a negative

control, the scrambled peptide (NH2–LSETKPAV–COOH) and the CP

alone were used as controls. Peptides were loaded into cultured neu-

rons at a 10‐μM concentration for 60 min and were also present in

the extracellular solution when cells were challenged with BK. This

combination of loading time and peptide concentration was deter-

mined in preliminary experiments (with BK, thrombin, and PK2 as

stimuli, not shown) to be the combination producing the maximum

blocking effect: neither longer application times nor higher peptide

concentrations displayed a higher efficacy.
2.8 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2017/18 (Alexander, S. P. H.,

Christopoulos et al., 2017; Alexander, S. P. H., Fabbro, et al., 2017).
3 | RESULTS

3.1 | PKCε catalytic activity is not modulated by
CR4056

Purified human recombinant PKCε was incubated with a suitable

substrate and ATP, with or without CR4056 (1 μM). The substrate

phosphorylation, detected using a homogeneous time‐resolved fluo-

rescence phospho‐assay, was identical with or without CR4056. The

concurrent positive control (Ro 31‐8425) potently reduced phosphor-

ylation of the substrate (IC50 = 6.8 nM), as expected.
3.2 | PKCε translocation induced by inflammatory
mediators is dose‐dependently inhibited by CR4056

A typical example of PKCε translocation routinely obtained after 30 s of

exposure to 1‐μMBK is shown in the immunocytochemistry experiment

in Figure 1a. The confocal image of a BK unresponsive neuron (left) was

compared with that of a responsive neuron (right). In unstimulated cul-

tures, all neurons displayed the same pattern of PKCε immunostaining

as neurons unresponsive to BK, and there was no sign of spontaneous

PKCε translocation. The PKCε translocation induced by other Gq‐

coupled inflammatory mediators produced a qualitatively indistinguish-

able response when the same experimental protocol was used, as previ-

ously reported (Vellani et al., 2004; Vellani et al., 2010; Vellani, Prandini,

et al., 2011). Figure 1b shows the fractional blocking effect of CR4056

(10 μM) on PKCε translocation caused by BK, PK2, the protease‐acti-

vated receptor (PAR)‐1, ‐3, and ‐4 agonist thrombin (Vellani et al.,

2010), and endothelin‐1 (Vellani, Prandini, et al., 2011).

The translocation of PKCε induced by BK was completely indepen-

dent of the cellular localization of PKCα, which is also expressed in

most sensory neurons with a small–medium diameter. In cells showing

the translocation of the ε isoform, the α isoform could be expressed in

the cytoplasm, in the membrane, or both. In several cells that did not

respond with PKCε translocation, as well as in approximately 50% of

unstimulated cells, PKCα was detected in the plasma membrane

(Figure S1). We conclude that PKCα translocation to the plasma mem-

brane is independent of BK stimulation.

The translocation of PKCε was suppressed by CR4056 in a similar

fraction of neurons independent of the different mediators, except

for the neurons activated by thrombin, that are slightly, but signifi-

cantly, less sensitive to CR4056 than those activated by BK. We pre-

viously observed that PKCε translocation caused by thrombin, PK2,

and endothelin‐1 occurs mostly in DRG neurons negative for staining

with isolectin B4, a marker of non‐peptidergic nociceptors (Vellani et

al., 2006; Vellani et al., 2010; Vellani, Prandini et al., 2011), while trans-

location induced by BK is visible in both isolectin B4‐negative (IB4−)

and isolectin B4‐positive (IB4+) neurons (Vellani et al., 2004). In the

neuronal subpopulation activated by BK, the percentage of IB4+ neu-

rons was 50.6 ± 1.6%. In cultures treated with CR4056 (10 μM,

10 min), the remaining BK‐responsive IB4+ neurons were

52.6 ± 1.0%, indicating that CR4056 equally decreased the IB4+ and

the IB4− BK‐sensitive subpopulations (n = 5).

To test a different PKCε blocking agent for comparison with

CR4056, the specific PKCε blocking peptide ε V1–2 (Figure 1c) was

loaded into DRG neurons using a membrane‐permeable form, coupled

to the TAT CP. This peptide was able to mimic the blocking activity of

CR4056. The scrambled εV1–2 peptide coupled to the same CP (neg-

ative control) and the CP alone did not produce any effects (n = 6). The

effect of PKCεV1–2 in combination with CR4056 was similar to that

of either treatment alone.

The translocation of PKCε induced by BK and the inhibition by

CR4056 was also confirmed by an alternative approach (Western blot-

ting) using the same anti‐PKCε antibody employed in the immunocyto-

chemistry assay. Cultured DRG neurons were set up in four

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=773
http://www.guidetopharmacology.org
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=59
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=59


FIGURE 2 Dose–response, time course, and washout of CR4056 effect on PKCε translocation. (a, b) dose–response of CR4056 inhibition of PKCε
translocation induced by bradykinin (BK, 1 μM) or prokineticin 2 (PK2, 10 nM). CR4056 was pre‐applied for 10 min at different concentrations, and
cells were exposed to BK/PK2 for 30 s and then quickly fixed and stained for PKCε. Each datapoint shows the average data from five to six different
cultures. Data were fitted by the Hill equation, with the following parameters: (a) IC50: 2.0 ± 0.6 × 10−7 M; min = 18.1 ± 0.7; max = 31.4 ± 0.7; Hill
slope = 0.93 ± 0.23; (b) IC50: 1.7 ± 0.1 × 10−7 M; min = 18.1 ± 0.1; max = 25.1 ± 0.1; Hill slope = 0.96 ± 0.05. (c) Time course of CR4056 effect. Open
symbols represent the percentage of neurons positive for PKCε translocation following BK treatment, stimulated at different times during 24 hr. Filled
symbols represent neurons treated with CR4056 (10 μM) applied from time zero onwards. The first filled symbol indicates the effect of CR4056 co‐
applied for 30 s with BK, and the second filled symbol indicates 10 s of pre‐exposure. The effect of CR4056 was highly significant at all times (t test,
P < .05, n = 6). (d) Reversibility of CR4056 effect. BK‐induced PKCε translocation was evaluated before (open symbol) and after CR4056 (10 μM,
10min application, filled symbols), at different time intervals. The first datapoint was obtained at the end of the 10 min treatment, when CR4056was
still present. The subsequent datapoints were obtained after extensive rinsing to ensure complete removal of the drug from extracellular solution (six
cultures for each point). (e) Recovery of CR4056 effect. The graph is showing that after a 5 hr recovery from a first treatment with CR4056 (0.1 μM), a
second treatment had a comparable effect (n = 6)
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experimental groups: vehicle/vehicle, vehicle/BK, CR4056/vehicle, and

CR4056/BK. After the incubation period, cells were subjected to lysis,

and the proteins present in the membrane fraction were detected as
shown in Figure 1d. Western blot analysis confirmed both the BK‐

induced translocation of PKCε to the plasma membrane and the inhibi-

tory effect of CR4056.
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Figure 2 shows the CR4056 dose–response curves for PKCε

translocation obtained with either BK (a) or PK2 (b). Data fitting

returned IC50 values of 0.20 and 0.17 μM, respectively (further param-

eters in the figure legend). When CR4056 was applied for 10 min, the

dose–response curves approached saturation at approximately 10 μM

(a, b). This concentration was tested at different time intervals to

investigate the kinetics of the CR4056 effect. When CR4056 was

co‐applied with BK as a PKCε translocation inducer for 30 s (the

shortest feasible application time in our protocol, see Section 2),

approximately 40% of the maximum effect was present, as shown in

Figure 2c. When the drug was pre‐applied (10 s) before BK stimulation

(30 s), the inhibitory effect on translocation increased significantly,
FIGURE 3 Effects of imidazoline‐2 receptor antagonist idazoxan and of
pre‐applied (10 and 100 μM) onto cultured dorsal root ganglia neurons for
idazoxan alone had no effect on translocation. As expected (see Fig 2a), CR4
translocation. Application of CR4056 in combination with idazoxan did not a
high dose of 100 μM did not affect PKCε translocation. In the same set of
ineffective (n = 6, data not shown). Furthermore, 2BFI at 100 μM (10 min)
(10 μM, 10 min) but increased the effect of 10 nM CR4056 which per se
reaching its maximum. Indeed, pre‐exposures longer than 10 s before

translocation activation did not produce any further significant inhibi-

tion. The effect of CR4056 was therefore stable for 10 s–24 hr

pre‐exposure, with no sign of adaptation/tachyphylaxis.

Next, we analysed the time necessary to eliminate the effect of this

drug. In Figure 2d, PKCε translocation is reported at different timepoints

after CR4056 (10 μM) exposure: first, after the 10 min application and

then after repeated, long‐lasting washes with large volumes of culture

medium (DMEM + 10% FBS, 37°C) expected to remove any trace of

CR4056 from the extracellular environment (washout).

The effect of CR4056 remained unchanged for up to 1 hr after

washout, and then it slowly decreased and was completely reversed
the agonist 2BFI. (a) Idazoxan, a purported I2 receptor antagonist, was
10 min before stimulation with bradykinin. The application of
056 (1 μM for 10 min) applied alone induced a significant reduction of
ffect the response to CR4056 (n = 6). (b) 2BFI applied for 10 min at the
experiments, 2BFI (100 μM) even applied overnight was completely
did not increase the effect of a saturating concentration of CR4056
was ineffective. *P < .05, significantly different as indicated (n = 6)
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after 3–4 hr. We conclude that the CR4056 effect has a fast onset, but

it is very slowly removed from the cells. This experiment also shows

that there is no apparent aftereffect of the drug on cells responding

to BK in this time frame, as the percentage of responsive cells returns

to the exact initial level. Figure 2e shows that repeating the stimulation

procedure (challenge with BK in the presence or absence of 0.1 μM

CR4056) after a 5 hr washout (i.e., when the cells fully recovered their

sensitivity to BK) gave the same inhibitory effect by CR4056, thus

confirming the full reversibility of the phenomenon and the absence

of tolerance. A further experiment demonstrated that the pre‐

application of ineffective concentrations of CR4056 (0.1 and 10 nM)

for 1 hr did not produce any modulation of the effect of 0.1 μM of

the drug (data not shown). This result suggests that no priming effect

was triggered by CR4056 in this experimental condition.
FIGURE 4 Yohimbine (YHM) does not interfere with CR4056
inhibition of PKCε translocation. The selective α2 adrenoceptor
antagonist yohimbine (1 mM) was applied 10, 30, or 120 min before
CR4056 (1 or 10 μM, for 10min) followed by the translocation protocol.
Bars show the pooled results of these experiments (n = 6). Yohimbine
given alone, did not affect the translocation of PKCε and did not
modulate the inhibition of translocation by CR4056, at either
concentration
3.3 | Idazoxan‐sensitive I2 binding sites do not
appear to be involved in the inhibition of PKCε
translocation by CR4056

The in vivo analgesic activity of CR4056 was reported to be mediated

by its interaction with I2 receptors and, at least in part, inhibited by

idazoxan, the putative I2 receptor antagonist. To test whether the

mechanism leading to the inhibition of PKCε translocation was medi-

ated by, or in some way related to, I2 receptor interaction, we evalu-

ated the effects of the so‐called imidazoline receptor agonists and

antagonists, both individually and in combination with CR4056.

Idazoxan was originally developed as a α2‐adrenoceptor antagonist,

but it has also been proposed as the only known functional I2 receptor

antagonist, even if it shows a distinctive agonist‐like behaviour in dis-

crimination tests (for a review, see Li, 2017). Therefore, we tested the

sensitivity of the PKCε translocation assay to idazoxan itself and pre‐

applied idazoxan for 10 min at high concentrations (10 and 100 μM).

We also tested idazoxan on the effect of 1 μM CR4056, a concentra-

tion inducing a submaximal block of PKCε translocation. In both exper-

imental conditions, idazoxan was completely ineffective. The data are

shown in Figure 3a.

We then tested the effect of the purported I2‐receptor specific

agonist 2‐(2‐benzofuranyl)‐2‐imidazoline (2BFI) by itself, both pre‐

applied for 10 min and co‐applied with BK used to stimulate PKCε

translocation. Under these conditions, 2BFI at high concentrations

(100 μM, Figure 3b) or lower concentrations (10 and 1 μM, not shown)

did not change the percentage of neurons showing PKCε translocation

in response to BK. Moreover, 2BFI was not able to interfere with the

effect of 10 μM CR4056 (Figure 3b). Intriguingly, however, the

co‐application of 2BFI (100 μM) with CR4056 at a sub‐effective con-

centration (10 nM) elicited the effect of CR4056, showing a possible

synergy between these two I2 ligands. The lack of potentiation by

2BFI on the 10 μM CR4056 effect is probably due to the maximum

possible inhibition observed for CR4056 at this concentration. Further

investigations at lower concentrations would confirm this positive

modulation.
3.4 | α2‐Adrenoceptor blocking by yohimbine does
not modulate the effect of CR4056 on PKCε
translocation

The in vivo analgesic effect of CR4056 is reported to be partially

(~30%) sensitive to block of α2 receptors (Lanza et al., 2014). We

therefore checked with the use of yohimbine, a specific α2 receptor

antagonist, if such receptors could be involved in the CR4056 effect

on PKCε translocation. As shown in Figure 4, yohimbine had no effect

per se on translocation and did not modify the responses to CR4056

when tested at two different concentrations.
3.5 | Gabapentin but not valproic acid modulates the
effects of CR4056

Gabapentin and valproic acid are anticonvulsant drugs that also exhibit

antinociceptive properties with multifactorial mechanism that is not

fully understood (Mathiesen, Moiniche, & Dahl, 2007; Moore, Wiffen,

Derry, & Mcquay, 2011; Wiffen et al., 2013; Ximenes et al., 2013). As

gabapentin previously showed several largely different effects, includ-

ing the modulation of PKC activity (Zhang et al., 2015) and transloca-

tion in cultured sensory neurons (Vellani & Giacomoni, 2017), we

checked whether these two drugs could modulate the effect of

CR4056. In these experiments, BK was used to stimulate PKCε trans-

location (Vellani & Giacomoni, 2017). Figure 5a shows that gabapentin

inhibited PKCε translocation and that the presence of a sub‐effective

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=102
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7009


FIGURE 5 Gabapentin (G), valproic acid (VA), and CR4056. (a) Gabapentin in all experiments was applied for 90 min. The effect of gabapentin
was modestly potentiated by the per se ineffective concentration (10 nM) of CR4056 on bradykinin‐induced translocation (n = 6). *P < .05,
significantly different as indicated. (b) VA, applied for 90 min, did not modulate bradykinin‐induced PKCε translocation or potentiate the ineffective
concentration (10 nM) of CR4056 (n = 6)
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concentration of CR4056 (10 nM) had a potentiating effect on

gabapentin. A similar effect was obtained when gabapentin was co‐

applied with paracetamol (Vellani & Giacomoni, 2017). However,

gabapentin (200 μM) did not increase the maximum effect obtained

with a saturating concentration of CR4056 when co‐applied (experi-

ment performed with PK2 as well as BK, data not shown).

Valproic acid (Figure 5b), another anticonvulsant drug with

established antinociceptive properties, had no effect per se nor did it

show any potentiation of the CR4056 response.

We conclude that the small potentiating effect of gabapentin on

CR4056 activity is not reasonably related to the sodium channel block

induced by gabapentin, as this action is shared with valproic acid,

which does not modulate the CR4056 effect.
3.6 | Phorbol ester‐induced PKCε translocation is
not modulated by CR4056

To further investigate the mechanism of PKCε inhibition, we checked

whether CR4056 could modulate not only the “physiological” PKCε

translocation via activation of the Gq pathway but also the “direct”

translocation that can be obtained with phorbol 12‐myristate

13‐acetate (PMA). PMA is the classic activator of the DAG‐sensitive

isoforms of PKC, and it can quickly and completely translocate PKCε

to the plasma membrane in DRG neurons (Cesare, Dekker, et al.,

1999; Vellani et al., 2004) by binding to the C1 domain on PKC

(Hurley, Newton, Parker, Blumberg, & Nishizuka, 1997). In Figure 6a,

we report the effect of PMA after a very short application (30 s).

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2341
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2341


FIGURE 6 Mechanisms underlying the block by CR4056, of PKCε translocation. (a) Cultured dorsal root ganglia neurons were stimulated with a
range of concentrations of phorbol 12‐myristate 13‐acetate (PMA) for exactly 30 s and then rapidly fixed. PKCε translocation was measurable
above 10−10 M PMA concentration and was clearly visible in the vast majority of neurons. Pre‐incubation for 30 min with 20 μM CR4056 before
PKC activation did not change the effect of PMA, in comparison with PMA alone (n = 5). (b) Experiments performed in neurons pretreated with
pertussis toxin (PTX, 200 nM overnight). Incubation with PTX alone did not modulate bradykinin‐induced translocation of PKCε but blocked the
translocation induced by CR4056. By contrast, PTX did not block the effect of nimesulide, another inhibitor of PKCε translocation, *P < .05,
significantly different as indicated (n = 6)
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The activation of PKCε translocation ranged from 0% to 100% with a

very steep dose–response curve and a threshold above 10−10 M. Pro-

tein translocation was observed in 100% of neurons positive for PKCε

signal, as expected by the direct mechanism of activation of PMA on

PKC. CR4056 produced no changes to the PMA effect, even at the

very high concentration of 20 μM and pre‐applied for a long time

(30 min). Based on these results, we may conclude that CR4056 is

not acting by blocking the C1 domain of PKCε.
3.7 | CR4056 block of PKCε translocation is sensitive
to pertussis toxin

Pertussis toxin (PTX) is a specific blocker of Gi/o proteins. We com-

pared the effect of CR4056 on naïve cultures pretreated overnight

with PTX (200 nM). The effect of CR4056 was completely blocked

by PTX, thus supporting that Gi/o activation is necessary for CR4056

inhibition of PKCε translocation. As expected, PTX alone did not cause
any change in the translocation behaviour induced by treatment with

BK, consistent with similar observations reported for the PK2

response (Vellani et al., 2006). In the same set of experiments, PTX

treatment caused no changes in the effect of nimesulide, an anti‐

inflammatory and analgesic drug that is also a blocker of PKCε translo-

cation (Figure 6b; Vellani, Franchi, et al., 2011; Vellani et al., 2013).
3.8 | Effects of CR4056 acute administration on pain
behaviour in CFA‐treated rats

Chronic inflammatory pain, induced in adult rats by injection of CFA in

the hind paw, was evaluated 72 hr after CFA injection. The mean with-

drawal threshold (Randall–Selitto test) in CFA rats was significantly

lower than the one measured in sham rats. CR4056, following acute

administration (6 mg·kg−1, p.o.), caused a significant increase of the

withdrawal threshold. Thus, CR4056 reversed the CFA‐induced

mechanical hyperalgesia (Figure 7a).



FIGURE 7 CR4056 blocks complete Freund's adjuvant (CFA)‐induced inflammatory pain in rats and the phosphorylation of PKCε in dorsal root
ganglia (DRG) in vivo. (a) Anti‐hyperalgesic effect of CR4056 in CFA‐injected rats (Randall–Selitto test). CR4056 was administered (6 mg·kg−1, p.o.)
72 hr after CFA injection. Data represent the pain threshold values expressed in grams, reported as mean ± SEM (n = 6 per group). Magnification
inset shows individual threshold values 90 min after vehicle/CR4056 administration. (b) Immunofluorescence staining for pPKCε in L4–L5
ipsilateral (IL) and contralateral (CL) DRG sections from sham and CFA‐injected rats. Pictures are representative of pPKCε immunoreactivity in
sham animals (top), vehicle‐treated CFA‐injected animals (middle), and CR4056‐treated CFA‐injected animals (bottom), 90 min after single
administration. (c) Quantitative pPKCε staining in L4–L5 DRG sections (IL and CL) from sham and CFA‐injected rats, acutely treated with vehicle or
CR4056. Data represent mean percentage of pPKCε‐positive cells normalized to total number of cells (n = 6 per group). *P < .05, significantly
different as indicated; one‐way ANOVA followed by Tukey's multiple comparisons test
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3.9 | Effects of CR4056 on PKCε phosphorylation in
DRG neurons from CFA rats
DRG from the same animals tested for hyperalgesia were quickly col-

lected for assessment of the levels of PKCε phosphorylation. Chronic

hind limb inflammation induced by CFA administration was associated

with a significant increase in PKCε phosphorylation, a sign of its activa-

tion (Zhou, Li, & Zhao, 2003), in ipsilateral L4–L5 DRG neurons

compared with those from sham rats. CR4056, after a single acute

treatment (6 mg·kg−1, p.o.), was able to significantly reduce PKCε

phosphorylation in ipsilateral L4–L5 DRG neurons (Figure 7b,c). The

CR4056‐treated group was significantly different versus the CFA‐

treated animals but was not significantly different from sham animals.
No significant difference in PKCε phosphorylation was detected

between the ipsilateral and contralateral L4–L5 DRG of sham animals.
4 | DISCUSSION

The imidazoline I2 receptors are expressed in several brain areas, many

of which are involved in responses to noxious stimuli and in pain per-

ception (Ferrari et al., 2011; Gentili et al., 2006). As already discussed,

the term I2 receptors refers to a heterogeneous class of proteins

whose activity, upon binding to their selective imidazol(in)e ligands, is

somehow modified. Among them, MAO (A and B), brain creatine

kinase, and semicarbazide‐sensitive amine oxidase have been identi-

fied, whereas others are still unidentified. While I2 ligands share a char-

acteristic pharmacological spectrum (analgesic activity and interaction
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with opiates), their ultimate behaviour in specific tests could sensibly

vary. The compound 2BFI is generally regarded as the classic I2 “ago-

nist.” An attempt to further sub‐classify I2 binding sites was made with

the supposed subtypes I2A (sensitive to the “antagonist” amiloride) and

I2B (insensitive to amiloride) (Bektas et al., 2015; Diamant et al., 1992).

Idazoxan is generally considered the classic I2 receptor “antagonist,”

even if the activities of some I2 ligands are idazoxan‐insensitive and

even if idazoxan itself behaves as an “agonist” in some paradigms

(i.e., in blocking opiate tolerance). Other I2 ligands, such as BU‐224,

show a very high affinity, but their efficiency as “agonists” is very

low in most paradigms. This complex picture is well described by the

elegant studies on in vivo cross‐discrimination between I2 ligands pub-

lished by Li and co‐workers (Qiu, He, Zhang, & Li, 2014; Qiu, Thorn,

Zhang, He, & Li, 2014; Qiu, Zhang, & Li, 2015). In these papers, it is

possible to observe a full range of substitutions between I2 ligands,

from complete to partial, up to no substitution at all.

Contrary to the in vivo situation, in vitro characterization of I2

ligands, which could clarify the different pathways involved in their

activity, is still largely lacking. CR4056 is an ideal candidate for such

analysis: It specifically binds I2 receptors with no or negligible interac-

tions with over 60 pharmacologically relevant targets (in either binding

or functional assays, Rottapharm Biotech, data on file). Moreover, this

is the first I2 ligand able to control pain in humans (Rovati et al., 2019).

In the present study, we demonstrated that CR4056 blocked the

translocation of PKCε in activated sensory neurons. The potency of

CR4056 was in the same range of concentrations as nimesulide, para-

cetamol, and other non‐steroidal anti‐inflammatory drugs (Vellani,

Franchi, et al., 2011; Vellani et al., 2013) but was approximately 10

times higher than that of gabapentin (Vellani & Giacomoni, 2017).

The effect is very rapid in its onset, visible as early as 30 s after

application (when CR4056 was co‐applied with the translocation

stimulus). This very rapid effect is comparable with the time the drug

takes to enter the cell. Therefore, we believe that the effect is direct

—that is, CR4056 is unlikely to inhibit PKCε translocation via a metab-

olite or a slowly activating intracellular pathway. Another peculiarity of

the effect of CR4056 is the long duration of this activity, which is con-

sistent with the long‐lasting analgesic effect observed in pain models

in rats (Comi et al., 2017). No tachyphylaxis and no priming effects

are present.

Prokineticin receptors activate PKCε translocation exclusively in

IB4−, peptidergic DRG neurons (Vellani et al., 2006). Additionally,

endothelin receptors (Vellani, Prandini, et al., 2011) and thrombin

receptors PAR‐1, ‐3, and ‐4 (Vellani et al., 2010) are expressed in IB4

− sensory neurons, but they all can be up‐regulated in IB4+ neurons

by glia‐derived neurotropic factors and other RET receptor agonists.

However, other receptors are also expressed in IB4+ neurons under

basal conditions, such as BK B2 and B1 receptors (Cesare, Moriondo,

Vellani, & McNaughton, 1999; Vellani et al., 2004). Translocation

therefore occurs both in peptidergic and in non‐peptidergic sensory

neurons (mostly nociceptors), where PKCε is expressed at high levels.

The dose–response of CR4056 and its fractional inhibitory effect on

PKCε translocation are largely comparable when induced by agonists

of BK, PK2, and PAR receptors. Similarly, CR4056 is equally active in
the different subpopulations expressing these receptors, that is, in

both peptidergic and non‐peptidergic DRG neurons, as shown in this

paper with isolectin B4 staining. These observations suggest that the

effect of CR4056 on PKCε translocation is not subpopulation‐specific.

It remains to be explained why both CR4056 and the specific translo-

cation blocking peptide PKCε V1–2 (Figure 1c) block translocation of

only a fraction of BK‐activated neurons but do not affect the remain-

ing neurons. We know that the translocation block induced by the

peptide is achieved by competitive inhibition of the ε‐specific receptor

for activated C kinase (RACK2) binding site. The similarity of the

CR4056 effect to the peptide effect and the lack of additivity when

both treatments were applied together (Figure 1c) suggest that their

mechanisms of action may be similar. However, the effect of

CR4056 on translocation is completely blocked by PTX (see below),

which suggests that a more complex, metabotropic mechanism is

involved (Figure 6). On the other hand, RACKs are membrane‐

associated proteins with several other functions. In addition to

recruiting PKCs in an active conformation and transporting them to a

specific membrane compartment, they can be allosterically modulated

and interact with several proteins (Steinberg, 2008). In particular,

RACKs share a seven‐WD40‐motif repeat structure, similar to the

protein–protein binding motifs found in heterotrimeric G‐protein β‐

subunits. It is possible that CR4056 acts indirectly via Gi protein to

modulate RACK2 affinity for PKCε rather than by blocking its PKCε

binding site, obtaining a similar effect to the blocking peptide effect.

The binding of the PKC blocking peptide to an isoform‐specific

RACK is a well‐demonstrated mechanism of PKC translocation that

allows isoform‐specific targeting to specific subcellular locations, which

can be different for the same isoform in different cell types, depending

on the cellular localization of its specific RACK. However, there is ample

evidence that this is not the only mechanism. In fact, PKCs also localize

in cells by means of RACK‐independent interactions with the cytoskel-

eton and with scaffolding proteins, such as A‐kinase anchoring proteins

and caveolin (Steinberg, 2008). It is possible that different mechanisms

of PKCε translocation take place in different subpopulations of DRG

neurons and that CR4056 can interfere with only one of them. The

observation that CR4056 is slightly but significantly less effective on

the thrombin‐responsive subpopulation than on the BK‐responsive sub-

population (Figure 1b) agrees with this hypothesis.

Our data show that the effect of CR4056 on PKCε is highly specific

for its translocation, but according to our in vitro results with human

recombinant PKCε, there is no interference on PKCε catalytic activity.

Our data, however, do not rule out possible effects on the translocation

of other isoforms of PKC expressed in DRG neurons. Among these,

PKCβ1 and PKCβ2 are translocated to the plasma membrane under

unstimulated conditions, and PKCξ is not translocated by BK or PMA

(Cesare, Dekker, et al., 1999, Vellani &McNaughton, 2004). The remain-

ing PKC isoforms include PKCα and PKCδ, both of which can translo-

cate to the plasma membrane. PKCα is activated by intracellular

calcium and, in principle, can be activated by calcium signalling produced

by inflammatory mediators. In this study, we found that PKCα is sponta-

neously translocated in several unstimulated neurons (similarly to β1/2

isoforms) and that it may or may not be translocated to the plasma

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=42
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=41
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1483
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1491
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1482
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1485
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membrane in BK‐responsive neurons (Figure S1). This suggests that the

pathway(s) leading to PKCα translocation are largely distinguished from

those controlling PKCε, which is normally in the cytoplasm and only

translocates to the membrane following stimulation with inflammatory

mediators. PKCδ is another member of the “novel” PKC class, which,

as PKCε, is calcium independent and is translocated to the plasmamem-

brane by phorbol esters (Cesare, Dekker, et al., 1999, Vellani,

Mapplebeck, Moriondo, Davis, & McNaughton, 2001). In PKCε−/−mice,

the phorbol ester PMAproduces a strong sensitization of membrane ion

currents induced by heat and by capsaicin, which can be blocked by the

PKC inhibitor Ro‐318220 (Vellani & McNaughton, 2004). These find-

ings show that not only PKCε but also other PKC isoforms in some con-

ditions can translocate to the plasma membrane, where they are able to

phosphorylate membrane ion channels that are highly relevant to pain

and hyperalgesia. Whether the effect of CR4056 is PKC isoform‐

specific remains to be determined.

The in vitro action of CR4056 on the signalling pathway activated

by BK (as well by other inflammatory stimuli) in cultured sensory neu-

rons, that is, PKCε translocation, was consistent with its analgesic

effect in the CFA‐induced inflammatory pain model; this action was

paralleled by the reduction in PKCε activation. The involvement of

PKCε in the painful response to inflammation was shown in the DRG

innervating CFA‐inflamed tissue, demonstrating that this isoform par-

ticipates not only in the early phases (response to inflammatory medi-

ators, such as BK and thrombin, at the site of injury) but also in the

chronic phases of inflammation (Reichling & Levine, 2009), which we

observed as an increase in pPKCε in neuronal cell bodies. CR4056

quickly (90 min) and significantly reduced the amount of pPKCε

expressed in DRG neurons, demonstrating similar effects on two

different indicators of PKCε activation: translocation to the plasma

membrane and phosphorylation (Parekh, Ziegler, & Parker, 2000; Zhou

et al., 2003).

In summary, the pharmacology of CR4056 activity on PKCε trans-

location is multifaceted, sharing the general complexity of the “I2

receptor system.”

First, the α2 adrenoceptors, the other system heavily affected by

imidazole/imidazoline‐containing drugs, do not have a role in this

CR4056 effect. The in vivo α2 receptor blockade by yohimbine

displayed only a minor reduction in CR4056 analgesia, as observed in

a rat model of post‐operative pain (Lanza et al., 2014), or displayed

no effect at all, as observed in a rat model of neurogenic inflammation

obtained with a capsaicin sub‐plantar injection (Ferrari et al., 2011).

Second, it is remarkable that the effect of CR4056 on PKCε trans-

location is completely blocked by PTX, indicating the involvement of

intracellular pathways involving Gi proteins. Interestingly, some anal-

gesic properties of I2 ligands, including the morphine potentiation

effect (a feature exhibited by CR4056; Ferrari et al., 2011; Lanza et

al., 2014), are blocked by PTX pretreatment (Sanchez‐Blazquez,

Boronat, Olmos, Garcia‐Sevilla, & Garzon, 2000). Nevertheless, the

putative Gi‐coupled GPCR involved should be identified.

Even more complex are the profiles of 2BFI, considered a sort of

prototypical I2 “agonist,” and idazoxan, a putative I2 “antagonist.” The

former is ineffective in inhibiting PKCε translocation but is effective
in potentiating CR4056 when applied at a suboptimal concentration,

showing that these I2 ligands could somehow synergize in this respect.

Surprisingly, idazoxan does not block the effect of CR4056, suggesting

the involvement of an idazoxan‐resistant I2 subtype site.

Therefore, a further dissection of this pathway could contribute to

a better understanding of the role of I2 receptors in pain control and to

explain the differences and similarities of I2 ligands endowed with dif-

ferent analgesic properties.
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