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Abstract

Neuropathic pain is a chronic condition triggered by lesions to the somatosensory nervous system in which pain stimuli occur
spontaneously or as pathologically amplified responses. In this scenario, the exchange of signaling molecules throughout cell-to-
cell and cell-to-extracellular environment communications plays a key role in the transition from acute to chronic pain. As such,
connexin 43 (Cx43), the core glial gap junction and hemichannel-forming protein, is considered a triggering factor for disease
chronicization in the central nervous system (CNS). Drugs targeting p opioid receptors (MOR) are currently used for moderate to
severe pain conditions, but their use in chronic pain is limited by the tolerability profile. § opioid receptors (DOR) have become
attractive targets for the treatment of persistent pain and have been associated with the inhibition of pain-sustaining factors.
Moreover, it has been shown that simultaneous targeting of MOR and DOR leads to an improved pharmacological fingerprint.
Herein, we aimed to study the effects of the benzomorphan ligand LP2, a multitarget MOR/DOR agonist, in an experimental
model of neuropathic pain induced by the unilateral sciatic nerve chronic constriction injury (CCI) on male Sprague-Dawley rats.
Results showed that LP2 significantly ameliorated mechanical allodynia from the early phase of treatment up to 21 days post-
ligatures. We additionally showed that LP2 prevented CCl-induced Cx43 alterations and pro-apoptotic signaling in the CNS.
These findings increase the knowledge of neuropathic pain development and the role of spinal astrocytic Cx43, suggesting new
approaches for the treatment of neuropathic pain.
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Introduction

Nunzio Vicario and Lorella Pasquinucci contributed equally to this work. Neuropathic pain is a pathological chronic condition,
resulting from injuries to the peripheral or central nervous
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to the extracellular space, respectively. Connexin 43
(Cx43), the core glial gap junction and hemichannel-
forming protein, is the main astrocytic connexin of the
CNS [8, 9]. In the spinal cord, Cx43 expression is highly
increased in both acute and chronic injuries, fostering in-
flammation and pro-apoptotic signaling [10-13].
Particularly, evidences showed that inhibition of Cx43-
based channels reduces secondary damages during acute
and chronic disorders [14, 15]. As such, Cx43 up-
regulation in spinal cord astrocytes is critical for the main-
tenance of late-phase neuropathic pain, but the specific
role of Cx43 is still worthy of further investigation to find
new therapies for chronic neuropathic conditions.

The opioid system exerts physiological inhibitory ef-
fects on pain by activation of 1 (MOR), 6 (DOR), and k
(KOR) opioid receptors [16, 17]. Despite their undeni-
able benefit for treating severe acute pain, MOR agonists
present limited effectiveness for chronic pain therapy and
relevant side effects such as constipation and tolerance
development [18, 19]. DOR agonists, on the other side,
showed a relevant preclinical efficacy in animal models
of thermal and mechanical allodynia [20]. Interestingly,
during chronic pain, DOR targeting to the cell surface
was abolished in MOR-KO mice, suggesting that activa-
tion of MOR plays a crucial role in the regulation of
DOR trafficking. A novel approach in drug discovery
processes for pain is to develop safe and effective mul-
titarget ligands, to enhance therapeutic profile [21]. In
particular, MOR and DOR simultaneous targeting led to
a better pharmacological fingerprint [22, 23]. Co-
expression of DOR and MOR in key sites for pain mod-
ulation could be the cellular basis for their
intermodulatory interactions [24]. We previously reported
that benzomorphan-based compound LP2 is able to bind
and to activate simultaneously MOR (K;=1.08 nM,
IC50=21.5 nM) and DOR (K;=6.6 nM, ICs5y=4.4 nM)
[25]. Moreover, LP2 was found to produce a significant
anti-nociceptive (EDso=0.9 mg/kg i.p.) and anti-
inflammatory effect (EDso=0.88 and 0.79 mg/kg i.p.,
in phases I and II of formalin test) [26], showing the
pharmacodynamic profile of a potent multitarget MOR/
DOR anti-nociceptive ligand [27].

Herein, we aimed to investigate the potential of simul-
taneous MOR/DOR targeting in a model of unilateral
sciatic nerve chronic constriction injury (CCI).
Moreover, the effects of LP2 treatment in the spinal cord
cell populations of ipsi- and contra-lateral dorsal horns
were evaluated during the time course of neuropathic
pain. Thus, we analyzed the level of astrocytic Cx43 in
the dorsal horns of CCI rats and its involvement in
chronicization of neuropathy, to study the effects of
LP2-induced opioidergic stimulation on glial activation
and central sensitization.

Materials and Methods
Animal Models of Neuropathic Pain

Experiments were performed on male Sprague-Dawley
rats (Harlan Laboratories) weighing 180-200 g.
Animals were kept at a constant temperature (23—
25 °C) under a 12/12-h light/dark cycle with free access
to food and water. All tests were conducted at constant
temperature (23-25 °C) between 9:00 am and 15:00 pm.
This study was performed in accordance with the
European Communities Council directive and Italian reg-
ulations (EEC Council 2010/63/EU and Italian D.Lgs.
no. 26/2014) and all efforts were made to replace, re-
duce, and refine the use of laboratory animals. A total
number of 54 male rats were used in this study. The total
number of animals per group was calculated before the
experiments, using power analysis (significant value =
0.05, potency = 0.8, magnitude = 0.8).

The CCI model was used to induce neuropathic pain in
rats and was established according to Bennett and Xie
[28] with minor modifications [29]. Briefly, animals were
anesthetized with isoflurane inhalation (4% induction, 2%
maintenance) and an incision was made below the
hipbone, parallel to the left common sciatic nerve. The
sciatic nerve was exposed and four ligatures (4/0 chromic
silk, Ethicon) were tied tightly around the nerve at the
level of the mid-thigh and proximal to the trifurcation of
the nerve at about 1 mm spacing, until a brief twitch in
the respective hind limb was observed. For sham opera-
tion, the sciatic nerve was exposed, and no ligatures were
applied. Rats were randomly assigned to the different
groups: naive (n=9), sham-vehicle (n=15), CCI-vehicle
(n=18), and CCI-LP2 (n=12). After randomization, rats
received a daily intraperitoneal (i.p.) injection of either
vehicle or LP2 (0.9 mg/kg i.p.) starting at 11 days post-
ligatures (dpl). Body weight and behavioral assessment of
mechanical allodynia were examined at 0 (before sur-
gery), 3, 5, 11, 16, and 21 dpl. The assessment of tactile
allodynia was performed by measuring the withdrawal
threshold (g) of the hind paw in response to a series of
calibrated von Frey’s filaments, as previously described
[30]. Rats were placed in a testing chamber with a wire
mesh bottom and allowed to acclimatize for 20 min. The
ventral surface of the hind paw was mechanically stimu-
lated from below with an ascending series of graded von
Frey’s filaments with bending forces ranging from 0.02 to
30 g. The paw withdrawal threshold was determined by
the “up-down” method [31] of sequentially increasing and
decreasing the stimulus strength and data are expressed as
the mean withdrawal threshold (g) + standard error of the
mean (SEM) and mean area under the threshold curve
(A.U.C.) £ SEM.
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Ex Vivo Tissue Processing

At 11, 16, and 21 dpl, rats were anesthetized with an i.p.
injection of ketamine 10 mg/mL and xylazine 1.17 mg/mL
and transcardially perfused with 0.5 M EDTA (Sigma) in nor-
mal saline, followed by ice cold 4% paraformaldehyde (PFA)
in PBS (pH=7.4). Spinal cords and dorsal root ganglions
(DRGs) were isolated and post-fixed in 4% PFA in PBS at
4 °C overnight. Tissue samples were then washed in PBS and
cryo-protected in 30% sucrose in PBS at 4 °C for 3 days.
Samples were embedded in optimum cutting temperature
(OCT) medium and snap frozen in liquid nitrogen for cryo-
sectioning. Frozen OCT blocks were cryo-sectioned using a
cryostat (Reichert-Jung 2800) with a microtome blade
(Pathocutter, Japan) and 20-pum-thick axial sections were col-
lected. Sections were stored at — 80 °C until use.

Immunoblotting

The total protein content of the lumbar portions of spinal cords
was extracted from a total of 10 axial sections. L3-L5 sections
were detached from SuperFrost slides (Thermo Scientific),
collected, and homogenized in 30 uL 1X RIPA lysis buffer
(abcam), supplemented with a cocktail of protease inhibitors
(Sigma). Samples were incubated at 95 °C for 20 min and at
4 °C for 10 min. After sonication (5 cycles/30 s), protein
content was quantified using a Pierce BCA Protein Assay kit
(Thermo Scientific). Protein samples containing an equal
amount of proteins (50 pg) were electrophoresed on 4-20%
SDS-PAGE gels and transferred to nitrocellulose membranes.
Membranes were incubated for 1 h at room temperature (RT)
with blocking buffer (5% non-fat dry milk in 0.1% tween-20
in PBS) and then overnight at 4 °C with primary antibodies
diluted in blocking buffer. The following primary antibodies
were used for immunoblotting: mouse monoclonal anti-glial
fibrillary acidic protein (GFAP) (BD Biosciences Cat. No.
610566, RRID: AB_397916, 1:1000), rabbit polyclonal anti-
Cx43 (Cell Signaling Technology Cat. No. 3512, RRID:
AB 2294590, 1:1000), and mouse monoclonal anti-[3-
tubulin (Sigma-Aldrich Cat. No. T4026, RRID:
AB 477577, 1:5000). Then, membranes were washed three
times in 0.1% tween-20 in PBS and incubated for 1 h at RT
with the appropriate secondary antibody: goat polyclonal anti-
mouse HRP-conjugated (Jackson ImmunoResearch Labs Cat.
No. 115-035-003, RRID: AB_ 10015289, 1:50,000) or goat
polyclonal anti-rabbit HRP-conjugated (Jackson
ImmunoResearch Labs Cat. No. 111-035-144, RRID:
AB 2307391, 1:100,000). Proteins bands were detected with
west dura extended duration HRP substrate (Thermo
Scientific) according to the manufacturer’s instructions and
revealed with UVITEC Cambridge Imaging System.

The density of each band was quantified using ImageJ
analysis software and band density was normalized to the (3-
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tubulin optical density measured in the same membrane. All
values are shown as the mean fold change (FC) over sham +
SEM.

Cell Cultures

DRG neurons were derived as previously described [32] with
minor modifications. N =6 naive adult Sprague-Dawley rats
were humanely culled and the vertebral columns were isolated
and kept in dry iced L15 medium (Leibovitz). Lumbar L1-L5
DRGs were extracted and placed in a petri dish in dry iced L15
medium supplemented with 1x pen/strep. DRGs were collect-
ed and digested in collagenase (2 mg/mL) for 1 hat 37 °C and
5% CO,. Then, tissues were digested in trypsin for 10 min at
37 °C and 5% CO,. After enzymatic digestion, DRGs were
mechanically triturated, loaded in 10 mL of 15% BSA in
DMEM (4.5 g/L glucose) to remove debris and myelin, and
centrifuged at 1000xg for 5 min. Cells were collected,
suspended in DRG neuron medium [NGF 2 ng/mL, 1x
GlutaMax, 1x pen/strep, FBS 1% in DMEM (4.5 g/l glucose)]
and plated in Matrigel-coated 24-well plates (1 x 10* cells/
well/400 uL). The day after, half of the medium was replaced
with fresh DRG neuron medium and neurons were cultured
for the following 7 days.

Astrocytes were derived as previously described [33],
adapting the protocol to derive spinal astrocytes. Spinal cords
from n = 6 naive adult Sprague-Dawley rats were isolated and
kept in dry iced L15 medium (Leibovitz). Tissues were dis-
sected using iridectomy scissors in small pieces and mechan-
ically triturated in astrocyte medium (1x pen/strep, FBS 20%
in DMEM high glucose). Suspension was then filtered
through a sterile nylon sieve (82 um pore size) and fresh
medium was added to adjust the cell density to 2.0 x 10°
cells/mL. Cells were plated in a 24-well plate at a final density
of 1.0 x 10° cells/well/500 uL and cultured for the following
20 days. Media were replaced every 4 days. All cell lines were
cultured at 37 °C in a humidified atmosphere of 5% CO,.

Conditioned Medium Experiments

On the day of the experiment, media were removed and fresh
DRG neuron media supplemented with 100 uM picrotoxin
were added to picrotoxin-stimulated cell cultures for 1 h.
Control unstimulated cell cultures received fresh media with
vehicle (PBS). After stimulation media were removed, cell
cultures were washed in PBS and fresh DRG neuron media
with vehicle were added to control and picrotoxin cultures and
1 uM LP2 was added to picrotoxin+LP2 cultures for 24 h.
Conditioned media from DRG neurons were collected after
24 h, filtered using 0.22 um mesh filters, and kept at — 80 °C
until use. Media were added to astrocytes plated in 24-well
plates and cultured for 24 h for qRT-PCR and immunofluo-
rescence analysis.
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LDH Activity Assay

The toxicity of picrotoxin and LP2 treatment was ascertained
using a lactate dehydrogenase (LDH) activity assay
(CytoSelect™ LDH Cytotoxicity Assay Kit, Cell Biolabs)
following the manufacturer’s instructions. We used 10%
Triton X-100 in PBS-treated cells as the positive control
(100% toxicity) and untreated live cells as the negative control
(0% toxicity). The percentage of relative cytotoxicity for ex-
perimental samples was calculated as: [(ODgample =~ ODjegative
control) / (ODpositive control _ODnegative control)] x100. ASSB.yS
were performed on the media of DRG-derived neurons grown
in 24-well plates for 24 h post-picrotoxin stimulations or 24 h
post-LP2 treatment.

qRT-PCR

For qRT-PCR analysis, equal amounts of RNA were reverse-
transcribed using the High Capacity cDNA Reverse
Transcription Kit (ThermoFisher Scientific) according to the
manufacturer’s instructions. cDNA was then quantified with
the NanoDrop 2000c instrument (ThermoFisher Scientific)
and qRT-PCR was performed with the PowerUp SYBR
Green Master Mix (ThermoFisher Scientific). Rat-specific
primers were designed for Gfap, Gap junction alpha-1 protein
(Gjal), solute carrier family 1 member 2 (Slcla2), solute car-
rier family 1 member 3 (Slcla3), and Actb (used as house-
keeping gene), and the primer sequences were confirmed by
BLAST analysis for highly similar sequences against known
databases and tested for specificity (Table 1).

All samples were tested in triplicate on a 7900HT Fast
Real-Time PCR System (ThermoFisher Scientific) and ana-
lyzed using the 22T method.

Immunofluorescence and Quantifications

For quantification of the percentage of cleaved caspase 3 (Cl
Casp3)-positive cells and Cl Casp3-NeuN double-positive
cells, sections were washed in PBS and blocked in immuno-
fluorescence blocking buffer [10% normal goat serum (NGS)
and 0.1% Triton X-100 in PBS] for 1 h at RT. Sections were
then incubated overnight at 4 °C with rabbit polyclonal anti-CI

Casp3 (Cell Signaling Technology Cat. No. 9661S, RRID:
AB 2341188, 1:500) and mouse monoclonal (A60) anti-
NeuN (Millipore Cat. No. MAB377, RRID: AB 2298772,
1:100) antibody. On the following day, sections were washed
in 0.1% Triton X-100 in PBS three times at RT and then
incubated 1 h at RT with appropriate secondary antibody: goat
polyclonal anti-mouse (Alexa Fluor 488, Thermo Fisher
Scientific Cat. No. A-11001, RRID: AB 2534069, 1:1000
or Alexa Fluor 546, Innovative Research Cat. No. A21045,
RRID: AB 1500928, 1:1000) and goat polyclonal anti-rabbit
(Alexa Fluor 488, Molecular Probes Cat. No. A-11008,
RRID: AB 143165, 1:1000 or Alexa Fluor 564, Molecular
Probes Cat. No. A-11010, RRID: AB_ 143156, 1:1000).
Sections were then washed in 0.1% Triton X-100 in PBS three
times at RT, and nuclei were counterstained with DAPI
(1:10,000, Invitrogen) for 5 min at RT and then mounted with
BrightMount mounting medium (abcam). Nonspecific stain-
ing was observed in control incubations in which the primary
antibodies were omitted. Quantification of the percentage of
positive cells was obtained quantifying the number of Cl
Casp3-positive nuclei or Cl Casp3 and NeuN double-
positive nuclei from randomized regions of interest (ROI) of
n =3 dorsal horns in L2-L5 tract of the spinal cord of n=3
rats/group. Percentages were obtained counting # > 300 nuclei
per ROI. Data are shown as mean percentage of positive cells
over total DAPI-positive cells or over NeuN-positive cells +
SEM.

For in vitro immunofluorescence analysis on neurons and
astrocytes, at the end of the experiment, cultures were washed
in PBS and fixed with 4% PFA 10 min at RT.

For GFAP, Cx43, MOR, and DOR immunofluores-
cence analysis, ex vivo sections or in vitro cultures were
washed in PBS and blocked in immunofluorescence
blocking buffer for 1 h at RT. Samples were then incubat-
ed overnight at 4 °C with mouse monoclonal anti-GFAP
(BD Biosciences Cat. No. 610566, RRID: AB 397916,
1:500), rabbit polyclonal anti-Cx43 (Cell Signaling
Technology Cat. No. 3512, RRID: AB 2294590, 1:200),
rabbit polyclonal anti-MOR (Merck Millipore Cat. No.
AB1580-1, RRID: AB_ 2716850, 1:1000), rabbit polyclon-
al anti-DOR (Merck Millipore Cat. No. AB1560, RRID:
AB 90778, 1:1000), or rabbit monoclonal anti-phospho

Table 1 Oligonucleotide

sequence of primers used in qRT- Primer sequences

PCR

Target  Forward

Reverse

Gfap 5'-TCATGG ACG GCA CAG ACC AC-3'
Gjal 5'-GAA AGA GAG GTG CCC AGA C-3'
5"-AGT ATG TGG CGG GCT GCT TC-3'
5'-AGC AGA GGA GGC TCC AAA GGG-3'
Actb 5"-ATC CCATCA CCATCT TCC AG-3'

Slcla2
Slcla3

5-GCC TGC CAC ATG CCA AGA A-3'

5-GCC AGG TTG TTG AGT GTT AC-3'
5-GGA AAT GAT GAG AGG GAG GAT GAG-3'
5'-CCA GAA GAG GAT GCC CAG AGG-3’
5"-ATG AGT GTC CTT CCA CGATAC CA-3'

@ Springer



7342

Mol Neurobiol (2019) 56:7338-7354

(P)-Stat 3 (Cell Signaling Technology Cat. No. 9145,
RRID:AB 2491009, 1:1000). On the following day, sec-
tions were washed in 0.1% Triton X-100 in PBS three
times at RT and then incubated 1 h at RT with appropriate
anti-mouse and anti-rabbit secondary antibody: goat poly-
clonal anti-mouse (Alexa Fluor 488, Thermo Fisher
Scientific Cat. No. A-11001, RRID: AB 2534069,
1:1000 or Alexa Fluor 546, Innovative Research Cat.
No. A21045, RRID: AB_ 1500928, 1:1000) and goat
polyclonal anti-rabbit (Alexa Fluor 488, Molecular
Probes Cat. No. A-11008, RRID: AB 143165, 1:1000 or
Alexa Fluor 564, Molecular Probes Cat. No. A-11010,
RRID: AB 143156, 1:1000). Sections and in vitro cell
cultures were then washed in 0.1% Triton X-100 in PBS
three times at RT, and nuclei were counterstained with
DAPI (1:10,000, Invitrogen) for 5 min at RT and then
mounted with BrightMount mounting medium (abcam).
Nonspecific staining was observed in control incubations
in which the primary antibodies were omitted.
Quantification of the fluorescence intensity was per-
formed by applying iso-data threshold on dorsal horn im-
munofluorescence images of n =4 equally spaced sections
of L2-L5 tract of the spinal cord or on the entire section
of isolated DRGs of n =4 rats/group. Data were normal-
ized on the total area and expressed as mean FC over
sham or sham-vehicle £ SEM. For P-Stat3, astrocyte soma
was segmented and the corresponding P-Stat3 fluores-
cence intensity quantified using ImagelJ analysis software.
The percentage of cells with high P-Stat3 expression was
obtained by dividing the number of cells with value over
a fixed threshold for the total number of cells. Data are
shown as mean percentage + SEM. Investigators blinded
to the treatment groups performed all quantifications.

For neuron-specific class III beta-tubulin (TUJ1) staining,
cultures were washed in PBS and blocked in immunofluores-
cence blocking buffer for 1 h at RT. Samples were then incu-
bated overnight at 4 °C with mouse monoclonal anti-TUJ1
(BioLegend Cat. No. 801201, RRID: AB 2313773, 1:200).
On the following day, cultures were washed in 0.1% Triton X-
100 in PBS three times at RT and then incubated 1 h at RT with
anti-rabbit secondary antibody: goat polyclonal anti-mouse
(Alexa Fluor 488, Thermo Fisher Scientific Cat. No.
A-11001, RRID: AB_2534069, 1:1000). Nonspecific staining
was observed in control incubations in which the primary
antibodies were omitted. Quantification of the fluorescence
intensity was performed by applying iso-data threshold on
immunofluorescence images of n = 3 ROIs from n = 6 cultures
from n = 6 naive rats/group. Data were normalized on the total
area and expressed as mean FC over sham or sham-vehicle +
SEM. Neurites were measured from n = 6 cultures from n =6
naive rats/group. Data are expressed as violin plot of neurites
lengths expressed in micrometer. Investigators blinded to the
treatment groups performed all quantifications.
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Experimental Design and Statistical Analysis

All tests were performed in GraphPad Prism (version 5.00 for
Mac, GraphPad Software) or RStudio (version 1.0.153,
RStudio Inc.). Data were tested for normality using a
D’Agostino and Pearson omnibus normality test and subse-
quently assessed for homogeneity of variance. Data that
passed both tests were further analyzed by two-tailed unpaired
Student’s ¢ test for comparison of n =2 groups. Comparisons
of'n > 2 groups were performed using a one-way ANOVA and
Holm-Sidak’s multiple comparisons test. Statistical analyses
of behavioral assessment of mechanical allodynia were per-
formed using a two-way ANOVA repeated measure and
Holm-Sidak’s multiple comparisons test. For two-tailed un-
paired Student’s ¢ tests, Welch-corrected ¢ values (f) and de-
grees of freedom (df) are reported. For ANOVA tests, F' values
for groups, treatments, timepoints, or interactions are
expressed as Foomparison(dfn,dfd), where degrees of freedom
numerator (dfn) =a — 1 and degrees of freedom denominator
(dfd) =N —a, where a = number of groups and N = total
number of subjects in the experiment. Principal component
analysis (PCA) and cluster dendrogram were made in
RStudio using fluorescence intensity data (for astrocytic
GFAP and Cx43) and mRNA level data (for astrocytic Gfap,
Gjal, Slcla2, and Sicla3). For all statistical tests, p values <
0.05 were considered statistically significant.

Results

CCl Rats Show Reactive Astrogliosis and Cx43
Up-Regulation in Ipsi-Lateral Dorsal Horn

To investigate the pathophysiological features of chronic pain,
we established an in vivo model of neuropathy, CCI, by ap-
plying four ligatures in the left sciatic nerve (Fig. 1A).

Time course analysis of mechanical allodynia development
upon ligature application showed that CCI rats had reduced
withdrawal threshold starting from 3 dpl with a robust de-
crease at 11 dpl (2.0+0.5 g CCI vs. 11.0£2.1 g sham,
Fgroups(lv 7)=38.32; del(3’ 21)=3.339; Fgroups x dpl(3,
21) =7.443; Fig. 1B). The results were also expressed as total
area under the withdrawal threshold curve, and we found a
significant decrease of the total A.U.C. in CCI rats compared
to sham-operated controls (52.32+6.7 CCI vs. 133.7£2.2
sham, 1=11.61, df=5.946; Fig. 1C).

We then analyzed the spinal cord of sham and CCI rats
at 11 dpl. Quantification of the total number of Cl Casp3-
positive nuclei showed a significant increase of the pro-
portion of suffering cells in the ipsi-lateral dorsal horn of
CCI rats (5.0+0.6% CCI vs. 2.9+0.5% sham, r=2.792,
df=3.982; Fig. 1D, E). In order to find whether this pro-
apoptotic phenotype was also related to neuronal distress,
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the fraction of CI Casp3 and NeuN double-positive cells
was further quantified. Our data suggested that a signifi-
cant proportion of CI Casp3-positive cells were NeuN-
positive neurons located in the ipsi-lateral dorsal horn of
the spinal cord of CCI rats (2.4+0.4% CCI vs. 0.7 +0.1%

sham, 1=4.106, df=2.132; Fig. 1F, G). No statistically
significant differences were found in the contra-lateral to-
tal cell populations of Cl Casp3-positive cells and in the
proportion of NeuN-Cl Casp3 double-positive cells
(Fig. S1).
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<« Fig. 1 CClrats show reactive astrogliosis and Cx43 up-regulation in ipsi-
lateral dorsal horns. A CCI model of neuropathic pain induced by appli-
cation of four ligatures into the left (ipsi-lateral) sciatic nerve. B
Withdrawal thresholds measured with von Frey’s filaments on sham-
operated and CCl rats at 0, 3, 5, and 11 dpl. Data are shown as mean +
SEM of n =3 sham and n = 6 CCl rats. C Quantification of the area under
the withdrawal threshold curve (A.U.C.) showed in B of sham and CCI
rats. Data are shown as mean + SEM of n =3 sham and n =6 CCl rats. D,
E Representative images of Cl Casp3 immunofluorescence analysis (D)
and quantification (E) of the percentage of total Cl Casp3 and DAPI
double-positive cells over DAPI in the ipsi-lateral dorsal horns. Data
are shown as mean + SEM of n =3 rats per group. Scale bars=5 pm.
F, G Representative images of Cl Casp3 and NeuN immunofluorescence
analysis (F) and quantification (G) of the percentage of Cl Casp3 and
NeuN double-positive cells over total NeuN-positive cells in the ipsi-
lateral dorsal horns. Data are shown as mean + SEM of n =3 rats per
group. Scale bars=10 um. H, I Representative pictures of GFAP and
Cx43 immunofluorescence analysis (H) and quantification (I) of GFAP
and Cx43 fluorescence intensity of the ipsi-lateral dorsal horns of sham-
operated and CCl rats at 11 dpl. Data are shown as FC over sham + SEM
of n=4 rats per group. Scale bars =100 pm. J Quantification of Cx43
fluorescence intensity of ipsi-lateral laminae 1-V of sham and CClI rats at
11 dpl. Data are shown as mean FC over sham = SEM of n =4 rats per
group. K, L Representative blots (K) and quantification (L) of GFAP and
Cx43 protein levels in the lumbar region of the spinal cords of sham and
CClrats at 11 dpl. Data are shown as mean FC over sham + SEM of n =4
rats per group. DRG, dorsal root ganglion; Dpl, days post-ligatures;
A.U.C., area under curve; Cl Casp3, cleaved caspase 3; FI, fluorescence
intensity; FC, fold change. *p value < 0.05, **p value < 0.01, ***p value
<0.001, and ****p value <0.0001 CCI vs. sham

We next hypothesized that increased pro-apoptotic sig-
naling in ipsi-lateral dorsal /aminae may exert pro-gliosis
effects on spinal cord astrocytes in ipsi-lateral dorsal horn.
We found that CCI rats exhibit a significant increase of
GFAP in the ipsi-lateral /aminae and a remarkable inten-
sification of Cx43 levels (8.0 £ 2.8-fold increase vs. sham,
t=3.903, df=3.869; Fig. 1H, I). Of note, Cx43 fluores-
cence intensity was increased in ipsi-lateral /amina 1 and
lamina 11 of CCI rats compared to sham rats, although no
significant differences were detected in /aminae 111-V
(Fig. 1J). No significant differences were found in GFAP
and Cx43 fluorescence intensity in contra-lateral dorsal
horn (Fig. S1).

To confirm these findings, we then analyzed the level of
GFAP and Cx43 on total protein content of lumbar spinal
cord of sham-operated and CCI rats, detecting a significant
increase of GFAP (3.7 £0.9-fold increase vs. sham, =
2.774, df=3.542), as index of underlying astrogliosis, as
well as increased levels of Cx43 as main astrocytic
connexin (~2-fold increased vs. sham, t=3.176, df=
3.852; Fig. 1K, L).

Altogether, our findings suggest that chronic pain in-
duces a pro-apoptotic signaling in the CNS of CCI rats
with a reactive astrogliosis fostered by Cx43 up-
regulation in ipsi-lateral dorsal horn.
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Dorsal Root Ganglion Neurons Excitotoxic
Conditioned Medium Induces Up-Regulation of GFAP
and Cx43 in Spinal Cord-Derived Astrocytes In Vitro

Neuronal influence on spinal cord-derived astrocyte pheno-
type was investigated in vitro in an experimental model of
excitotoxicity and the effects of LP2 as a MOR/DOR targeting
molecules were analyzed in this model (Fig. 2A). Expression
analysis of MOR and DOR in DRGs isolated from naive rats
reveals a strong co-localization between NeuN-positive neu-
rons and both MOR and DOR (Fig. 2B). As such, we used
primary DRG-derived neurons as conditioning cell lines and
LP2-responsive cells in our in vitro setting. Firstly, neurons
were treated with increasing concentration of LP2, showing
that 1 uM LP2 concentration does not affect neurons viability
(Fig. S2). Then, DRG neurons were exposed to 1 h stimula-
tion with picrotoxin in order to induce excitotoxic pulse; thus,
media were removed and medium plus vehicle or medium
plus LP2 treatment was added for 24 h. We found that 1-h
picrotoxin increased the relative cytotoxicity in DRG neurons
and that LP2 treatment was able to significantly prevent these
neurotoxic effects exerting, at least partially, a neuroprotective
effect towards excitotoxic pulse (Fig. 2C). The effects of
picrotoxin-induced excitotoxicity on DRG neurons were ana-
lyzed and we found a significant reduction of the TUJ1-
positive area (0.33 +0.07 picrotoxin + vehicle, FC over con-
trol + vehicle, Fieatment(2, 15) = 6.300; Fig. 2D, E) and neurite
length in picrotoxin-stimulated neurons (Fig. 2F). LP2 was
able to revert these neurodegenerative phenomena promoting
a protective effect on the overall sprouting of DRG neurons
(0.94+0.10 picrotoxin+LP2, FC over control + vehicle,
Fireatment(2148) =34.07) and maintaining a significant in-
creased neurite length compared to picrotoxin-stimulated un-
treated cultures (Fig. 2D-F).

We then moved to analyze the effects of neuron-
conditioned media on primary spinal cord-derived astrocyte
cultures. Firstly, we detected a significant increase in GFAP
fluorescence intensity and a tight Cx43-mediated cell cou-
pling in astrocytes treated with conditioned media from
picrotoxin-stimulated neurons (Fig. 2G—I). Conditioned me-
dia from stimulated DRG neurons treated with LP2 did not
significantly affect GFAP intensity (Fig. 2H), although we
found a significant reduction of the Cx43-mediated cell cou-
pling at 24 h (1.9 £ 0.3 picrotoxin + LP2 vs. 4.6 £0.9 picro-
toxin + vehicle, FC over control + vehicle, Firearment(2, 23) =
7.597; Fig. 21). This effect was coupled with a significant
increase of P-Stat 3 nuclear intensity in astrocytes exposed
to conditioned media from picrotoxin-stimulated neurons, ef-
fects not detected in astroglial cultures treated with condi-
tioned media collected from picrotoxin-stimulated LP2-treat-
ed neuronal cultures (Fig. S3).

Finally, Gfap, Gjal, Slc1a2, and Slc1a3 mRNA levels were
evaluated in spinal cord-derived astrocytes treated with
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conditioned media from control-vehicle, stimulated with pic-
rotoxin plus vehicle and stimulated with picrotoxin treated
with LP2 neurons. We found that picrotoxin stimulation in-
duced a significant increase of Gfap mRNA levels that was
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reverted by LP2 treatment on DRG neurons (Fig. 2J). A sig-
nificant increase of Gjal levels was also detected upon picro-
toxin stimulation and was abolished by LP2 treatment after
DRG neuron picrotoxin stimulation. We also analyzed
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<« Fig. 2 DRG excitotoxic conditioned medium induces up-regulation of
GFAP and Cx43 in spinal cord-derived astrocytes in vitro. A
Experimental paradigm spinal cord-derived astrocytes treated with
DRG neurons conditioned media. B Representative images of MOR-
and DOR-positive NeuN-positive neurons in DRG isolated from naive
rats. Scale bars = 100 um. C LDH activity assay in DRG neuron-positive
and neuron-negative controls, DRG neurons stimulated with picrotoxin
treated with vehicle and stimulated with picrotoxin treated with LP2. Data
are shown as standard box-and-whisker plot, in which the central line
represents the median and the upper and lower bounds are min and max
value. Data are shown as mean percentage of controls of n =3 indepen-
dent experiments from » = 6 naive rats. D-F Representative pictures (D)
and quantification of TUJ1-positive area (E) and neurite length (F) of
TUJ1-positive DRG neuron control + vehicle, picrotoxin + vehicle, and
picrotoxin treated with LP2. Data in E are shown as mean FC over control
+ vehicle + SEM of n = 3 independent experiments from » = 6 naive rats.
Data in F are shown as violin plot of n>40 neurites/group. G-I
Representative pictures of GFAP and Cx43 immunofluorescence analysis
(G) and quantifications of GFAP (H) and Cx43 (I) fluorescence intensity
in spinal cord-derived astrocytes treated with control + vehicle, picrotoxin
+ vehicle, and picrotoxin+LP2 DRG neuron-conditioned media. Data are
shown as mean FC over control + vehicle £ SEM of n =3 independent
experiments from »n =6 naive rats. Scale bars =30 um. J qRT-PCR for
Gfap, Gjal, Slcla2, and Slcla3 levels on spinal cord-derived astrocytes
treated with control, stimulated with picrotoxin, and stimulated with pic-
rotoxin treated with LP2 DRG neuron-conditioned media. Data are
shown as mean FC over control + vehicle £ SEM of n =3 independent
experiments from n = 6 naive rats. K Principal component analysis (PCA)
and ellipses of confidence of GFAP and Cx43 immunofluorescence and
Gfap, Gjal, Slcla2, and Slcla3 mRNA levels for astrocytes treated with
DRG-conditioned media (control + vehicle vs. picrotoxin + vehicle vs.
picrotoxin + LP2). Stars represent the mean points for each ellipse. Colors
of variable arrows are function of the contribution to the PCA. L Cluster
dendrogram of PCA in K. DRG, dorsal root ganglion; Tx-100, Triton X-
100; FC, fold change; FI, fluorescence intensity; PC, principal compo-
nent. *p value <0.05, **p value <0.01, ***p value <0.001, and ****p
value < 0.0001 vs. control + vehicle or between indicated groups. *p value
<0.05, #p value <0.01, and ##p value < 0.001 vs. picrotoxin + vehicle

glutamate transporter genes in primary astrocytes, finding not
significant modulation of Slc1a2 mRNA levels encoding for
glutamate transporter 1 (GLT-1) and a significant increase of
Slc1a3 mRNA levels encoding for glutamate aspartate trans-
porter (GLAST). Both these mRNAs were not modulated by
LP2 treatment on DRG neurons (Fig. 2J). Hence, to assess the
multivariate effects of astroglial responses to neuronal condi-
tioned media, we integrated these data using a PCA for GFAP
and Cx43 fluorescence intensity and for mRNA level data. We
integrate our data generating principal components, founding
that PC1 and PC2 explain a total of 85.4% of the variation
(Fig. 2K). We found that astrocytes exposed to media from
picrotoxin + vehicle treated neurons differentially clusterized
compared to control + vehicle (Fig. 2K, L) and that astrocytes
exposed to conditioned media from picrotoxin + LP2-treated
neurons were found to cluster closer to unstimulated controls
(Fig. 2K, L).

These data suggest that over-stimulated neurons exposed to
excitotoxic stimuli significantly modified astrocyte phenotype
and that LP2 treatment exerts neuroprotective effects by
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preventing astroglial activation and Cx43 increase. This evi-
dence prompted us to further investigate the effects of MOR/
DOR targeting in vivo on spinal cord in CCI rats.

MOR and DOR Targeting by LP2 Ameliorates
Mechanical Allodynia in CCl Rats

In order to find a potential effect of MOR/DOR multitarget
ligand LP2 in vivo, immunofluorescence analysis was per-
formed to examine the localization of these receptors in the
spinal cord of naive rats, confirming that lamina 1 and 11 cell
populations showed high levels of MORs and DORs in the
spinal cord (Fig. 3A, B). Thus, the effects of LP2 in mediating
ameliorating effects on CCI rats during the allodynia time
course were evaluated (Fig. 3C). Notably, simultaneous
MOR/DOR targeting significantly increased the withdrawal
threshold of CCI rats as compared to CCI-vehicle rats at
16 dpl (7.0£0.6 g CCI-LP2 vs. 0.65+0.1 g CCl-vehicle)
and 21 dpl (6.5+0.5 g CCI-LP2 vs. 0.85 £ 0.2 g CCl-vehicle,
Faroups(2, 36) =28.06; Fypi(3, 36) = 14.28; Fyroups = dpi(6,
36) =4.509; Fig. 3D), coupled with a significant increase of
the overall A.U.C. of the withdrawal threshold curve (96.1 +
7.7 CCI-LP2 vs. 50.5+13.9 CCl-vehicle, Fyroups(2, 9) =
24.09; Fig. 3E).

We next asked whether LP2-induced behavioral ameliora-
tion was paired with spinal cord astrocyte modulation. As
shown in Fig. 4, we detected a robust GFAP and Cx43 in-
crease in CCl-vehicle rats compared to sham-vehicle rats also
at 16 dpl and at 21 dpl (Fig. 4A—C). LP2 treatment effectively
reduced GFAP at21 dpl (2.3 0.7 CCI-LP2 vs. 5.5 £ 0.8 CCI-
vehicle, FC over sham-vehicle Ficatment(2, 9) = 13.27) with no
significant modifications of GFAP fluorescence intensity at
16 dpl compared to CCI-vehicle rats (p value =0.7286 CCI-
LP2 vs. CCl-vehicle). Notably, LP2 treatment significantly
reduced Cx43 at 16 dpl (1.9+0.5 CCI-LP2 vs. 6.7+1.9
CCl-vehicle, FC over sham-vehicle, Ficameni(2, 9)=7.312)
and at 21 dpl (1.2+0.4 CCI-LP2 vs. 5.2+ 0.8 CCl-vehicle,
FC over sham-vehicle, Fieament(2, 9) =22.27) in the ipsi-
lateral dorsal horns as compared to CCl-vehicle-treated rats
(Fig. 4C).

We next evaluated the fluorescence intensity of Cx43 in
ipsi-lateral laminae 1-V founding a not significant reduction
of Cx43 levels in CCI-LP2 lamina 1 at 16 dpl compared to
CCl-vehicle rats, significantly reduced in CCI-LP2 at 21 dpl
(1.3+£0.3 CCI-LP2 vs. 8.1 £1.9 CClI-vehicle, FC over sham-
vehicle, Fieatment(2, 9) = 12.73; Fig. 4D). Cx43 fluorescence
intensity was significantly reduced in /amina 11 in CCI-LP2
rats at 16 dpl compared to CCl-vehicle and not significantly
increased compared to sham-vehicle group at 21 dpl
(Fig. 4D). No significant differences were detected in Cx43
fluorescence intensity in laminae 111, IV, and V at 16 dpl
(Fig. 4D).
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Fig. 3 MOR and DOR targeting by LP2 ameliorates mechanical
allodynia in CCI rats. A, B Representative images (A) and
quantification (B) of MOR and DOR in laminae 1-V of the spinal cord
dorsal horns of naive rats. Scale bars = 100 um; data are shown as mean
FC over lamina 1 + SEM of n = 3 naive rats. C Experimental paradigm of
CCI induction and LP2 treatment of CCI rats. D Withdrawal thresholds
measured with von Frey’s filaments on sham-vehicle, CCl-vehicle rats,
and CCI-LP2-treated rats at 0, 11, 16, and 21 dpl. Data are shown as mean

LP2 effects on contra-lateral dorsal horn astrocyte popula-
tion and Cx43 levels were also analyzed. On one hand, we
found a significant increase of the total dorsal horn GFAP
immunofluorescence at 16 dpl in CCl-vehicle rats and CCI-
LP2 rats, which was restored to control levels at 21 dpl by LP2
treatment. On the other hand, we did not detect any significant
difference in Cx43 immunofluorescence at both 16 dpl
(Fireatment(2, 9)=0.5943) and 21 dpl (Fireatmend(2, 9) =4.162)
between groups (Fig. S4). We finally analyzed Cx43 fluores-
cence intensity in contra-lateral dorsal horn laminae 1-V
founding no significant difference at 16 and 21 dpl (Fig. S4).

LP2 Reduces Astrocytic Cx43 in Ipsi-Lateral Dorsal
Horns of CCl Rats

To determine Cx43 expression profile in spinal dorsal horn
during ongoing neuropathy, immunofluorescence analysis on
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+ SEM of n=4 rats per group. E Quantification of the area under the
withdrawal thresholds curve (A.U.C.) showed in E of sham-vehicle, CCI-
vehicle, and CCI-LP2-treated rats. Data are shown as mean area = SEM
of n =4 rats per group. A.U.C., area under curve; dpl, days post-ligatures;
i.p., intraperitoneal injection; FC, fold change. **p value <0.01, ***p
value <0.001, and ****p value <0.0001 vs. sham-vehicle. *p value <
0.05, #p value < 0.01, and *p value <0.001 vs. CClI-vehicle

spinal cord sections was performed. We found reactive Cx43
activation in ipsi-lateral dorsal horn of CCl-vehicle rats with
high Cx43-GFAP co-localization profile compared to sham-
vehicle rats (Fig. SA—A", B-B"”). LP2-treated CCI rats
showed a reduced site-specific localization of Cx43 as com-
pared to CCl-vehicle rats (Fig. 5SC—C"). The profile plot of
GFAP and Cx43 showed a strong juxtaposition between
GFAP peaks and Cx43 peaks (Fig. SD-F). By analyzing the
levels of GFAP and Cx43 at 16 and 21 dpl in the lumbar
portion of the spinal cord of sham-vehicle rats, CCl-vehicle
rats, and CCI-LP2 treated rats, we confirmed that CCI induces
GFAP with an increase (~2-fold) at 16 dpl, significantly
reverted by LP2 treatment at 21 dpl (0.6 +0.1 CCI-LP2 vs.
2.4+0.5 CClI-vehicle, FC over sham-vehicle, Ficatment(2,
6)=8.423; Fig. 5G, H). Consistent with the immunofluores-
cence analysis, Cx43 was not significantly higher in CCI-LP2
rats as compared to sham-vehicle controls at 16 dpl (p value =
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Fig. 4 MOR and DOR targeting with LP2 reduces GFAP and Cx43
levels in ipsi-lateral dorsal horns of CCI rats. A Representative images
of ipsi-lateral dorsal horns of sham-vehicle, CCI-vehicle, and CCI-LP2
treated rats expressing Cx43 and GFAP at 21 dpl. Scale bars = 100 um. B,
C Quantification of GFAP (B) and Cx43 (C) fluorescence intensity in
ipsi-lateral dorsal horns of sham-vehicle, CCl-vehicle, and CCI-LP2-
treated rats. Data are shown as mean FC over sham-vehicle + SEM of

0.7580 CCI-LP2 vs. sham-vehicle) and was significantly re-
duced at 21 dpl (0.8 £0.2 CCI-LP2 vs. 2.2 + 0.4 CCI-vehicle,
FC over sham-vehicle, Fieament(2, 6) = 9.465; Fig. 51).

These data confirm a significant and long-lasting modula-
tion of astrogliosis mediated by the MOR/DOR ligand LP2,
which was able to reduce astrogliosis at 21 dpl by reducing the
reactive activation of Cx43 in dorsal horn laminae of the spi-
nal cord from chronic neuropathic rats.

LP2 Reduces Cleaved Caspase 3-Positive Neurons
in Ipsi-Lateral Dorsal Horn of CCl Rats

To confirm the neuroprotective effects of LP2 treatment dur-
ing CCl-induced neuropathy, we assessed the Cl Casp3 sig-
naling in the spinal cord dorsal horn. The total number of Cl
Casp3-positive cells was reduced in ipsi-lateral dorsal horn at
16 dpl (2.8+0.5% CCI-LP2 vs. 6.0+0.4% CCl-vehicle,
Freatment(2, 6)=29.23) and at 21 dpl (4.0+1.1% CCI-LP2
vs. 8.6 £0.9% CCl-vehicle, Fieatment(2, 6) = 16.36; Fig. 6A—
C). Quantification of the total number of Cl Casp3 and NeuN
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21 dpl

n =4 rats per group. D Quantification of Cx43 fluorescence intensity in
ipsi-lateral laminae 1-V of dorsal horns of sham-vehicle, CCI-vehicle, and
CCI-LP2-treated rats. Data are shown as mean FC over sham-vehicle +
SEM of n =4 rats per group. Dpl, days post-ligatures; FI, fluorescence
intensity; FC, fold change. *p value <0.05, **p value < 0.01, and ***p
value <0.001 vs. sham-vehicle. *p value < 0.05 and *p value < 0.01 vs.
CCl-vehicle

double-positive cells confirmed that LP2 was able to reduce
the percentage of neuronal pro-apoptotic cells at 16 dpl (2.3 +
0.2% CCI-LP2 vs. 3.5+ 0.1% CCl-vehicle, Fcament(2, 6) =
86.75) and 21 dpl (2.0+0.4% CCI-LP2 vs. 4.0£0.5% CCI-
vehicle, Fieatment(2, 6) = 13.22; Fig. 6D-F).

No significant differences were found in the contra-lateral
cleaved caspase 3-positive cells and Cl Casp3 and NeuN
double-positive cells at both 16 and 21 dpl (Fig. S5).

Discussion

Chronic neuropathic pain represents an unsolved challenge
that needs new pharmacological approaches to overcome the
limitations of currently available analgesics [18]. Classic
MOR agonists have raised issue related to both limited anal-
gesic effects and to paradoxical hyperalgesia and hostile cel-
lular responses [34]. Beneficial and unwanted effects of MOR
agonists are not limited to neurons and extend to glial cells
[35]. Indeed, repeated morphine administrations lead to glial
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Fig. 5 LP2 reduces astrocytic Cx43 in ipsi-lateral dorsal horns of CCI
rats. A—C Confocal microscopy images of GFAP-positive astrocytes in
ipsi-lateral dorsal homns of sham-vehicle (A), CCl-vehicle (B), and CCI-
LP2 (C) rats expressing Cx43 at 21 dpl. Panels A~A", B—B", and C'-C"
show GFAP and Cx43 localization. Scale bars = 10 pm. D—F Surface plot
and fluorescence intensity profile of confocal images in A—C. G-I
Representative blots (G) and quantification of GFAP (H) and Cx43 (I)

cell activation and increase release of pro-inflammatory cyto-
kines/chemokines, resulting in nociceptive transmission en-
hancement [36]. On the contrary, a number of evidences re-
ported ameliorating effects mediated by DOR agonists in ex-
perimental neuropathies [20, 37, 38]. As such, DORs have
been proposed as new targets in chronic pain and may exert
a fundamental role in the chronicization processes. Moreover,
DOR knockout mice show strengthened sensitization and in-
tense increase of typical neurological features of neuropathic
pain as compared to wild type, so that it is worth a careful
analysis of the mechanisms underlying DOR activation [39,

levels in the lumbar region of the spinal cords of sham-vehicle, CCI-
vehicle, and CCI-LP2-treated rats at 16 and 21 dpl. Data are shown as
mean FC over sham-vehicle = SEM of n =3 rats per group. FI, fluores-
cence intensity; au, arbitrary unit; dpl, days post-ligatures; FC, fold
change. *p value <0.05 vs. sham-vehicle and *p value <0.05 vs. CCI-
vehicle

40]. Interestingly, MOR and DOR co-localized in pain inhib-
itory pathways [41] and the existence of functional and phys-
ical cross-interactions between MOR and DOR have been
established [42]. Nociceptive stimuli induce the slow, but per-
sistent, DOR trafficking from the intracellular compartment,
where normally stored, to the plasma membrane, which could
increase receptor activation and promote MOR/DOR hetero-
dimer formation [43, 44]. A number of evidences suggest that
MOR activity could be modulated by DOR ligands increasing
anti-nociceptive responses to MOR agonists or MOR signal-
ing activation [45].
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Fig. 6 LP2 reduces cleaved caspase 3-positive neurons in ipsi-lateral
dorsal horns of CCl rats. A, B Representative images of Cl Casp3 immu-
nofluorescence analysis at 21 dpl (A) and quantification (B) of Cl Casp3
and DAPI double cells over DAPI in ipsi-lateral dorsal horns of sham-
vehicle, CCl-vehicle, and CCI-LP2-treated rats at 16 and 21 dpl. Data are
shown as mean percentage + SEM of n =3 rats per group. Scale bars =
5 um. C Reconstruction of the apoptotic profiles in the ipsi-lateral dorsal
horn of CCl-vehicle versus CCI-LP2. Each dot represents a single Cl

Our study examined the molecular mechanisms underlying
CClI-induced neuropathy and the effects of LP2 MOR/DOR
targeting in neuroglia interactions as well as behavioral bene-
ficial effects of this approach for the treatment of neuropathic
pain. We showed that the repeated administration of the MOR/
DOR ligand significantly inhibited the development of me-
chanical allodynia in neuropathic rats, increasing the with-
drawal threshold as compared to CCl-vehicle rats up to
21 dpl. LP2 behavioral effects well related to its capability
to simultaneously target and activate MOR and DOR.
Bivalent ligands, containing the MOR agonist fentanyl and
the DOR agonist enkephalin-like peptides, were developed
as promising analgesics for treatment of neuropathic pain with
an improved tolerability profile [46]. These effects relate with
previous published evidences where mitragynine derivative
MGM-16, possessing a MOR/DOR agonist profile, showed
dose-dependent anti-allodynic effects in sciatic nerve-ligated

@ Springer

Casp3-positive DAPI-positive cell. D-F Quantification of the percentage
of Cl Casp3- and NeuN double-positive cells (D) and representative im-
ages of Cl Casp3 and NeuN immunofluorescence analysis of ipsi-lateral
dorsal horns at 16 dpl (E) and 21 dpl (F) of sham-vehicle, CCI-vehicle,
and CCI-LP2 rats. Data are shown as mean + SEM of n = 3 rats per group.
Scale bars =10 um. Dpl, days post-ligatures; Cl Casp3, cleaved caspase
3. ##p value < 0.01 and ***p value < 0.001 vs. sham-vehicle and *p value
<0.05 and *p value < 0.01 vs. CCl-vehicle

rats [47]. LP2 anti-allodynic effects in the CCI model of neu-
ropathic pain could be also due to its prominent DOR compo-
nent, whose role in neuropathy amelioration, through a re-
duced expression of pro-inflammatory cytokine TNF-, has
been previously demonstrated [37].

Several groups have showed that in the dorsal horns of
neuropathic rats, a sustained pro-apoptotic signaling coexists
with ROS and an increased glial-derived pro-inflammatory
cytokine production [48—50]. Pro-inflammatory cytokines,
resulting from direct insults to the nervous system, induce
gap junctions and hemichannel activation, which has been
proposed to be involved in neuroglia interactions [51-56].
Here, we found a significant increase of the proportion of
pro-apoptotic spinal neurons in the ipsi-lateral dorsal horns
of CCI rats, paired with reactive astrogliosis and robust
Cx43 increase. By examining astrocyte response, a significant
proportion of reactive astrocytes were found in laminae 1 and
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IT of CCI rats, where neurons expressing MORs and DORs
mostly localize [41].

During the time course of neuropathic pain, both GFAP
and Cx43 levels were increased from the early phases of
chronic pain, suggesting that astroglial communication medi-
ated by Cx43 plays a key role in promoting pain
chronicization during neuropathies. These results were in line
with several data showing Cx43 implication in secondary
damages and inflammatory response during degenerative con-
ditions including chronic neuropathic pain [9, 57, 58]. As
such, Cx43 reveals the astroglial intensified communication
as a consequence and/or as a primary warning of suffering
conditions. In our setting, the multitarget opioid ligand LP2
reverted Cx43 levels earlier than GFAP astrogliosis, which is
still ongoing after 5 days of treatment and significantly re-
duced only at 21 dpl. Thus, LP2-mediated Cx43 reduction
seems to affect reactive astrogliosis upon neuropathies. Vice
versa, evidences from literature report that chronic morphine
treatment up-regulates the astrocytic spinal Cx43 expression
responsible of the anti-nociceptive tolerance development in
rats by activating N-methyl-D-aspartate (NMDA) receptors
and inhibiting GLT-1 expression [59]. These results empha-
size the LP2 effect on Cx43 that could be related to its peculiar
opioid profile and are in accordance with the DOR contribu-
tion to infarct size limitation through the suppression of gap
junction permeability by PKC-mediated Cx43 modulation
[60]. Moreover, an increased expression of GFAP in the ven-
tral tegmental area following prolonged systemic administra-
tion of morphine has been also demonstrated [36]. Taken to-
gether, these evidences suggest that multitarget MOR/DOR
ligands, such as LP2, positively modulate MOR activity
throughout G protein-mediated DOR activation [61].

The complex cause-effect relation including Cx43-
mediated spread suffering and astrogliosis was also confirmed
by our in vitro results. We found that LP2 exerts neuroprotec-
tive effects on over-stimulated DRG-derived neurons, which
in turn were able to drive astrocyte responses. Spinal cord-
derived astrocytes, exposed to conditioned media from
picrotoxin-stimulated DRG-derived neurons, showed in-
creased levels of Cx43 and reactive astrogliosis induced by
astroglial modulating factors delivered by suffering neurons in
the extracellular milieu. Despite a Cx43 reduction, no signif-
icant modifications of astrogliosis were observed upon MOR/
DOR targeting on neuronal cultures. However, at mRNA lev-
el, we were able to detect a significant reduction of Gfap and a
robust reduction of Gjal encoding for Cx43. This discrepancy
in Gfap mRNA levels versus protein levels, not observed for
Gjal mRNA encoding for Cx43, may also partially due to the
relatively high protein turnover (i.e., few hours half-life) of
connexins [53, 62], which allow cells to rapidly modulate
Cxs protein levels. Astroglial cells were also actively express-
ing solute carrier family 1 member 2 and 3 (slc/a2 and slcla3)
encoding for a high affinity glutamate transporter in both

cultures exposed to the conditioned media from picrotoxin-
stimulated and picrotoxin-stimulated LP2-treated neurons. Of
note, slcla2 is the principal glutamate transporter involved in
synaptic glutamate clearance, playing crucial role in the glu-
tamate uptake preventing excitotoxic neuronal damage [63,
64]. This indicates that over-stimulated neurons release solu-
ble factors that induced reactive astrogliosis and that these
factors are not present or at least reduced upon LP2 treatment,
which exerts significant neuroprotective effects on neuronal
cultures and consequential reduction of secondary damages
on astrocytes. Taken together, these evidences confirm an ef-
fective repurposing of astrocytic phenotype upon LP2 treat-
ment on neurons, indicating that MOR/DOR simultaneous
targeting is not only neuroprotective for the target cell popu-
lations but reduced secondary damages on glial cells.
Neuroglia axis is indeed influenced by modulators that may
be different from neurotransmitters per se, establishing adap-
tation phenomena via soluble factors, extracellular vesicles
and microRNAs [65-68]. Further studies are needed to char-
acterize the magnitude of Cx43-inhibitory effect in neuropath-
ic pain and the potential involvement of other molecular
players that may interact in this axis.

In conclusion, here we showed that simultaneous MOR/
DOR targeting leads to both analgesic and neuroprotective
effects in a rodent model of neuropathic pain and that Cx43
plays a role in mediating reduction of reactive astrogliosis
upon neuronal suffering. The effects relate to a reduction of
neurological deficits upon peripheral injury and imply re-
duced reactive astrogliosis, anticipated by reduction of Cx43
levels from the early stages of the chronicization processes.
These findings are paving the way for the development of new
analgesic compounds with MOR/DOR profile as a new phar-
macological strategy for the treatment of neuropathies and to
prevent central sensitization.
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