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Abstract
Activation of glial cells (reactive gliosis) and the purinergic pathway, together with metalloproteinase (MMP)-induced remod-
eling of the neural extracellular matrix (nECM), drive maladaptive changes in the spinal cord following peripheral nerve 
injury (PNI). We evaluated the effects on spinal maladaptive plasticity through administration of oxidized ATP (oxATP), an 
antagonist of P2X receptors (P2XR), and/or GM6001, an inhibitor of MMPs, in rats following spared nerve injury (SNI) of 
the sciatic nerve. With morpho-molecular techniques, we demonstrated a reduction in spinal reactive gliosis and changes in 
the neuro-glial-nECM crosstalk via expression remodeling of P2XR, nerve growth factor (NGF) receptors (TrkA and p75), 
and histone deacetylase 2 (HDAC2) after treatments with oxATP/GM6001. Altogether, our data suggest that MMPs and 
purinergic inhibition have a modulatory impact on key proteins in the neuro-glial-nECM network, acting at different levels 
from intracellular signaling to epigenetic modifications.
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Introduction

Glial cells are well-recognized components of the synaptic 
complex, together with neurons and the surrounding extra-
cellular matrix (ECM), constituting a more exhaustive model 
of the “classic” neuronal-based synaptic structure, both in 
physiology (Dityatev and Rusakov 2011) and in pathology 

(De Luca and Papa 2016). The matrix-neuroglial network’s 
early response to noxious stimuli involves both glial cells 
and the neural extracellular matrix (nECM), the matrisome 
(De Luca et al. 2020a, b). Indeed, the role of astrocytosis 
and microglial activation in central nervous system (CNS) 
pathology has been extensively related to maladaptive 
changes in synaptic homeostasis, hyper-oxidation, cytokine 
release, and enhanced activation of matrix metalloprotein-
ases (MMPs) (Cavaliere et al. 2007; Cirillo et al. 2012, 2015; 
Virtuoso et al. 2021), pivotal enzymes for nECM formation, 
adaptability, and pathological remodeling (De Luca et al. 
2017; Visse and Nagase 2003). Changes in these compo-
nents first affect the synaptic transmission, causing a revers-
ible loss of function, and later involve neuronal viability 
resulting in maladaptive system rewiring and permanent 
damage (Inoue and Tsuda 2012).

Evidence suggests that the purinergic system, involved in 
many neural processes including sensory transmission and 
chronic neuropathic pain, prompts reactive gliosis (Cirillo 
et al. 2015; Inoue and Tsuda 2012) and modulate MMP 
expression (Virtuoso et al. 2020).

The release of adenosine 5′ triphosphate (ATP) from glial 
cells exerts a wide range of effects through the ionotropic 
P2X receptors (P2XRs) (Sivaramakrishnan and Fountain 
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2012), being involved in modulation of intracellular Ca2+ 
currents, neuronal and glial transmitters release, glial fibril-
lary acidic protein (GFAP) upregulation, and inflammatory 
microglial invasion (Cirillo et al. 2012; Sivaramakrishnan 
and Fountain 2012). Spinal cord neurons and glial cells 
mainly express P2X7 and P2X4 receptors, which can medi-
ate Ca2+ signaling, cellular apoptosis, cytokine release, 
and in turn, MMP activation, among other functions (Gu 
and Wiley 2006; Cirillo et al. 2016). Overexpression of 
purinergic receptors during pathological conditions affects 
lesion remodeling in combination with neurotrophic factors 
(Mishra 2017; de Rivero Vaccari et al. 2012). Spared nerve 
injury (SNI) of the sciatic nerve provided a powerful tool 
to investigate neuropathic pain-like behavior and neuroglial 
changes in the spinal cord and supraspinal centers (Marcello 
et al. 2013). The pharmacological interference with neuro-
trophins, purinergic antagonism, and the MMP inhibitors 
produced partial yet promising results in both neuropathic 
behavior and reactive gliosis (Cirillo et al. 2012, 2015). 
More interestingly, the SNI model can be used to assess the 
plasticity of CNS circuitry without violating its integrity: 
through a lesion of a peripheral nerve, it induces reproduc-
ible morpho-functional changes in the spinal cord dorsal and 
ventral horns networks (Cirillo et al. 2011, 2012, 2016; De 
Luca et al. 2016).

Based on our previous research, we aimed to use SNI to 
further study how purinergic and MMP antagonism could 
interfere with maladaptive plasticity in the spinal cord, with 
a focus on glial reactivity and neurotrophin receptor expres-
sion. To achieve this goal we injected intraperitoneally (i.p.) 
the oxidized ATP (oxATP), a nonselective P2XR antago-
nist, alone or in combination with intrathecal (i.t.) infusion 
of GM6001, a broad-spectrum MMP inhibitor. Finally, to 
consider the role of transcription and histone modifications 
that could be modulated by both treatments (Wang et al. 
2011; Lu et al. 2013), we also evaluated the expression of 
histone deacetylases (HDACs) involved in the alteration of 
chromatin accessibility (Kaminska et al., 2016; Halsall and 
Turner 2016).

Materials and methods

Animals

Adult (250–300 g; Charles River, Calco, Italy) Sprague 
Dawley rats (n = 58) were used. This study was performed 
in accordance with Italian and European guidelines for the 
care and use of laboratory animals (EU Directive 2010/63). 
All protocols were approved by the Animal Care and Use 
Committees of the University of Campania “Luigi Vanvi-
telli” (auth. 153/2018-PR). Each animal was allowed free 
access to food and water, under a 12/12 h light/dark cycle. 

Animals were kept in pathogen-free iron-sheet cages with a 
solid floor covered with 4–6 cm of sawdust. We did not use 
cages with thin-plate floors in order to avoid exacerbation of 
the discomfort from the affected hind paw (Bai et al. 1999).

SNI model

Sciatic SNI was induced according to Decosterd and Woolf 
(Decosterd and Woolf 2000). Briefly, each rat was anesthe-
tized with chloral hydrate/tiletamine (30 mg/kg) during sur-
gery. The sciatic nerve and its three terminal branches (the 
sural, common peroneal, and tibial nerves) were exposed 
on the lateral surface of the thigh. The SNI procedure com-
prised axotomy and tight ligation of the tibial and common 
peroneal nerves, leaving the sural nerve intact. For the sham-
operated control (CTR) group (n = 10), nerves were exposed 
but not truncated. Muscle and skin were closed in layers. 
Great care was taken to avoid any contact with or stretching 
of the intact sural nerve.

Drug delivery

Drug delivery was performed according to our previous pro-
tocols (Cirillo et al. 2011, 2012, 2015, 2016; Virtuoso et al. 
2020), starting from the day after SNI. Animals were treated 
with daily i.p. oxATP (6 mg/kg), dissolved in 100 µl of ster-
ile distilled water (dH2O). For i.t. drug delivery of GM6001 
or vehicle (artificial cerebrospinal fluid—ACSF), the lumbar 
spinal catheter was positioned during the SNI procedure to 
reduce the discomfort bias. Briefly, a small opening was 
made through the laminas of the lumbar spine and a cath-
eter [polyethylene (PE) 10 tubing attached to PE 60 tubing 
for connection to an osmotic pump] was inserted into the 
subarachnoid space and directed to the lumbar enlargement 
of the spinal cord. After anchoring the catheter through the 
careful apposition of a glass ionomer luting cement triple 
pack (Ketac Cem radiopaque; 3M ESPE, Seefeld, Germany), 
the wound was irrigated with saline and closed in two layers 
with 3–0 silk (fascial plane) and surgical skin staples. On 
recovery from surgery, lower body paralysis was induced 
by intrathecal lidocaine (2%) injection to confirm proper 
catheter localization. Each rat was placed on a table, and 
the gait and posture of the affected hind paw were carefully 
observed for 2 min. Only animals exhibiting appropriate, 
transient paralysis to lidocaine, as well as a lack of motor 
deficits, were used for treatments; the free extremity of the 
catheter was connected to an osmotic minipump, and the 
pump was implanted subcutaneously. The osmotic pumps 
(Model 2001 ALZET, Cupertino, CA) pumped at a rate of 
1 μl/h and were filled with GM6001 (Calbiochem, Germany) 
(180 μg/μl, corresponding to 100 mg/kg body weight/day) 
or ACSF.

Animals were divided into the following groups:
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•	 Group I (n = 8): SNI rats, i.p. oxATP for 3 days (from day 
1 to 3), and i.t. ACSF

•	 Group II (n = 8): SNI rats, i.p. oxATP for 8 days (from 
day 1 to 8), and i.t. ACSF

•	 Group III (n = 8): SNI rats, i.p. oxATP and i.t. GM6001 
for 3 days (from day 1 to 3)

•	 Group IV (n = 8): SNI rats, i.p. oxATP and i.t. GM6001 
for 8 days (from days 1 to 8)

•	 Group V–VI: SNI rats, vehicles (i.p. dH2O and i.t. 
ACSF) for 3 or 8 days (n = 8 each)

•	 Group VII: control (CTR) group, sham-operated animals 
(n = 10).

Tissue preparation

Rats were deeply anesthetized on days 3 and 8 after SNI 
with an i.p. injection of chloral hydrate (300 mg/kg body 
weight) and perfused transcardially with saline solution (Tris 
HCl 0.1 M/ EDTA 6 mM). Spinal cords for western blotting 
(n = 29) were removed whilst the samples for immunohisto-
chemistry (n = 29) continued with fixation in 4% paraform-
aldehyde in 0.01 M phosphate-buffered saline (PBS), pH 
7.4 at 4 °C. Spinal cords were then postfixed 2 h in the same 
fixative, then soaked in 30% sucrose phosphate-buffered 
saline (PBS), and frozen in chilled isopentane on dry ice, as 
described previously (Maggio et al. 2001). Serial sections 
were cut at the slide microtome (25 μm thickness) and col-
lected in cold PBS.

Immunofluorescence (IF)

Immunofluorescence staining was performed according to 
our protocols (Papa et al. 2003). Sections were incubated 
with the primary antibody: GFAP (1:400) (Sigma-Aldrich, 
St. Louis, MO USA), Iba1 (1:500) (Wako Chemicals, VA, 
USA), TrkA (1:2000) (Chemicon Inc., Temecula, CA, USA), 
p75 NGF receptor (1:500) (Abcam, Cambridge, England) 
for 48 h at 4 °C. Following washes with PBS, sections were 
incubated with the appropriate secondary antibody (Alexa 
Fluor 488 anti-rabbit IgG, Alexa Fluor 546 anti-rabbit IgG; 
1:200; Invitrogen, Carlsbad, CA, USA) for 2 h. Sections 
were mounted and cover-slipped with VECTASHIELD 
(Vector Laboratories). Negative controls were performed 
for each antibody using only the secondary antibodies with 
the same protocol on a tissue section (not shown).

Western blotting (WB)

Lumbar spinal cord samples were homogenized in 50 mM 
HEPES pH 7.5, 10% glycerol, 10 mM NaCl, 10 mM dithi-
othreitol, 1% SDS, 5  mM EDTA, and protease inhibi-
tors (Sigma Aldrich). Lysates were loaded on a 0.75 mm 
sodium dodecyl sulfate (SDS) polyacrylamide minigel 

(8%–10%–12%), which was electrophoresed at 150 V for 
90 min. The proteins were transferred overnight to nitrocel-
lulose membranes at 30 V, 4 °C. After blocking of nonspe-
cific sites by 5% milk in [20 mM Tris HCl (pH 7.4), 0.2% 
Tween 20 (TBST)], membranes were incubated overnight 
with primary antibody anti-GFAP (1:400), anti-Iba1 (1:250), 
anti-HDAC1 (1:500) and anti-HDAC2 (1:1000) (Sigma-
Aldrich, St. Louis, MO, USA), anti-P2X4 (1:500) (Immuno-
logical Sciences, Rome, Italy), anti-TrkA (1:1000), anti p75 
NGF receptor (1:500), and β-actin (1:2000) (Sigma-Aldrich, 
St. MO, Louis, USA). After washing in TBST, membranes 
were incubated with the appropriate biotinylated second-
ary antibody (Vector Labs, Inc.; 1:500) in blocking solu-
tion for 60 min at room temperature. Subsequently, they 
were washed in TBS and processed using the Vectastain 
avidin–biotin–peroxidase kit (Vector Labs, Inc.) for 30 min 
at room temperature. After washing in 0.05 M Tris HCl, 
they reacted with 3,3-diaminobenzidine tetrahydrochloride 
(DAB; Sigma Aldrich, 0.5 mg/ml Tris HCl) and 0.01% 
hydrogen peroxide. Each specific band was acquired and 
processed for density measurement with the computer-
assisted imaging analysis system. To compare the differ-
ences between control and treatment groups, we first normal-
ized the density of each specific band against the density of 
the corresponding internal loading band.

Measurements and statistical analysis

Slides were imaged with a Zeiss Axioskop 2 light microscope 
equipped with Filter Sets 45, 21, and 74, a high-resolution 
(1.37 million pixels) digital camera (C4742-95; Hamamatsu 
Photonics, Italy) with single-channel B/W image acquisition 
(multifluorescence not applicable). For glial markers, we pre-
ferred a morphometric approach for the optimal visualiza-
tion of each positive element. Therefore, values of GFAP and 
Iba1—markers for astrocytes and microglia, respectively—
were expressed as count density (number of positive elements 
relative to the scanned area). The densitometric values of the 
other markers were expressed as the total density measured 
per scanned area. We performed background subtraction and 
correction gamma LUT (set value 2) at every acquisition using 
HiPic 8.4.0 software. The magnification applied to each image 
is detailed in the figure caption. Measurements of markers 
in the whole lumbar spinal cord were accomplished using a 
computer-assisted image analysis system (MCID 7.1; Imaging 
Res. Inc., Canada). All data were collected in a blinded man-
ner; the observer making the measurements was not aware 
of the group. Data were exported and converted to a density 
distribution histogram using the SigmaPlot 10.0 program 
(SPSS-Erkrath) and presented as the mean ± SEM for all quan-
titative analyses. Data were checked for normal distribution 
and homogeneity of variance by the Kolmogorov–Smirnov 
and Levene mean tests, respectively. Afterward, the data were 
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statistically analyzed by using a one-way analysis of variance 
(ANOVA) for multiple comparisons. The ANOVA test was 
followed by all pairwise Holm-Šídák test to determine which 
group differences were statistically significant and to reduce 
the multiple comparisons bias. The level of significance was 
always set at p = 0.05 (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). 
Individual images were assembled, and the same adjustments 
were made for brightness, contrast, and sharpness using Adobe 
Photoshop (Adobe Systems).

Results

Reactive glial populations are modulated by oxATP 
and GM6001 treatment

Analysis of the microglial marker Iba1 demonstrated micro-
glial activation 8 days after SNI (89.2 ± 4.6) compared to 
the CTR group (39.2 ± 3.2). Both oxATP (64.3 ± 4.4) 
and oxATP + GM6001 treatments (46.18 ± 1.7) signifi-
cantly reduced microglial activation (p ≤  0.001) (Fig. 1a, 
b). Accordingly, WB analysis for Iba1 showed increased 
expression in SNI animals at day 3 (0.43 ± 0.12) and day 8 
(0.68 ± 0.07) compared to the CTR group (day 3: 0.18 ± 0.04, 
day 8: 0.19 ± 0.02 p ≤ 0.01). Both therapeutic strategies 
significantly reduced Iba1 expression (oxATP 0.43 ± 0.06; 
oxATP + GM6001 0.28 ± 0.06, p ≤ 0.01) (Fig. 2a, b). No 
changes of Iba1 levels were detected after 3 days of treat-
ments with oxATP/GM6001.

The astrocytic reaction was documented 8 days after 
SNI, as revealed by the intense staining for GFAP in SNI 
animals (51.8 ± 1.1) compared to CTR rats (27.0 ± 2.2) 
(p ≤ 0.001) and was modulated only by oxATP treatment 
(33.8 ± 1.4) (p ≤ 0.001) and not by oxATP + GM6001 treat-
ment (41.0 ± 3.8) (p > 0.1) (Fig. 1 a–c).

WB analysis of GFAP revealed astrocytosis in SNI ani-
mals 3 days (1.3 ± 0.19) and 8 days (2.5 ± 0.04) after nerve 
injury compared to CTR (day 3: 0.5 ± 0.02, p ≤ 0.01; day 8: 
0.48 ± 0.005, p ≤ 0.001), indicative of reactive gliosis. Treat-
ment for 8 days with oxATP significantly reduced GFAP 
expression (1.6 ± 0.37, p ≤ 0.01); however, the combined 
treatment with oxATP + GM6001 did not significantly affect 
the astrocytic reaction (day 8: 2.3 ± 0.01; day 3:1.5 ± 0.1) 
(Fig. 2a–c).

Taken together, these data showed a different time course 
and response of activated glial cell populations, differently 
modulated by a purinergic or MMP system.

Class I HDACs are differentially modulated by SNI 
and purinergic/MMP systems

Here we have considered and analyzed the expression of 
HDAC1 and HDAC2, class I deacetylases, and key regula-
tors of many epigenetic processes. HDAC1 levels at WB 

were not affected by the SNI procedure or treatments, and 
did not differ from CTR values at day 3 and day 8. HDAC2 
levels were unchanged at day 3. However, on day 8, SNI sig-
nificantly increased HDAC2 levels (1.17 ± 0.1) compared to 
CTR (0.32 ± 0.001, p ≤ 0.001). Treatment with oxATP alone 
or in combination with GM6001 downregulated HDAC2 
levels (oxATP: 0.80 ± 0.12; oxATP + GM6001: 0.62 ± 0.08, 
p = 0.010) (Fig. 2a–d). These data suggest a specific role of 
the spinal HDACs, differently modulated by nerve injury 
and treatments with inhibition of purinergic receptors and 
MMPs.

OxATP and GM6001 downregulate P2X4R 
expression

Among purinergic receptors, P2X4R is the most widely 
expressed in the CNS, being localized on microglial cells 
and involved in the inflammatory response, spinal cord dam-
age, and epigenetic modulation (de Rivero Vaccari et al. 
2012; Jacobson and Müller 2016; Lu et al. 2013; Lee et al. 
2012). In this study we found that P2X4R was increased 
8 days after SNI (0.8 ± 0.04, p ≤ 0.001) compared to the 
CTR group (0.35 ± 0.06) and significantly reduced by treat-
ments (oxATP: 0.59 ± 0.04; oxATP + GM6001: 0.52 ± 0.05, 
p ≤ 0.01) (Fig. 3a, b). No changes were detected on day 3.

These data support the anti-inflammatory effect of both 
P2XR inhibition and MMP modulation.

Different time‑course and modulation 
of neurotrophin receptor expression

Neurotrophins strictly interact with the purinergic and MMP 
systems, and play a key role in spinal cord remodeling after 
lesions and maladaptive plasticity (Cirillo et al. 2010, 2012; 
Virtuoso et al. 2020; Mishra et al. 2006). We show here 
that the expression of TrkA, the NGF high-affinity receptor, 
was significantly increased 8 days following SNI (0.5 ± 0.06, 
p ≤ 0.01) and dramatically reduced after treatment with 
oxATP (0.16 ± 0.01) or oxATP + GM6001 (0.18 ± 0.04) 
(p ≤ 0.001) (Fig. 3a–c). No changes were detected on day 3.

WB analysis of p75 expression, the NGF low-affinity 
receptor, demonstrated two patterns: the first, at day 3, 
showing upregulation after SNI (0.39 ± 0.04), compared 
to CTR values (0.22 ± 0.02) p ≤ 0.01), and after treatment 
with oxATP for 3 days (0.58 ± 0.03, p ≤ 0.01) and down-
regulation after the combined treatment with oxATP and 
GM6001 (0.29 ± 0.05, p ≤ 0.05) (Fig. 3a–d). The second, at 
day 8, showed an increased expression after treatment with 
oxATP (0.69 ± 0.1) and oxATP + GM6001 (0.8 ± 0.1), com-
pared to the values in the CTR (0.24 ± 0.07) and SNI groups 
(0.18 ± 0.04) (p ≤ 0.01) (Fig. 3a–d).

These data were confirmed by densitometric analy-
sis of IF sections of the dorsal horn of the spinal cord 
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Fig. 1   Spinal reactive gliosis following SNI and modulation by 
purinergic and MMP inhibition. a Low (×10) and high (×20) mag-
nification representative images of immunofluorescence stain-
ing for Iba1 and GFAP in the dorsal horn of lumbar spinal cord in 
sham-operated (CTR) SNI animals, and after treatment with oxATP 

or oxATP + GM6001 (GM) for 8  days. Scale bar 50  μm. b, c Den-
sitometric quantitation. Data shown as the mean ± SEM (*p ≤ 0.05; 
***p ≤ 0.001; one-way ANOVA and post hoc Holm-Šídák correction 
for multiple pairwise comparisons)
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Fig. 2   a Representative immunoblot of Iba1, GFAP, and HDAC2 
in the lumbar spinal cord from sham-operated (CTR) SNI animals 
treated with oxATP or oxATP + GM6001(GM) for 3 or 8 days. b−d 
Corresponding quantitation of Iba1, GFAP, and HDAC2 immunob-

lots, normalized in relation to β-actin. Data expressed as mean ± SEM 
(**p ≤ 0.01; ***p ≤ 0.001; one-way ANOVA followed by post hoc 
Holm-Šídák correction for multiple pairwise comparisons)

Fig. 3   Modulation of purinergic and NGFR expression following 
SNI and treatments with oxATP or oxATP + GM6001 (GM). a Rep-
resentative immunoblot of P2X4R, TrkA, and p75 receptors in the 
lumbar spinal cord from sham-operated (CTR) SNI animals treated 
with oxATP or oxATP + GM6001 (GM) for 3 or 8  days. b−d Cor-

responding quantitation of P2X4, TrkA, and p75 receptor immunob-
lots normalized in relation to β-actin. Data expressed as mean ± SEM 
(*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; one-way ANOVA followed by 
post hoc Holm-Šídák correction for multiple pairwise comparisons)
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(Fig.  4). The expression of TrkA was increased in 
SNI animals (2.64 ± 0.3) compared to the CTR group 
(1.20 ± 0.06, p ≤ 0.001) and downregulated to control val-
ues after treatment for 8 days with oxATP (1.45 ± 0.05) 
or oxATP + GM6001 (1.41 ± 0.07, p ≤ 0.001) (Fig. 4a, 
b). As showed by WB analysis, the expression of the p75 
receptor, not conditioned by nerve injury (1.57 ± 0.05) and 
unchanged if compared to CTR animals (1.49 ± 0.08), was 
significantly upregulated by 8 days treatment with oxATP 
(2.0 ± 0.1) and oxATP + GM6001 (2.9 ± 0.2, p ≤ 0.001).

Taken together, these findings highlight a peculiar 
time-course and prompt to hypothesize distinct roles of 
the high- and low-affinity NGF receptors in the spinal 
cord following nerve injury, differently modulated by the 
purinergic and MMP systems.

Discussion

Substantial modifications occur in the CNS following 
peripheral nerve injury, which exceeds the neuropathic 
behavior-phenotype and are strictly related to morpho-
functional cell features, types of injury, and time course of 
response (Virtuoso et al. 2019, 2020; Weng et al. 2020). 
However, interactions between glial cells and neurons 
through the neural extracellular matrix drive the pathologi-
cal changes after the nerve damage (Zhao et al. 2017).

In the present study, we used the SNI model to evalu-
ate the spinal cord remodeling after nerve injury and after 
3 or 8 days of treatment with oxATP alone (an antagonist 
of the purinergic system) or in combination with GM6001, 
an inhibitor of the MMPs. Modifications in the spinal cord 
are closely related to the time after injury, highlighting the 

Fig. 4   a Representative immunofluorescence pictures of TrkA/p75 
receptor expression in the dorsal horn spinal cord after SNI and 
after treatment with oxATP or oxATP + GM6001 (GM) for 8  days. 

Scale bar 100  μm. b−c Densitometric quantitation. Data shown as 
mean ± SEM (*p ≤ 0.05; ***p ≤ 0.001; one-way ANOVA followed by 
post hoc Holm-Šídák correction for multiple pairwise comparisons)
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relevance of the temporal intervals for therapeutical inter-
vention (Weng et al. 2020; Kawasaki et al. 2008).

Anti-inflammatory and anti-reactive gliosis activity of 
oxATP and GM6001 treatment has been previously reported 
by our group (Cirillo et al. 2011, 2012, 2015, 2016; Virtuoso 
et al. 2020): here we aimed to examine the expression of key 
pivotal proteins in the neuroinflammatory and neurotrophic 
networks that could support their interactions. Reactive glio-
sis induced by SNI, starting from day 3 after injury, was 
reduced by oxATP injection for 8 days, as showed by Iba1 
and GFAP expression. Interestingly, oxATP was ineffective 
in reducing glial activation after 3 days, even in combina-
tion with GM6001. While oxATP treatment reduced both 
microglial and astrocytic response, the combined treatment 
with GM6001 was only effective in reducing microglial but 
not astrocytic activation (Figs. 1, 2). In the early phases 
after SNI, glial activation seems not to be modulated by the 
treatment with both drugs, as we also previously demon-
strated with GM6001 alone (Virtuoso et al. 2020). Moreo-
ver, the combination of the two compounds did not have 
the expected synergistic effects, but reduced the long-term 
efficacy of MMP inhibition on astrocytic reaction (Virtuoso 
et al. 2020). Altogether, these data suggest that the early 
modulation of glial activation is somehow independent by 
both ECM remodeling and purinergic signaling. The simul-
taneous administration of these two compounds has not 
shown the expected positive combinatory effects, even in 
later stages, being potentially detrimental. The latter evi-
dence cannot be justified by the presented results but can 
depend on limiting factors that are common to the signaling 
pathways of both drugs. The similar activity of these two 
drugs on the expression of p75, TrkA, and HDAC2 that we 
observed in this and previous experiments (Virtuoso et al. 
2020; Cirillo et al. 2012) could represent part of the explana-
tion. Moreover, P2X4R has been mainly associated with the 
activation of microglial cells and their neuroinflammatory 
reaction following injury (Zhang et al. 2008; Tsuda et al. 
2017). As shown in Figs. 2 and 3, activation of microglia 
(Iba1 increase) was documented 3 days after nerve injury, 
peaked at day 8, and is paralleled by an increase in P2X4R 
that contributes to further activation, proliferation, and/or 
migration of microglial cells from the closer laminae in the 
cord. Accordingly, we demonstrated a significant decrease 
in P2X4R expression after treatment for 8 days with oxATP 
and oxATP + GM6001 (Fig.  3). P2X4R levels, already 
measured with GM6001 interference alone, had the same 
characteristic course (Virtuoso et al. 2020). Interestingly, 
the administration of valproic acid, an HDAC inhibitor, also 
affects the levels and expression of this receptor (Lu et al. 
2013; Lee et al. 2012). P2X7R, in contrast, was found to be 
modulated by OxATP treatment as well (Cirillo et al. 2015).

Morpho-functional, adaptive, and maladaptive changes 
to external insult and inflammation also drive epigenetic 

changes. In particular, the epigenetic regulation of tran-
scriptional programs in the dorsal horn after peripheral 
nerve injury is cell-specific and depends on multiple factors. 
Among many other factors, histone deacetylases (HDACs) 
or demethylases (KDMs) of lysine residues regulate chro-
matin access to transcriptional factors with repression or 
activation of specific genes (Jih et al. 2017). While HDAC1 
protein expression was not modified, HDAC2 was promptly 
upregulated after nerve injury, suggesting distinct roles in 
epigenetic changes (Gonneaud et al. 2019). Although the 
exact mechanisms are unknown, the increase in HDAC2 
1 week after the nerve injury might be related to astro-
cytic response and may inhibit astrocytic gene expression 
in neuropathic pain states (Maiarù et al. 2016). Our group 
has demonstrated a link between NGF and MMPs, medi-
ated by the cleavage of pro-NGF and the interactions with 
both the high- (TrkA) and the low-affinity (p75) receptors 
(Cirillo et al. 2012; Papa et al. 2014). Moreover, there was 
a modulatory effect of P2XR interference on the spinal cord 
neuroglial plasticity following SNI (Cirillo et al. 2015). 
The effects of MMP and purinergic inhibition pathways, 
as observed for GM6001 administration alone in a previ-
ous experiment (Virtuoso et al. 2020), could have common 
effects on HDAC modification. Here we found that HDAC2 
expression was modulated by both purinergic (with oxATP) 
and MMP antagonism by GM6001 (Fig. 2). The modulation 
of histone acetylation is a common pathway of both treat-
ments even if the putative intracellular signaling has not yet 
been elucidated (Virtuoso et al. 2020). Remarkably, admin-
istration of the HDAC inhibitor valproic acid significantly 
reduced not only P2X4R expression on microglia but also 
spinal MMP9 levels and improved rat recovery after spinal 
cord/peripheral nerve injury (Lu et al. 2013; Lee et al. 2012).

Neurotrophic support is determinant for the suitable 
activity of the neural circuitry, especially after injury (Inoue 
and Tsuda 2012; Martorana et al. 2018). While inhibition of 
MMPs changes the availability of neurotrophins modulating 
their activation (from precursors to the active forms) or deg-
radation (Cirillo et al. 2011, 2016), P2XR modulation can 
prevent MMP activation or affect precursor neurotransmitter 
release and NGF signaling (Yang et al. 2016; D’Ambrosi 
et al. 2001; Sáez-Orellana et al. 2015). The two NGF recep-
tors (TrkA and p75) have demonstrated opposite biological 
effects, among others, the first being involved in survival and 
the second in neural death (Blöchl and Blöchl 2007; Ritala 
et al. 2022; Chao 2003). Accordingly, expression analysis of 
NGF receptors showed upregulation of TrkA following SNI 
and downregulation after treatment with oxATP alone and 
in combination with GM6001 for 8 days. In contrast, p75 
was upregulated early by SNI and oxATP treatment, whilst 
co-treatment with GM6001 reduced the expression at day 
3 and increased its expression at day 8. We hypothesize a 
distinctive modulation of NGF receptor expression: TrkA 
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decrease could be the adaptive response of NGF matrisome 
enrichment, while p75 can generate pro-survival or pro-
apoptotic signals depending on co-receptors and different 
intracellular pathways in neuronal and glial cells (Blöchl 
and Blöchl 2007; Inoue and Tsuda 2012).

In conclusion, this work analyzed the expression of key 
molecules in the matrix-neuroglial network and the impact 
of the purinergic and MMP inhibition in the spinal cord fol-
lowing peripheral nerve injury (PNI). The resulting data 
suggest complex protein interconnections, which are not 
passively influenced by epigenetics but actively contribute 
to modifying the transcriptomics machinery. Purinergic and 
MMP inhibition affected cellular/matrix balance at various 
levels, suggesting a connection between the extracellular 
matrix and the chromatin rearrangement. The relations 
between P2XRs, MMPs, and their modulation in the spi-
nal cord after SNI are summarized in Fig. 5 and need to 
be further studied in future experiments. These may help 
to identify targeted treatment in neurological diseases with 
benefits for neuroprotection, spinal plasticity, and functional 
recovery.
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