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Abstract 

Anticancer therapy based on the repeated administration of oxaliplatin is limited by the 

development of a neuropathic syndrome difficult to treat. Oxaliplatin neurotoxicity is based on 

complex nervous mechanisms, the comprehension of the role of single neurotransmitters and the 

knowledge of the signal flow among cells is matter of importance to improve therapeutic chances. 

In  a rat model of oxaliplatin-induced neuropathy, we report increased P2X7-evoked glutamate 

release from cerebrocortical synaptosomes. The release was abolished by the P2X7 receptor 

(P2X7R) antagonists Brilliant-Blue-G (BBG) and A-438079, and significantly reduced by 

Carbenoxolone and the Pannexin 1 (Panx1) selective inhibitors Erioglaucine and 10Panx suggesting 

the recruitment of Panx1. Aimed to evaluate the significance of P2X7R-Panx1 system activation in 

pain generated by oxaliplatin, pharmacological modulators were spinally infused by intrathecal 

catheteter in oxaliplatin-treated animals. BBG, Erioglaucine and 10Panx reverted oxaliplatin-

dependent pain. Finally, the influence of the P2X7R-Panx1 system blockade on oxaliplatin 

anticancer activity was evaluated on the human colon cancer cell line HT-29. Prevention of HT-29 

apoptosis and mortality was dependent by kind and concentration of P2X7R antagonists. On the 

contrary, the inhibition of Panx1 did not alter oxaliplatin lethality in tumor cells.  

It is concluded that glutamate release dependent on P2X7R is increased in cerebrocortical nerve 

terminals from oxaliplatin-treated rats; the increase is mediated by functional recruitment of Panx1; 

P2X7R antagonists and Panx1 inhibitors revert oxaliplatin-induced neuropathic pain; Panx1 

inhibitors do not alter the oxaliplatin-induced mortality of cancer cells HT-29. The inhibition of 

Panx1 channel is suggested as a new and safe pharmacological target. 

 

Keywords: chemotherapy-induced neuropathy; oxaliplatin; P2X7; Pannexin 1; synaptosome 
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1. Introduction 

Neuropathic pain evolves from the physiological role of nociceptive pain to pathological aspects 

depending on the complex response of the nervous system to a lesion or disease of its 

somatosensory component. Electrical, molecular and cellular activity participate in sensitizing 

nervous circuits of periphery, dorsal horn as well as anterior cingulate gyrus, prefrontal cortex, 

amygdala, and periaqueductal gray leading to pain-mediating signals [52]. The maladaptive 

plasticity of the central nervous system (CNS) assumes increasing evidence in the pathophysiology 

of chemotherapy-induced neuropathies [19,49], a peculiar iatrogenic damage of the nervous tissue 

that results in therapy dose reduction or discontinuation and negatively influences quality of life on 

cancer survivors [29]. 

ATP is recognized as one of the keys for the relay of sensory information from the periphery to the 

CNS [10]. Both sensory neurons and glial cells inside and outside of the CNS release ATP to affect 

surrounding cells [45]. Accumulated evidence indicates that ATP and its purine receptors are 

involved in the regulation of neuropathic pain [12,51]. Among the ATP-gated ionotropic P2X 

receptors the P2X7 subtype (P2X7R) plays a central role in glial/neuron crosstalk [8,47]. Functional 

P2X7Rs are found on different nerve terminals [39,47]. In CNS glutamatergic neurons [5,47], 

P2X7R triggers the release of glutamate, a neurotransmitter crucially involved in the central 

sensitization and in the related changes in the properties of central neurons [36]. 

P2X7R exhibits peculiar physiological and pharmacological characteristics [45]. Differently from 

the micromolar affinity for ATP shown by the other family members, P2X7R is activated by high 

concentrations of ATP (>100 µM), further its prolonged exposure to ATP causes the formation of a 

reversible plasma membrane pore permeable to hydrophilic solutes up to 900 Da [45]. The large 

pore is either formed by P2X7 itself in a process termed pore dilation [10] or as a result of 

recruitment and activation of Pannexin 1 (Panx1) [22,42].  

Aimed to study the role of P2X7R-Panx1 system in chemotherapy-induced neuropathic pain, the 

pharmacological analysis of glutamate release from nerve terminals was performed in the cerebral 
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cortex of oxaliplatin-treated rats. P2X7R-Panx1 modulation was evaluated as pain reliever focusing 

on molecules that not interfere with oxaliplatin antitumor mechanisms. 

 

 

2. Materials and Methods 

2.1 Animals 

For all the experiments described below, male Sprague-Dawley rats (Harlan, Varese, Italy) 

weighing approximately 200-250 g at the beginning of the experimental procedure, were used. 

Animals were housed in CeSAL (Centro Stabulazione Animali da Laboratorio, University of 

Florence) and used at least one week after their arrival. Four rats were housed per cage (size 26 × 41 

cm); animals were fed a standard laboratory diet and tap water ad libitum, and kept at 23 ± 1°C with 

a 12 h light/dark cycle, light at 7 a.m. All animal manipulations were carried out according to the 

European Community guidelines for animal care (DL 116/92, application of the European 

Communities Council Directive of 24 November 1986 (86/609/EEC). The ethical policy of the 

University of Florence complies with the Guide for the Care and Use of Laboratory Animals of the 

US National Institutes of Health (NIH Publication No. 85-23, revised 1996; University of Florence 

assurance number: A5278-01). Formal approval to conduct the experiments described was obtained 

from the Italian Ministry of Health (N°54/2014-B) and from the Animal Subjects Review Board of 

the University of Florence. Experiments involving animals have been reported according to 

ARRIVE guideline [32]. All efforts were made to minimize animal suffering and to reduce the 

number of animals used. 

 

2.2 Intrathecal catheterization 

Rats were anesthetized with 2% isoflurane and intrathecal catheter was surgically implanted 

according to [52]. Rats were shaved on the back of the neck and placed in the stereotaxic frame 

with the head securely held between ear bars. The skin over the nap of the neck was cleaned with 
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ethyl alcohol and incised for 1 cm. The muscle on either side of the external occipital crest was 

detached and retracted to expose about 3-4 mm2 of the atlanto-occipital membrane. The membrane 

was incised by a needle, which led to the escape of cerebrospinal fluid. The caudal edge of the cut 

was lifted and about 7.0 cm of 28G polyurethane catheter (0.36 mm outer diameter; 0.18 mm inner 

diameter; Alzet, USA) was gently inserted into the intrathecal space in the midline, dorsal to the 

spinal cord until the lumbar enlargement. The exit end of the catheter was connected to 4.0 cm 

polyurethane (0.84 mm outer diameter; 0.36 mm inner diameter) and was taken out through the 

skin, flushed with saline solution, sealed  and securely fixed on the back of the head with a silk 

wire. All animals used during behavioral tests did not shown motor impairment induced by surgical 

operation for the catheter implantation. The evaluation of potential motor dysfunctions were 

investigated using Rota rod test. The animals who represented any kind of motor disability were 

excluded from the behavioral measurements. 

 

2.3 Oxaliplatin model 

Oxaliplatin treatment started 4 days after the surgical procedure for the spinal catheter implantation. 

Rats were treated with 2.4 mg kg-1 oxaliplatin (Sequoia Research Products, Pangbourne, UK), 

administered intraperitoneally (i.p.) for 5 consecutive days every week for 2 weeks (10 i.p. 

injections) [14,19]. Oxaliplatin was dissolved in a 5% glucose-water solution. The model used for 

the present research is consistent with the clinical practice [14,59]. 

 

2.4 Preparation of purified nerve terminals 

Purified nerve terminals (synaptosomes) were prepared from the cerebral cortex of oxaliplatin-

treated (and vehicle-treated) rats on day 15 of treatment, as previously reported [39]. Briefly, the 

cerebral cortex was rapidly removed and placed in ice-cold medium, then homogenized in 0.32 mM 

sucrose with Tris–HCl, pH 7.4, using a glass-Teflon tissue grinder (clearance 0.25 mm). The 

homogenate was centrifuged (5 min, 4°C, 1000 g) to remove nuclei and debris; the supernatant was 
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stratified on a discontinuous Percoll gradient (2%, 6%, 10%, and 20% v/v in Tris-buffered sucrose) 

and centrifuged at 33500 g (5 min). The layer containing synaptosomes (between 10% and 20% 

Percoll) was collected and washed by centrifugation; synaptosomes were then suspended in HEPES 

medium (mM: NaCl 128, KCl 2.4, MgSO4 1.2, KH2PO4 1.2, CaCl2 1.0, and HEPES 10 with 

glucose 10, pH 7.4). 

 

2.5 Glutamate release from superfused synaptosomes  

Glutamate release was studied by measuring tritium efflux from synaptosomes pre-labeled with 

[3H]D-aspartate (Amersham Radiochemical Centre, Buckinghamshire, UK (see [2,15,39]). Briefly, 

synaptosomes were incubated (15 min, 37°C) with [3H]D-aspartate (0.03 µM), transferred to 

parallel superfusion chambers at 37°C and superfused (0.5 ml/min) with standard medium. After 33 

min superfusion, superfusate fractions were collected (3-min samples) till the end of the 

experiment; after 38 min superfusion, synaptosomes were exposed (120 s) to 2’ -3’ -O-

(benzoylbenzoyl) ATP (BzATP; Sigma-Aldrich, Milan, Italy). The effect of Brilliant Blue G (BBG; 

Sigma-Aldrich, Milan, Italy), A-438079 (Tocris Bioscience, Bristol, UK), Carbenoxolone (Sigma-

Aldrich, Milan, Italy), Brilliant Blue FCF (Erioglaucine; Sigma-Aldrich, Milan, Italy) or 10Panx 

(Trp-Arg-Gln-Ala-Ala-Phe-Val-Asp-Ser-Tyr; WRQAAFVDSY; Proteogenix, Schiltigheim, France) 

was evaluated by adding the drug 8 min before BzATP. The radioactivity in synaptosomes and 

superfusate fractions was determined by liquid scintillation counting at the end of superfusion. The 

radioactivity released in each fraction was calculated as a percentage of the synaptosomal tritium 

content at the start of the respective collection period (fractional efflux). The BzATP-evoked release 

(overflow) in the presence or absence of antagonists was calculated by subtracting the basal efflux 

from the total tritium released in the fractions collected during and after stimulation. In each 

experiment at least one chamber was used as a control for each condition and was superfused with 

standard medium or with medium appropriately modified. 

When possible, drugs were dissolved in distilled water or in physiological medium. 10Panx was 
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dissolved in 1% DMSO to obtain 1 mM solution and then diluted in physiological medium at final 

concentration. 

 

2.6 In vivo pharmacological treatments 

BBG and Erioglaucine were dissolved in sterile saline solution. 10Panx was dissolved in 1% DMSO 

to obtain 1 mM solution and then diluted in sterile saline solution to obtain the final concentrations. 

Behavioral measurements were performed on day 15 of oxaliplatin treatment after the intrathecal 

(i.t.) infusion of 0.01 – 1 nmol BBG, 0.01 – 1 nmol Erioglaucine and 0.01 – 10 10Panx. All 

compounds were infused in a final volume of 10 µl. Control animals received equivalent volumes 

of vehicles. The i.t. route of administration was used for all compounds in order to compare the 

effects induced by BBG and Erioglaucine with those of 10Panx (unable to cross the blood brain 

barrier) and to specifically evaluate their central properties. 

 

2.7 Paw-pressure test 

The nociceptive threshold in the rat was determined with an analgesimeter (Ugo Basile, Varese, 

Italy), according to a previously published method [37]. Briefly, a constantly increasing pressure 

was applied to a small area of the dorsal surface of the hind paw using a blunt conical probe by a 

mechanical device. Mechanical pressure was increased until vocalization or a withdrawal reflex 

occurred while rats were lightly restrained. Vocalization or withdrawal reflex thresholds were 

expressed in grams. Rats scoring below 40 g or over 75 g during the test before drug administration 

were rejected (25%). For analgesia measures, mechanical pressure application was stopped at 120 g. 

 

2.8 Von Frey test  

The animals were placed in 20 cm × 20 cm Plexiglas boxes equipped with a metallic mesh floor, 20 

cm above the bench. Animals were allowed to habituate themselves to their enviroment for 15 min 

before the test. An electronic Von Frey hair unit (Ugo Basile, Varese, Italy) was used: the 
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withdrawal threshold was evaluated by applying forces ranging from 0 to 50 g with a 0.2 g 

accuracy. Punctuate stimulus was delivered to the mid-plantar area of each anterior paw from below 

the mesh floor through a plastic tip and the withdrawal threshold was automatically displayed on 

the screen. The paw sensitivity threshold was defined as the minimum force required to elicit a 

robust and immediate withdrawal reflex of the paw. The anterior paw was chosen as the more 

valuable to unmask an altered sensitivity to this test [20]. Voluntary movements associated with 

locomotion were not considered as a withdrawal response. Stimuli were applied to each anterior 

paw at 5 s intervals. Measurements were repeated 5 times and the final value was obtained by 

averaging the 5 measurements [44]. 

 

2.9 Cold plate test 

The animals were placed in a stainless box (12 cm × 20 cm × 10 cm) with a cold plate as floor.  The 

temperature of the cold plate was kept constant at 4°C ± 1°C. Pain-related behaviors (i.e. lifting and 

licking of the hind paw) were observed and the time (s) of the first sign was recorded. The cut-off 

time of the latency of paw lifting or licking was set at 60 s. 

 

2.10 EON test  

The neurological examination consisted of all 6 tests as developed and described by [27]. The score 

assigned to each rat at the completion of the evaluation equals the sum of all 6 test scores: (1) 

spontaneous activity; (2) symmetry in the movement of 4 limbs; (3) forepaw outstretching; (4) 

climbing; (5) body proprioception; and (6) response to vibrissae touch. Of the 6 tests, 3 have a 

minimum score of 1 and 3 have a minimum score of 0, and all 6 tests have a maximum score of 3. 

Thus, the final minimum score is 3 and the maximum is 18. The test was performed 30 and 60 min 

after administration. 
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2.11 Irwin test 

This test consists of evaluation of behavioral, autonomic, and neurological manifestations produced 

by compound administration in rats: motor displacement, motor reflexes, stereotypies, grooming, 

reaction to painful or environmental stimuli (analgesia, irritability), startle response, secretions, 

excretions, respiratory movements, skin color and temperature, piloerection, exophthalmos, eyelid 

and corneal reflexes, muscle tone, ataxia, tremors, head twitches, jumps, convulsions, Straub tail, 

and other signs or symptoms. For postural reflexes (righting reflex) and other signs such as 

piloerection, exophthalmia (exaggerated protrusion of the eyeball), ataxia, tremors, and Straub tail, 

only presence or absence was recorded. Skin color was evaluated qualitatively (pale, red or purple); 

other signs were evaluated semiquantitatively, according to the observer’s personal scale (0 to +4, 

−4 to 0, or −4 to +4). The terms sedation and excitation express the final interpretation of a group of 

signs: reduced motor activity, reduced startle response, eyelid ptosis, and reduced response to 

manual manipulation, for the former; and increased motor activity, increased startle response, 

increased response to manual manipulation, and exophthalmia, for the latter. Hyperactivity includes 

running, jumps, and attempts to escape from the container. The animals were placed in transparent 

cages (26 x 41 cm). The total observation period was 2 hour, beginning 15 minutes after 

administrations (saline or compound). Trained observers not informed about the specific treatment 

of each animal group carried out this test.  

 

2.12 Rota-rod test 

The Rota-rod apparatus (Ugo Basile, Varese, Italy) consisted of a base platform and a rotating rod 

with a diameter of 6 cm and a non-slippery surface. The rod was placed at a height of 25 cm from 

the base. The rod, 36 cm in length, was divided into 4 equal sections by 5 disks. Thus, up to 4 rats 

were tested simultaneously on the apparatus, with a rod-rotating speed of 10 r.p.m. The integrity of 

motor coordination was assessed on the basis of the time the animals kept their balance on the 
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rotating rod up to a maximum of 10 min (600 s). The number of falls from the rod was also 

measured. After a maximum of 6 falls, the test was suspended and the time was recorded. 

 

2.13 Cell culture and treatments  

The human colon cancer cell line HT-29 was obtained from American Type Culture Collection 

(Rockville, MD). HT-29 were cultured in DMEM high glucose with 20% FBS in 5% CO2 

atmosphere at 37° C. Media contained 2 mM L-glutamine, 1% essential aminoacid mix, 100 IU ml-1 

penicillin and 100 µg ml-1 streptomycin (Sigma, Milan, Italy). HT-29 cells were plated in 96-wells 

cell culture (1.104/well) for MTT assay or in 6-wells cell culture (5.105/well) for caspase 3 activity 

measurements and, 48 h after, treated with oxaliplatin (0-100 µM) for 8 or 48h. Carbenoxolone, 

BBG, Erioglaucine, A-438079 and 10Panx were used in the presence of oxaliplatin for 8 or 48h.The 

chosen concentrations are in accord with previous published data [21,42,48,53] and, as regards 

oxaliplatin, with plasmatic concentration of treated rats [59]. 

 

2.14 Cell viability assay 

HT-29 cell viability was evaluated by the reduction of 3-(4,5-dimethylthiozol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) as an index of mitochondrial compartment functionality. Cells 

were plated into 96-well cell culture plates, and treated after 48 h. Oxaliplatin, at various 

concentrations, was incubated in DMEM in the presence of described compounds for 48. After 

extensive washing, 1 mg/ml MTT was added into each well and incubated for 30 minutes at 37 °C. 

After washing, the formazan crystals were dissolved in 150 µl dimethyl sulfoxide. The absorbance 

was measured at 550 nm. Experiments were performed in quadruplicate on at least three different 

cell batches. 
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2.15 Caspase 3 activity 

HT-29 cells were incubated with 100 µM oxaliplatin in the presence or in the absence of described 

compounds for 8 hours. After treatment cells were scraped in 100 µM lysis buffer (200 mM Tris-

HCl buffer, pH 7.5, containing 2 M NaCl, 20 mM EDTA, and 0.2% Triton X-100). Fifty microliters 

of the supernatants were incubated with 25 µM fluorogenic peptide caspase substrate rhodamine 

110 bis-(N-CBZ-L-aspartyl-L-glutamyl-L-valyl-Laspartic acid amide) (Z-DEVD-R110; Molecular 

Probes) at 25°C for 30 minutes. The amount of cleaved substrate in each sample was measured in a 

96-well plate fluorescent spectrometer (Perkin-Elmer; excitation at 496 nm and emission at 520 

nm). 

 

2.16 Statistic analysis 

Behavioral measurements were performed on 8 rats for each treatment carried out in 2 different 

experimental sets. Results were expressed as means ± s.e.m. and the analysis of variance was 

performed by one way ANOVA. A Bonferroni’s significant difference procedure was used as post-

hoc comparison. P values of less than 0.05 or 0.01 were considered significant. Data were analyzed 

using the “Origin 9” software (OriginLab, Northampton, USA). The area under the curve (AUC) of 

the pain reliever effects was calculated using the “Origin 9” software, evaluating the data from 0 – 

60 min. For release experiments mean ± s.e.m. of the numbers of experiments (n) are indicated 

throughout; significance of the difference was analyzed by the t test, with statistical significance 

being taken at P < 0.05. 

 

 

3. Results 

3.1 Evaluation of P2X7 receptor and Pannexin 1 on glutamate efflux from cerebrocortical nerve 

terminal 

The basal fractional tritium outflow in the first two fractions collected from superfused purified rat 
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cerebrocortical synaptosomes amounted to 0.282 ± 0.023%/min (n = 9) in oxaliplatin-treated rats, 

and to 0.246 ± 0.026%/min (n = 6) in vehicle-treated rats. 

BzATP (100 µM)-evoked tritium overflow was higher from synaptosomes obtained from the 

oxaliplatin-treated with respect to vehicle-treated rats; the P2X7R antagonists BBG (0.1 µM) or A-

438079 (10 µM) counteracted the BzATP (100 µM)-evoked tritium overflow (Figure 1). 

Carbenoxolone (10 µM), a non-selective inhibitor of Panx1 currents (at 1–20 µM; [42,48]) inhibited 

the BzATP-evoked [3H]D-aspartate overflow in oxaliplatin-treated rats, while not affecting the 

[3H]D-aspartate overflow in vehicle rats (Figure 1). Analogously, the Panx1 selective inhibitors 

Erioglaucine (10 µM) and 10Panx (10 µM) inhibited the BzATP-evoked [3H]D-aspartate overflow in 

oxaliplatin-treated rats, while were ineffective in vehicle rats (Figure 1). Addition of BBG, A-

438079, Carbenoxolone, Erioglaucine or 10Panx at the concentrations used did not affect the basal 

efflux of tritium (data not shown).  

 

3.2 Pain threshold measurements 

In the rat, oxaliplatin daily treatments (2.4 mg kg-1) at a clinically relevant dose [59] induce an 

increasing painful condition [19]. On day 15, oxaliplatin induced mechanical hypersensitivity 

revealed by the response to a noxious mechanical stimulus. The weight tolerated on the posterior 

paw, measured by the Paw-pressure test, significantly decreased from the control value of 63.4 ± 

2.2 g (Figure 2) to 43.7 ± 2.9 g for oxaliplatin-treated animals. Increasing doses of the P2X7 

antagonist BBG (0.01 - 1 nmol), administered i.t. at the lumbar level of the spinal cord, reduced 

oxaliplatin-induced hypersensitivity in a dose-dependent manner (Figure 2a). The peak effect was 

measured between 15 and 30 min from infusion for all doses. The lower dose (0.01 nmol) reduced 

oxaliplatin-induced hypersensitivity by about 74%. The maximal effect corresponding to 65.8 ± 0.8 

g was obtained in response to 1 nmol BBG and the pain reliever effect was significant until 60 min 

and vanished 90 min after administration. In Figure 2b the effect the Panx1 inhibitor Erioglaucine is 

shown. After i.t. infusion of 0.01 nmol Erioglaucine decreased mechanical hypersensitivity by about 
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62%. The higher dose (1 nmol) induced a maximal effect corresponding to 65.8 ± 1.1 g (Figure 2b). 

The Panx1 blocking peptide 10Panx was tested in 0.01 – 10 nmol range dose. Fifteen min after the 

injection of the lower dose (0.01 nmol) oxaliplatin-dependent hypersensitivity was decreased by 

72% (Figure 3a). The weight tolerated on the posterior paw increased to 60.4 ± 2.1 g in animals 

treated with 1 nmol 10Panx. Furthermore, 10 nmol 10Panx increased the pain threshold over the 

control value (67.5 ± 2.5 g) showing analgesic effects. The efficacy of 10 nmol 10Panx vanished 90 

min after administration (Figure 3a). The dose response curve to i.t 10Panx expressed as area under 

the curve is shown in the panel b of Figure 3. 10Panx (1 and 10 nmol i.t.) did not alter pain threshold 

of naïve animals as measured by Paw pressure test (Supplementary Table S1). Acute infusion of 

10Panx (1 and 10 nmol i.t.) did not induce behavioral, autonomic and neurological manifestations as 

evaluated by EON and Irwin test (Supplementary Table S2 and Table S3). 

As shown in Figure 4, oxaliplatin caused a lowering of the threshold to mechanical stimuli which 

do not normally provoke pain measurable by the electronic Von Frey apparatus. The withdrawal 

threshold to non-noxious mechanical stimuli was decreased in oxaliplatin-treated animals (day 15) 

from 23.9 ± 0.5 g, vehicle + vehicle, to 16.1 ± 0.1 g, oxaliplatin + vehicle (Figure 4). The acute i.t. 

infusion of 1 nmol BBG and Erioglaucine and 0.1 nmol 10Panx fully reverted pain threshold 

alteration (Figure 4a, b and c; 15 min after administration). 

Oxaliplatin administration also altered the sensitivity to thermal stimuli (Figure 5) inducing  

lowered threshold to cold stimuli which do not normally provoke pain (Cold plate test). The licking 

latency decreased from 21.08 ± 0.4 s (Figure 5; vehicle + vehicle) to 12.8 ± 0.6 s (oxaliplatin + 

vehicle). Acute i.t. administration of 0.01 nmol BBG and Erioglaucine as well as 10Panx 

significantly relieved pain 15 min after treatment. The higher dose tested (1 nmol) for all 

compounds was able to fully normalize pain threshold (Figure 5).   
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3.3 Evaluation of P2X7 receptor and Pannexin 1 modulation on oxaliplatin antitumor effect (HT-29 

cells) 

Aimed at evaluating the potential interaction between P2X7R antagonists or Panx1 blocker and the 

therapeutic property of oxaliplatin, we measured the viability of the human colon cancer cell line 

HT-29. Table 1 shows the lack of influence of Erioglaucine and 10Panx (concentration range 100 

nM - 10 µM) on the concentration-dependent (0.3–100 µM) oxaliplatin lethal effect after 48h 

incubation. BBG did not alter oxaliplatin-induced toxicity till 1 µM. Fifty µM Carbenoxolone 

significantly impaired 300 µM oxaliplatin effect. Compound A-438079 significantly prevented 

oxaliplatin-dependent mortality of HT-29 cells. All tested compounds did not modify oxaliplatin-

induced apoptosis evaluated as caspase 3 activity (Table 2). 

 

 

4. Discussion 

Oxaliplatin is effective in various solid tumours [25,40]. Colorectal cancer is the main target, 

introduced for the management of the advanced stages oxaliplatin is currently the regimen of choice 

for the adjuvant treatment of patients with curative resection of node-positive colon cancer [3,24]. 

The dose-limiting toxicity of this compound is the development of peripheral neuropathy [55] 

related to the total cumulative dose and to the treatment dose-intensity [4]. Although acute 

symptoms typically resolve within a week, cumulative oxaliplatin causes chronic neuropathy in 

approximately 50% of patients receiving doses higher than 1000 mg/m2.  Signs and symptoms of 

chronic neuropathy include pain, paresthesia, hypoesthesia, dysesthesia, and changes in 

proprioception that persist between cycles [36].  

The pathophysiology of oxaliplatin neurotoxicity involves multiple aspects. Molecular damages to 

peripheral nerves and dorsal root ganglia [19] result in decreased cellular metabolism and 

axoplasmatic transport [50]. Despite the oxaliplatin limited ability to cross the blood brain barrier 

(discussed in [21,59]), the CNS appears strongly involved since oxidative damage [21], peroxisome 
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derangement and intracellular signalling alteration have been shown at spinal and supraspinal level 

[19,59]. In the spinal dorsal horn of oxaliplatin-treated mice, Renn and co-workers [49] observed an 

increased activity of wide dynamic range neurons. On the other hand, oxaliplatin induces a 

significant glial cell density increase differently according to cell type, anatomical region and 

treatment time-points revealing a prominent role of astrocytes [19].  

The present research highlights the role of the P2X7R-Panx1 system in neuropathic pain induced by 

oxaliplatin. In the cerebral cortex of oxaliplatin-treated rats, a P2X7R-dependent increase of 

glutamate release was shown in synaptosomes (i.e. in nerve terminals prepared from cerebrocortical 

neurons of the rats exposed to oxaliplatin). P2X7R was described in CNS glutamatergic neurons 

[5,47]; glutamate release may be due to both a Ca2+-dependent exocytotic [2,38,39] and a non-

exocytotic [39] mechanisms modulate by P2X7R. On the other hand, astrocytes are a major source 

of ATP released in response to glutamate acting on their AMPA receptors [54]. Circularly, ATP 

might act on presynaptic P2X7R facilitating glutamate release from the terminals. The widespread 

P2X7R expression [45] allows to hypothesize on a central role of the receptor in the synergy 

between the neural network and the surrounding glial cells to ensure a high level of synaptic 

transmission reinforcing pain signals [8]. The present data agree with the oxaliplatin-dependent 

P2X7R activation observed in cell cultures [41]. 

Interestingly, the present results show that the oxaliplatin-induced glutamate release is prevented by 

the Panx1 inhibitors Carbenoxolone (10 µM; [42,48], erioglaucine [53] and 10Panx, a mimetic 

peptide of the first extracellular loop domain of Panx1 [42]. Panx1 is a vertebrate homolog of the 

invertebrate innexin gap junction proteins [30]. However, Panx1 rarely forms functional gap 

junctions, but acts as a channel that carries ions and signaling molecules between the cytoplasm and 

extracellular space [30]. Panx1 plays a role in releasing ATP and glutamate in nervous cells and can 

be opened at the resting membrane potential by extracellular ATP via P2X7R, especially in 

pathological conditions [34]; long-lasting gating of Panx1 causes aberrant ionic currents and 

dysregulated neuronal firing patterns by increasing Ca2+ entry [34]. Our findings in synaptosomes 
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indicate that in vivo treatment with oxaliplatin induced plastic changes of glutamatergic 

transmission in the cerebral cortex, likely indicating that P2X7 and P2X7R-linked Panx1 

mechanism plasticity might also occur at different levels. In any case, the changes we found in the 

cerebral cortex glutamatergic neurons might indeed contribute to central sensitization of pain. In 

fact, neuropathic pain was reported associated with presynaptic and postsynaptic changes resulting 

in ongoing potentiated excitatory activity at cerebrocortical synapses and descending facilitation 

contributing to enhanced sensory transmission in the spinal cord [6,57,60]. Interestingly, the 

persistent molecular changes that potentiate cerebral cortex glutamatergic transmission in peripheral 

neuropathic injury, have been proposed as potential target mechanisms to guide the treatment of 

neuropathic pain [56]. 

Against this background, we can suggest that the neuronal P2X7R-Panx1 activation cooperates to 

neuropathic pain induced by oxaliplatin. The intrathecal infusion, bypassing the blood-brain barrier, 

of the P2X7R antagonist and the blockers of Panx1 channel dose-dependently relieve oxaliplatin-

dependent alteration of pain threshold (induced by non-noxious stimuli; allodynia-related measures) 

and hypersensitivity (induced by noxious stimuli; hyperalgesia-related measures). The higher doses 

are able to fully control pain. Accordingly, Chessell et al. [17] have shown that P2X7R gene-ablated 

mice do not develop either mechanical allodynia or thermal hyperalgesia after a neuropathic injury. 

On the contrary, normal nociceptive thresholds were unaltered by P2X7 gene deletion suggesting a 

specific contribution of P2X7Rs to states of pathological nociception [17]. Moreover, the 

administration of selective P2X7R antagonists reduces both allodynia and hyperalgesia in several 

animal models of neuropathic and inflammatory pain [7,12]. In neuropathic pain models induced by 

trauma  the efficacy of P2X7R antagonists has been prevalently related to a reduction of cytokine 

release and to the inhibition of microglia [28]. In the oxaliplatin model a different mechanism is 

suggested since the task of spinal microglia cells is limited to the early phase of treatment [19]. The 

role of Panx1 in pain signaling is lesser enquired. Panx1 is considered an important target for 

treatment of neurological disorders, such as stroke and epilepsy [34]; despite the Panx1 involvement 
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in the responses to ATP and glutamate, neurotransmitters strongly related to pain [8,36], few recent 

research only [9,46] establish a relationship between Panx1 and pain. After sural nerve transection 

Panx1 expression levels in spinal cord were not modified in comparison to sham animals. The 

selective Panx1 inhibitor 10Panx and the non specific Carbenoxolone depressed the spinal C-reflex 

wind-up activity induced by peripheral nerve lesion and decreased pain hypersensitivity [9].  

Interestingly, in mice in which P2X7R with defective C-terminal tail have impaired pore formation 

and coupling to Panx1, less allodynia was shown than in mice with the pore-forming P2X7R; in 

humans genetic association between lower pain intensity and hypofunctional P2X7R with low pore-

forming capability was found [46]. It is to note that the P2X7R C-terminal tail was required for the 

receptor function as a pore permeable to glutamate [16] and is involved in the receptor interaction 

with Panx1 [31]. To the best of our knowledge, the present results are the first evidence of the 

involvement of Panx1 in chemotherapy-induced neuropathic pain. Oxaliplatin treatment induces 

Panx1 channel recruitment by P2X7R on the nerve terminals increasing the glutamate release from 

cortical glutamatergic neurons; P2X7R-Panx1 inhibitors i.t. infused at spinal level are able to 

reduce oxaliplatin-dependent pain suggesting that P2X7R-linked Panx1 plasticity may also occur at 

different levels, or the possibility that molecules administered i.t. may exert therapeutic effects on 

supraspinal areas (as recently suggested by [13]). We hypothesize that increased P2X7R/Panx1-

dependent release of glutamate (and consequent glutamate receptor activation) might contribute to 

the increased neuron excitability involved in central sensitization and generation of pain 

hypersensitivity (see [36]). ATP release through Panx1 channel might also be hypothesized [18]. 

Although further investigation at other anatomical levels and cell types (e.g., glial cells) is required 

to a full comprehension of the P2X7R-linked Panx1 mechanisms contributing to oxaliplatin 

neuropathic pain, this response suggests a role of the P2X7R-Panx1 complex in neuron pain-

mediating signals. 
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The Panx1 blockade does not alter the normal pain threshold since 10Panx has not analgesic effect. 

The intrathecal administration of this peptide (0.01 – 10 nmol) does not induce behavioral, 

autonomic or neurological manifestations.  

Finally, the theoretical translation of a new pharmacological target in a therapeutic opportunity for 

chemotherapy-induced neuropathic pain needs the exclusion of interaction with the anticancer 

effect. The P2X7R profile in tumor cell proliferation is debated since there are evidence that 

P2X7R-mediated signal promotes tumor growth in vivo suggesting antagonists as antiproliferative 

compounds [1,23]; on the contrary P2X7-dependent apoptosis seems to be an important mechanism 

to control the development and progression of neoplasia in the mouse [26]. The scarce information 

regarding Panx1 reveal a similar unclear condition, in glioma cells Panx1 showed tumor-

suppressive effects [35] whereas the loss of Panx1 attenuated melanoma progression [43]. In the 

present research, the P2X7R-Panx1 modulators were tested in the oxaliplatin-sensitive human colon 

cancer line HT-29. Panx1 inhibition by the specific blocker 10Panx [42] and by the more recent 

Erioglaucine [53] do not interfere neither with oxaliplatin-induced lethality nor with apoptosis 

activation. Carbenoxolone is safe when the low concentration, able to block Panx1 instead of 

connexin 43 gap junctions [42,48], is used. As regards P2X7R antagonists, A-438079 prevented cell 

mortality induced by oxaliplatin, BBG causes statistically significant inhibition only at the higher 

concentration suggesting a dependence from molecule. None of tested compounds interfere with 

oxaliplatin-induced caspase 3 activation. Nonetheless, in vivo experiments are needed to further 

enquire the safety of P2X7R-Panx1 modulators in cancer conditions. 

The 2014 clinical practical guideline from the American Society of Clinical Oncology states that 

there are no agents recommended for the prevention of chemotherapy-induced neuropathic pain 

[29]. The insufficient information on the molecular basis of the neuropathy is an important limit to 

the development of new treatments. The present results highlight the relevance of P2X7R-Panx1 

complex in the maladaptative response of spinal cord to oxaliplatin neurotoxicity. P2X7R-Panx1 

participates in alteration of neuronal functions leading to central sensitization and pain 
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chronicization. The selective inhibition of Panx1 channel is suggested as new pharmacological 

target for oxaliplatin-induced neuropathic pain relief. 
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Figure legends 

Figure 1. Nerve terminals: glutamate release. Glutamate release evoked by P2X7 receptor 

activation and involvement of pannexin 1. Effect of the P2X7R antagonists A-438079 or BBG and 

of the panx1 inhibitors Carbenoxolone, Erioglaucine or 10Panx on the BzATP-evoked [3H]D-

aspartate overflow from cerebrocortical nerve terminals in vehicle-treated and oxaliplatin-treated 
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rats. Bars represent tritium overflow in the presence of the drugs. BzATP was added for 120 s 

during superfusion; A-438079, BBG, Carbenoxolone, Erioglaucine or 10Panx  was added 8 min 

before the agonist. Data are mean ± s.e.m. of 3–9 independent experiments in triplicate. *P<0.05 vs 

BzATP alone; #P<0.05 vs vehicle-treated. 

 

Figure 2. Pain: mechanical noxious stimuli. Effect of BBG and Erioglaucine on oxaliplatin-induced 

hypersensitivity.  Oxaliplatin (2.4 mg kg-1) was administered i.p. daily for 2 weeks. On day 15 a) 

BBG (0.01 – 1 nmol) and  b) Erioglaucine (0.01 – 1 nmol) were infused in a final volume of 10 µl 

at the lumbar level of the spinal cord by intrathecal catheter. The Paw-pressure test was used to 

measure over time the sensitivity to a mechanical noxious stimulus. Control animals were treated 

with vehicles. The values represent the mean of 8 rats performed in 2 different experimental sets. 

**P<0.01 in comparison to vehicle + vehicle treated rats; ^P<0.05 and ^^P<0.01 in comparison to 

oxaliplatin + vehicle treated rats. 

 

Figure 3. Pain: mechanical noxious stimuli. Effect of 10Panx on oxaliplatin-induced hypersensitivity.  

Oxaliplatin (2.4 mg kg-1) was administered i.p. daily for 2 weeks. a) On day 15 10Panx (0.01 – 10 

nmol) was infused in a final volume of 10 µl at the lumbar level of the spinal cord by intrathecal 

catheter. The Paw-pressure test was used to measure over time the sensitivity to a mechanical 

noxious stimulus. Control animals were treated with vehicles.  b) The Area Under Curve (AUC) 

represents the pain reliever effect induced by intrathecal administration of 10Panx between 0 and 60 

minutes. The values represent the mean of 8 rats performed in 2 different experimental sets. 

**P<0.01 in comparison to vehicle + vehicle treated rats; ^P<0.05 and ^^P<0.01 in comparison to 

oxaliplatin + vehicle treated rats.  

 

Figure 4. Pain: mechanical non-noxious stimuli. Effect of BBG, Erioglaucine and 10Panx on 

oxaliplatin-induced pain threshold alteration.  The Von Frey test was used to measure the pain 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

27 

 

threshold as a response evoked by a non-noxious mechanical stimulus. Oxaliplatin (2.4 mg kg-1) 

was administered i.p. daily for 2 weeks. On day 15, BBG, Erioglaucine and 10Panx were 

intrathecally infused in a final volume of 10 µl at the lumbar level of the spinal cord. Behavioral 

measurements were performed 15 min after the administration of different doses of tested 

compounds. Control animals were treated with vehicles. The values represent the mean of 8 rats 

performed in 2 different experimental sets. **P<0.01 in comparison to vehicle + vehicle treated 

rats; ^P<0.05 and ^^P<0.01 in comparison to oxaliplatin + vehicle treated rats.  

 

Figure 5. Pain: thermal non-noxious stimuli. Effect of BBG, Erioglaucine and 10Panx on 

oxaliplatin-induced pain threshold alteration.  The Cold plate test was used to evaluate the pain 

threshold measuring the latency to pain-related behavior (lifting or licking of the paw). Oxaliplatin 

(2.4 mg kg-1) was administered i.p. daily for 2 weeks. On day 15, BBG, Erioglaucine and 10Panx 

were intrathecally infused in a final volume of 10 µl at the lumbar level of the spinal cord. 

Behavioral measurements were performed 15 min after the administration of different doses of 

tested compounds. Control animals were treated with vehicles. The values represent the mean of 8 

rats performed in 2 different experimental sets. **P<0.01 in comparison to vehicle + vehicle treated 

rats; ^P<0.05 and ^^P<0.01 in comparison to oxaliplatin + vehicle treated rats 
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                                      Table 1. HT-29 cell viability %, 48h 

  Oxaliplatin (µM)  

 0  0.3 1 3 10 30 100 300 

control  100.0 ± 2.4 100.9 ± 2.5 99.5 ± 1.1 94.9 ± 3.7 88.8 ± 1.3* 79.4 ± 1.6* 37.9 ± 3.5* 17.1  ± 1.2* 

Carbenoxolone 
10 µM 

104.4 ± 6.1 100.3 ± 7.1 107.9 ± 3.0 99.8 ± 6.1 83.5 ± 4.1 79.2 ± 4.7 40.5 ± 3.8 20.7 ± 7.1 

Carbenoxolone  
50 µM 

105.9 ± 2.4 101.6 ± 2.9 104.7 ± 3.3 99.5 ± 2.9 90.7 ± 6.2 82.3  ± 3.9 33.7 ± 2.3 32.6 ± 1.1^ 

A-438079  
1 µM 

108.5 ± 5.4 106.8 ± 3.9 108.7 ± 1.7 112.3 ± 1.5^ 114.6 ± 1.6^ 85.9  ± 5.8 41.6 ± 5.7 18.3 ± 1.5 

A-438079  
10 µM 

116.4 ± 3.3^ 118.7 ± 1.4^ 122.4 ± 12.1^ 120.3 ± 8.7^ 115.9 ± 8.9^ 94.6 ± 0.6^ 43.0 ± 6.5 20.2 ± 0.3 

BBG  
100 nM 

100.5 ± 6.7 99.7 ± 2.3 101.5 ± 4.1 90.8 ± 8.6 83.2 ± 8.7 78.5 ± 8.3 41.2 ± 5.9 16.7 ± 1.9 

BBG  
1 µM 

91.9 ± 2.5 96.6 ± 1.8 96.0 ± 3.3 88.9 ± 2.7 81.3 ± 5.7 81.4 ± 7.1 39.5 ± 5.7 14.9 ± 1.9 

BBG  
10 µM 

93.4 ± 6.3 121.6 ± 6.6^ 125.9 ± 4.1^ 123.6 ± 6.2^ 110.3 ± 9.7^ 110.6 ± 6.4^ 76.8 ± 3.9^ 24.9 ± 5.2 

Erioglaucine  
100 nM 

97.4 ± 3.4 98.6 ± 4.8 95.3 ± 4.5 91.2 ± 3.9 85.1 ± 7.7 82.1 ± 3.7 45.9 ± 5.3 17.6 ± 0.8 

Erioglaucine 
1 µM 

101.4 ± 6.8 103.2 ± 2.7 98.5 ± 5.7 95.5 ± 6.2 90.3 ± 4.0 84.4 ± 5.3 30.4 ± 4.6 18.8 ± 1.9 

Erioglaucine 
10 µM 

103.6 ± 3.6 99.0 ± 5.4 104.8 ± 7.1 97.3 ± 4.8 88.5 ± 3.3 73.2 ± 8.1 28.7 ± 3.3 16.0 ± 1.1 

10Panx  
100 µM 

98.5 ± 4.6 102.3 ± 2.0 94.9 ± 0.9 92.1 ± 1.8 89.6 ± 2.3 81.0 ± 2.5 44.2 ± 6.7 22.2 ± 2.4 

10Panx  
200 µM 95.2 ± 1.8 95.1 ± 3.2 92.5 ± 0.3 93.8 ± 0.9 88.7 ± 1.2 79.1 ± 2.4 43.4 ± 6.3 13.9 ± 4.9 

HT-29 cells were treated with increasing concentrations of oxaliplatin (1 - 300 µM) in the presence or in the absence of the described compounds. 

Incubation was allowed for 48h. Cell viability was measured by MTT assay. Control condition was arbitrarily set as 100% and values are 

expressed as the mean ± s.e.m. of three experiments. *P<0.05 in comparison to control (oxaliplatin 0 µM); ^P<0.05 in comparison to the same 

concentration of oxaliplatin in the absence of tested compounds.  
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                                                  Table 2. HT-29 cells, Caspase 3 activity %, 8h 

  
Oxaliplatin 

100 µM 

control  100.0 ± 2.4 132.2 ± 1.8* 

Carbenoxolone 
10 µM 

 131.6 ± 1.8 

Carbenoxolone  
50 µM 

 121.6 ± 5.1 

A-438079  
1 µM 

 125.9 ± 4.7 

A-438079  
10 µM 

 137.1 ± 7.5 

BBG  
100 nM 

 133.1 ± 1.0 

BBG  
1 µM 

 136.9 ± 2.3 

Erioglaucine  
100 nM 

 137.8 ± 3.1 

Erioglaucine  
1 µM 

 140.9 ± 4.3 

10Panx  
100 µM 

 125.2 ± 5.0 

10Panx  
200 µM  145.6 ± 6.8 

HT-29 cells were treated with 100 µM oxaliplatin in the presence 

or in the absence of the described compounds. Incubation was 

allowed for 8h. Apoptosis induction was evaluated by measuring 

Caspase 3 activity. Control condition was arbitrarily set as 100% 

and values are expressed as the mean ± s.e.m. of three 

experiments. *P<0.05 in comparison to control (oxaliplatin 0 µM).  
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Highlights 

• Glutamate release dependent on P2X7 receptor is increased in cerebrocortical nerve 

terminals from oxaliplatin-treated rats; the increase is mediated by functional recruitment of 

Pannexin 1  

• P2X7 receptor antagonist and Pannexin 1 inhibitors revert oxaliplatin-induced neuropathic 

pain 

• Pannexin 1 inhibitors do not alter the oxaliplatin-induced mortality of cancer cells HT-29 
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                Table S1. Effect of 10Panx on normal pain threshold, Paw pressure test 

 Weight (g) 

  min after i.t. treatment 

 pretest  15 30 45 60 90 

vehicle 62.8 ± 1.9 65.1 ± 1.7 63.7 ± 3.0 63.2 ± 2.4 60.3 ± 1.9 63.5 ± 2.1 

10Panx 1 
nmol  

65.5 ± 3.2 60.0 ± 2.8 62.5 ± 1.6 65.4 ± 4.1 64.7 ± 3.8 62.7 ± 2.5 

10Panx 10 
nmol  

61.9 ± 3.3 65.5 ± 2.6 66.0 ± 3.8 62.7 ± 2.2 64.3 ± 1.7 60.8  ± 2.8 

Pain threshold was evaluated by Paw pressure test. 10Panx (1 and 10 nmol) was infused in a final volume of 10 µl at the 

lumbar level of the spinal cord by intrathecal catheter. Measurements were repeated over time in comparison to vehicle-

treated animals. The values represent the mean of 8 rats performed in 2 different experimental set.  
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Table S2. Neurological measurements after 10Panx administration, EON test 

 vehicle i.t. 
10Panx  

1 nmol i.t. 

10Panx  
10 nmol i.t. 

min after 
treatment 

30 60 30 60 30 60 

Spontaneous 
activity 3 3 3 3 3 3 

Symmetry in the 
movement of 4 
limbs 

3 3 3 3 3 3 

Forepaw 
outstretching 3 3 3 3 3 3 

Climbing 3 3 3 3 3 3 

Body 
proprioception 3 3 3 3 3 3 

Response to 
vibrissae touch 3 3 3 3 3 3 

Total 18 18 18 18 18 18 

Neurological examinations were performed by the rat EON test. 10Panx (1 and 10 nmol) was infused  

in a final volume of 10 µl at the lumbar level of the spinal cord by intrathecal catheter. Control group 

was treated with vehicle.  Evaluations were performed 30 and 60 min after administration. Each value 

represents the mean of 8 rats performed in 2 different experimental set. 
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Table S3. Behavioral, autonomic, and neurological manifestations after 10Panx     
administration, Irwin test 

 vehicle i.t. 
10Panx  

1 nmol i.t. 

10Panx  
10 nmol i.t. 

min after 
treatment 30 60 30 60 30 60 

Motor 
displacement 
(0-4) 

4 4 4 4 4 4 

Motor reflexes 
(0-4) 4 4 4 4 4 4 

Stereotypies absent absent absent absent absent absent 

Grooming 
(0-4) 4 4 4 4 4 4 

Reaction to 
painful or 
environmental 
stimuli 
(analgesia, 
irritability) 
(-4 / +4) 

0 0 0 0 0 0 

Startle response 
(-4 / +4) 0 0 0 0 0 0 

Secretions 
(-4 / +4) 0 0 0 0 0 0 

Excretions 
(-4 / +4) 0 0 0 0 0 0 

Respiratory 
movements 
(-4 / +4) 

0 0 0 0 0 0 

Skin color  pale pale pale pale pale pale 

Skin temperature normal normal normal normal normal normal 

Piloerection absent absent absent absent absent absent 

Exophthalmos absent absent absent absent absent absent 

Eyelid and 
corneal reflexes 
(-4 / 0) 

0 0 0 0 0 0 

Muscle tone 
(-4 / +4) 0 0 0 0 0 0 

Ataxia absent absent absent absent absent absent 
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Tremors absent absent absent absent absent absent 

Head twitches 
(0-4) 0 0 0 0 0 0 

Jumps 
(0-4) 0 0 0 0 0 0 

Convulsions 
(0-4) 0 0 0 0 0 0 

Straub tail absent absent absent absent absent absent 

Other signs or 
symptoms absent absent absent absent absent absent 

Irwin test was performed in the rat to evaluate behavioral, autonomic and neurological manifestations 

after 10Panx administration.  10Panx (1 and 10 nmol ) was infused in a final volume of 10 µl at the 

lumbar level of the spinal cord by intrathecal catheter. Control group was treated with vehicle. The 

total observation period was 2 hour, beginning 15 min after administration. The measurements 

recorded after 60 and 120 min are reported. Each value represents the mean of 8 rats performed in 2 

different experimental set. 

 




