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Abstract 

Oxaliplatin has become part of the world-wide standard of care for the 

adjuvant and the palliative treatment of the metastatic colon cancer. However, 

its efficacy is hampered by dose-limiting neurotoxicity, which leads to painful 

sensory neuropathy. Neurotoxicity can be manifested with two distinct 

syndromes: an acute one that onsets shortly after infusion, and a dose-limiting, 

cumulative sensory neuropathy. Paucity of information regarding the molecular 

basis of oxaliplatin-induced neuropathy makes difficult to find new therapeutic 

opportunities. Although alterations have been found in both peripheral and 

central nervous system, the latter is particularly distressed by antineoplastic 

treatment. Neurons and glial cells, in particular astrocytes, strongly react to 

oxaliplatin with a maladaptive response occurring in spinal and supra-spinal 

areas facilitating the chronicization of pain. To note, the relationship between 

neuropathic pain disorders and blood brain barrier (BBB) homeostasis 

alterations has been found. Interestingly, studies on non-human primates and 

rats revealed scarce capacity of the antineoplastic compound to cross the BBB 

after a single injection. The little amount found in the cerebrospinal fluid (CSF) 

could be enough to trigger acute pain sensitization as well as increased 

concentration could be reached after repeated administrations.  

The aim of this study was to evaluate the interference of oxaliplatin with the 

BBB system in a rat model of oxaliplatin-induced neuropathy and in a rat brain 

endothelial cell line (RBE4). As first, the immunofluorescent staining detected 

IgG extravasation and reactive astrocytes in the lumbar blood spinal cord 

barrier (BSCB) of rats daily treated with oxaliplatin (2.4 mg kg-1, i.p) for 14 

days. Moreover, the i.v. injection of 10 kDa dextran texas red revealed 

enhanced permeability of the BBB/BSCB in specific brain and spinal cord 

areas crucially involved in the oxaliplatin-induced neuropathic pain 

sensitization (prefrontal cortex, somatosensory area S1 and lumbar spinal cord) 

after 7 days of chemotherapy treatment. Further, aimed to deeply explore the 

altered machinery of the endothelial compartment of the NVU, RBE4 cells 

were used to set up an in vitro model, which reproduced the vascular wall of 

the BBB. The vitality assay allowed choosing concentrations of oxaliplatin 

(10-30 µM) that slightly affected the RBE4 viability in 8-24 h period of 
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treatment, in order to mimic a damage that does not irreversibly alter the 

endothelial compartment of the NVU.  

Results showed that sub-lethal concentrations were able to alter levels of GRP-

78 (78 kDa glucose-regulated protein) as well as the cytoplasmic calcium 

concentration ([Ca2+]i), thus allowing the hypothesis of endoplasmic reticulum 

impairment. Furthermore, the sub-lethal concentrations of the antineoplastic 

agent activated caspase-3 after 8, 16 and 24 h treatment leaving unchanged 

expression of the pro-apoptotic factor Bax up to 16 h. Extracellular ATP 

concentration was also increased. Finally, the immunofluorescent staining 

revealed derangement of cytoskeleton protein F-actin and relocation of the 

tight junction protein ZO-1.  

In conclusion, our data revealed the involvement of BBB's endothelial 

compartment in the pathophysiology of oxaliplatin-induced neuropathy.  
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1.1 The blood brain barrier  

1.1.1 Anatomy 

All organisms with a developed Central Nervous System (CNS) have a blood 

brain barrier (BBB) (Abbott, 2005).  The BBB is created by the endothelial 

cells that form the wall of the capillaries, both in the brain and in the spinal 

cord of mammals. The surface area of these microvessels constitutes the largest 

interface for blood-brain. Depending on the anatomical region, this surface 

area, is between 150 and 200 cm2 g-1 tissue giving a total area for exchange in 

the brain of between 12 and 18 m2 for the average human adult (Nag and 

Begley, 2005). Even the epithelial cells of the choroid plexus form an interface 

by facing the cerebrospinal fluid, so constituting the blood-cerebrospinal fluid 

barrier (BCSFB). The blood-spinal cord barrier (BSCB) has a similar cellular 

and molecular structure as the BBB; however, specific differences have been 

described. The BSCB for instance contains lower levels of occludin, ZO-1 and 

AJ proteins VE-cadherin and β-catenin. As a result, the barrier is more 

permeable to tracers and pro-inflammatory cytokines. Additionally, BSCB ECs 

express lower levels of P-glycoprotein, the major efflux pump in the BBB. 

Finally, Lower pericyte coverage was shown to correlate with the higher 

permeability of the BSCB in comparison to the BBB (Abbott et al., 2013). 

Besides its barrier function, choroid plexus epithelial cells have a secretory 

function and produce the CSF. The barrier and secretory function of the 

choroid plexus epithelial cells are maintained by the expression of numerous 

transport systems allowing the directed transport of ions and nutrients into the 

CSF and the removal of toxic agents out of the CSF. The third interface is 

provided by the avascular arachnoid epithelium, underlying the dura, and 

completely enclosing the CNS; this completes the seal between the 

extracellular fluids of the central nervous system and that of the rest of the 

body (Abbott et al., 2006). However, since its avascular nature and relatively 

small surface area it does not represent a significant exchange surface area 

between the blood and the CNS (Kandel et al., 2000) (Fig. 1).  

At all three interfaces, the barrier function results from a combination of 

physical barrier (tight junctions (TJs)) between cells reducing flux via the 

intercellular cleft or paracellular pathway, transport barrier (specific transport 
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mechanisms mediating solute flux), and metabolic barrier (enzymes 

metabolizing molecules in transit) (Abbott 2010). 

The barrier function is not fixed, but can be modulated and regulated, both in 

physiology and in pathology (Abbott et al., 2006). 

 

 
Figure 1. Barriers of the brain. The BBB proper barrier (a). The blood-CSF barrier 
(BCSFB) (b). The arachnoid barrier (c) (Abbott et al., 2010). 
 
 
1.1.2 Physiology and functions of BBB 

The barriers have dynamic functions and respond to signals from the blood and 

brain  (Serlin et al., 2015) (see the table below).  

The barriers are permeable gaseous molecules (O2 and CO2 N2, Helium, 

Xenon) and several gaseous anaesthetics. Otherwise, lipids can pass by 

diffusion. Moreover, BBB is permeable to water but solute carriers on apical 

and basal membranes regulate the passage of small solutes. Multidrug 

transporter proteins control the concentration in the CNS of many molecules. 

They are ubiquitous transporters that, by the hydrolysis of ATP, can facilitate 
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the transport into the cell of some molecules and restrict the accumulation in 

the CNS of other molecules. Together with Pgp-like proteins, the multidrug 

transporters limit the access of drugs and other solutes (e.g. bilirubin, 

neurotoxins and the degradation product of haemoglobin) to the brain (Abbott 

and Friedman, 2012). Peptides and proteins exploit adsorptive- and receptor-

mediated transcytosis mechanisms to cross the endothelial layer of the barriers. 

The insulin independent glucose transporter GLUT1 and the other isoforms 

(GLUT3 and GLUT4) actively transport sugars across the BBB, thus 

regulating the glucose uptake into the brain. Furthermore, endothelial cells 

(ECs) express other specific solute carriers to funnel amino acids across the 

lipid layers (Devaskar et al., 1991; Simpson et al., 2001). Ion channels and 

transporters of ECs keep the optimal ionic composition to allow the synaptic 

signalling function. Thanks to these transporters the potassium concentration of 

plasma (4.5 mM) is maintained different from K+ in the CSF and the interstitial 

fluid (2.5 mM). In addition Ca2+, Mg2+ and pH are actively regulated at BBB 

and BSCB levels (Abbott et al., 2010). 

The barriers also regulate the recruitment and entry of leukocytes and innate 

immune elements and involve in both the reactive and surveillance functions of 

CNS immunity. Integrins and adhesion molecules such as ICAM-1 and 

PECAM-1, contribute to the adhesion and/or migration of distinct subsets of 

leukocytes to the CNS (Greenwood et al., 2003).  

 

Table 1. (from Abbott, 2013). 

 

 

1.2 The NeuroVascular Unit 
 
During the last decades, the concept of the BBB has evolved from one of a 

Functions of the blood–brain barrier: 

1. Controls molecular traffic, keeps out toxins (minimises neuronal cell 
death, preserves neural connectivity) 
2. Contributes to ion homeostasis for optimal neural signalling 
3. Maintains low protein environment in CNS, limits proliferation, 
preserves neural connectivity 
4. Separates central and peripheral neurotransmitter pools, reduces 
cross-talk, allows non-synaptic signalling in CNS 
5. Allows immune surveillance and response with minimal 
inflammation and cell damage 



 
 

10 

mere endothelial barrier to a more integrative view in which the BBB is 

regarded a modulatory interface between the blood and the brain. The BBB, in 

this extended form, describes a number of processes that take place in the 

neurovascular unit (NVU). The first concept of NVU was defined by Harder 

(Harder et al., 2002) as a structure formed by mainly neurones, astrocytes, 

basal lamina covered with and pericytes, endothelial cells and extracellular 

matrix (Fig. 2). Each component is linked to each other, establishing an 

anatomical and functional whole, which results in a highly efficient system of 

regulation of cerebral blood flow (Armstead & Raghupathi 2011; Abbott & 

Friedman 2012). This interplay is allowed by gap junctions and adhesion 

molecules, such as cadherins and integrins (Simard et al., 2003; Del Zoppo 

2010; Figley & Stroman, 2011). Gap junctions and ionic channels permit the 

passage of ions such as Ca2+ and K+, as well as the action of neurotransmitters 

such as ATP (Gordon et al., 2007). Neurons and vascular cells, working 

together in concert thanks to their mieleu generate an integrated process, 

known as neurovsascular coupling, which allow brain and spinal cord 

homeostasis by providing the energy demands of neuronal activity via a tight, 

activity-dependent regulation on local blood flow (Serlin et al., 2015). Recent 

findings show that during BBB impairment, vessels improperly respond to 

neuronal impulse (Winkler et al., 2012). Under pathological conditions, the 

physiological neurovascular coupling may fail, and neuronal depolarization 

during seizures or spreading depolarization may be associated with no or 

“inverse coupling” (Serlin et al., 2015). The components of the NVU share the 

same embryonic origin and all of them are susceptible to both vascular 

endothelial growth factor (VEGF) and nerve growth factor (NGF) (Soker et al., 

2002; Sanchez et al., 2013). Furthermore, each component seems to play 

specific roles in the regulation and the maintenance of the NVU homeostasis. 

However, the precise role of each constituent is still poorly understood 

(Kowianski et al. 2013).   

 

1.2.1 Endothelial cells 

ECs of the brain microvasculature have a characteristic phenotype that makes 

them different from ECs located elsewhere (Daneman, 2012). For example, 
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brain ECs, as well as epithelial cells, are polarized components throughout the 

expression of specific transporters and since they are connected by tight 

junctions that interfere with the paracellular transport of molecules and ions 

between cells (Nag, 2011; Daneman, 2012). Moreover, density of mitochondria 

in brain ECs is higher if compared with the peripheral vasculature, thus 

suggesting a major risk of reactive oxygen species (ROS) formation (Nag, 

2011). By a structural point of view, ECs are in contact with astrocytic endfeet 

and pericyte through the basal lamina, forming, with neurons, the NVU 

(Hawkins and Davis, 2005; Stanimirovic and Friedman, 2012). 

Functionally, ECs are important in the maintenance of BBB homeostasis 

thanks to the bidirectional transport across the brain through active efflux 

transport, protein and peptide carriers and ion transporters (Nag, 2011). 

Notably, a highly organized protein structure in ECs composed by adherent 

and tight junctions selectively restrict the passage of polar molecules such as 

amino acids, vitamins and nucleosides monocarboxylic acids (Grammas et al., 

2011; Mokgokong et al., 2014). Importantly, the integrity of tight junctions is 

crucial to prevent the paracellular transport of many molecules and ions, and its 

disruption is associated with pathological events. The cellular and molecular 

properties of brain ECs are essential for maintaining BBB permeability through 

an adequate ionic balance, conservation of the junctional structure and an 

adequate interaction with cells of the NVU (Cabezas et al., 2014).  

To note, the cytoplasmic Ca2+ concentration ([Ca2+]i) of the endothelial layer 

and the extracellular ATP are essential for the balance of the BBB. Preventing 

[Ca2+]i alteration can be useful in the protection of BBB against malfunctioning 

homeostasis (De Bock et al., 2013; Bynoe et al., 2015). On the other hand, 

ATP, acting on purinergic receptors, the metabotropic P2Y receptors and their 

ionotropic P2X counterparts in the endothelial membrane causing TJs 

degradation, via both Ca2+-dependent and Ca2+-independent pathways (Yang et 

al., 2016).  

 

1.2.1.1 Tight Junctions 

ECs of BBB are characterized by a unique phenotype distinguished by the 

presence of TJs and polarized transport systems. Notably, TJs constitute an 
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intercellular complex with three main functions: a barrier to diffusion of polar 

substances, a fence preventing the lateral diffusion of lipids and a base for 

intracellular signalling (Luissint et al., 2012). 

TJs platform of brain ECs is composed by membrane proteins (occludin, 

claudins and junction adhesion molecules (JAMs)), which directly interact with 

cytoplasmic scaffolding proteins such as ZO proteins and other proteins like 

protein kinases and G-proteins (Vorbrodt and Dobrogowska, 2003).  

Occludin (60 kDa) is a tetraspan integral membrane protein. It was the first 

integral protein discovered within the TJ of ECs. As a member of the TJ-

associated marvel proteins (TAMP) uses the cysteine residues of its MARVEL 

transmembrane domain to mediate oligomerization in endothelial cells 

(Ikenouchi et al., 2005). This process is redox-sensitive and contributes to the 

redox-dependence of he TJ complex. In this context, oxidative stress 

conditions induced by inflammation or hypoxia-reoxygenation lead to TJs 

disruption (McCaffrey et al., 2008; Walter et al., 2009). Low extracellular 

electrical resistance and increased paracellular permeability characterize cell 

monolayers, lacking occludins (Zlokovic, 2008). Moreover, dephosphorylation 

of occludins contributes to increased BBB permeability in mice with 

experimental autoimmune encephalomyelitis (EAE), a model of multiple 

sclerosis (Morgan et al., 2007).  

Claudins are a large family of more than 20 members expressed both in 

endothelial and epithelial cells. They form the TJ strand through the 

interactions between two extracellular loop of 2 claudins (Zlokovic, 2008). 

Cludin-3, -5 and -12 are mainly expressed in brain endothelial cells (Wolburg, 

2006). As occludins, even claudins can be degraded by metalloproteinases 

(MMP-2 and MMP-9) after ischemic insult causing BBB disruption (Yang et 

al., 2007). 

Besides occludins and claudins, also the junctional adhesion molecules (JAM), 

even if not essential, have a peculiar role in the TJ assembling and in the 

organization of cell polarity (Bazzoni, 2011). 

TJ transmembrane proteins are linked to the cytoskeletal platform thanks to 

cytoplasmic proteins, which contribute to TJ integrity. Among them, 

membrane-associated guanylate kinase (MAGUK) family (ZO-1, ZO-2 and 

ZO-3) have been widely investigated (Hawkins and Davis, 2005). To note, ZO 
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proteins allow the anchorage of transmembrane TJ proteins to the cytoskeleton 

and drive the correct spatial distribution of claudins via the PDZ domains 

(Fanning et al., 2002). Decreased expression of zonula occludens 1 (ZO-1) in 

brain endothelial cells, during diabetes in rats, has been associated to BBB 

permeability increase. Furthermore, levels of MAGUK proteins can be 

modulated by caveolin-1 activity (Song et al., 2007). 

Aside from transmembrane and cytoplasmic proteins, the cytoskeleton has a 

critical role in the normal formation of the TJ complexes along the BBB. 

Notably, the correct arrangement of actin filaments is fundamental to allow 

proper BBB function. Otherwise, the induction of stress to actin filaments, with 

consequent cytoskeleton reorganization, augments the BBB permeability (Shiu 

et al., 2007). 

 

1.2.1.2 Adherens junctions 

Intermixed with the TJs, the adherens junctions (AJs) are usually found. VE-

cadherin and platelet endothelial cell adhesion molecule 1 (PECAM-1), also 

known as CD31, are the most studied. VE-cadherin are linked to the 

cytoskeleton through the armadillo protein, β-catenin (Bazzoni and Dejana, 

2004). Changes in their expression contribute to increased permeability of 

BBB and to leukocyte migration in the CNS. Intriguingly PECAM-1 is 

fundamental for leukocyte migration across endothelium. Blocking CD-31 in 

brain pathologies characterized by leukocyte infiltration could be potentially of 

benefit (Zlokovic, 2008).   

 

1.2.2 Astrocytes 

Astrocytes are the most common cell type in the mammalian brain, co-forming 

the glia with oligodendrocytes and microglia. Astrocytes are essential for many 

metabolic processes in the brain such as the promotion of neurovascular 

coupling, the attraction of cells through the release of chemokines, K+ 

buffering, release of gliotransmitters, release of glutamate by calcium 

signaling, production of antioxidant compounds like glutathione (GSH), uptake 

of glutamate and γ-aminobutyricacid (GABA)  (Cabezas et al., 2014). 
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Two structural proteins morphologically characterize astroglia: the 

intermediate filaments vimentin (Vim) and glial fibrillary acidic protein 

(GFAP). To note, they are up-regulated under CNS insults, leading a process 

called astrogliosis. Morphologically, astrocytes are characterized by a stellate 

shape with multiple ramifications, and become activated following brain 

injuries, degenerative diseases and chronic pain disorders (Di Cesare Mannelli 

et al., 2013; Hol and Pekny, 2015). 

Two main types of astrocytes have been described in the CNS: protoplasmic 

astrocytes of the grey matter which envelope neuronal bodies and synapses, 

and fibrous astrocytes from the white matter that interact with the nodes of 

Ranvier and oligodendroglia (Cabezas et al., 2014).  

Thanks to their terminals processes, known as endfeet, astrocytes share 

dynamic interaction the brain vasculature surface and neurons. By Ca2+ 

oscillations, astrocytic endfeet control both cerebral blood flow and neuronal 

activity (Zonta et al., 2003; Maragakis and Rothstein, 2006). 

K+ channels and aquaporin 4 (AQP4) expressed on astrocytic endfeet 

partecipate in the regulation of vascular ionic concentrations and protein 

transporters (Nag 2011). Moreover, gap junctions allow the communication 

between neighboring astrocytes, thus forming a functional syncitium with well-

coordinated responses (Alvarez et al., 2013). In this context, this inter-

astroglial gap junctions apparatus has been suggested to regulate vasodilation 

and vasoconstriction of capillaries (Alvarez et al., 2013). Furthermore, 

astrocytes can manage the development and maintenance of BBB 

characteristics in ECs through the release of growth factors like VEGF, glial 

cell line-derived neurotrophic factor (GDNF), basic fibroblast growth factor 

(bFGF), and ANG-1 (Alvarez et al., 2013; Wong et al., 2013). Particularly, 

these growth factors are essential in the polarization of transporters, the 

formation of tight junctions as well as proper neuronal functions (Wong et al., 

2013). On the other hand, during pathological conditions, reactive astrocytes 

alter the normal secretion of factors and other molecules driving vascular 

permeability and CNS damage (Argaw et al., 2009). 

 

1.2.3 Pericytes 
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Pericytes are rounded and isolated cells that are in close contact with 

endothelial cells (Muoio et al., 2014). Morphologically, pericytes tend to be 

aligned with the vessel axis and extend protrusions enwrapping ECs in 

different patterns, along the abluminal surface (Armulik et al., 2010). A 

continuous basal membrane envelops both pericytes and ECs all together, and, 

at the same time, separate pericytes from astrocytic endfeet (Sá-Pereira et al., 

2012). Typically, the ratio between pericytes and endothelial cells is around 1:3 

(Shepro and Morel, 1993). Pericytes can be granular (95% of total pericytes) or 

agranular depending on the presence or the absence of lysosome granules in 

the cytoplasm. Intriguingly, alteration in granular pericytes have been linked to 

amyloid deposition and lipid accumulation suggesting a correlation between 

pericyte alterations and neurodegenerative pathologies such as Alzheimer 

disease (Castejón, 2011). 

Functionally, pericyte are essential in the regulation of the NVU. Their relevant 

functions include stromal regeneration, neovascularization, control of ECs 

proliferation and promotion of neural stem cell properties (Lange et al., 2013). 

The association between pericytes and the other components of the BBB is 

achieved by the secretion of platelet derived growth fator-B (PDGF-B), another 

angiogenic factor such as VEGF, the angiopoietins (Angs) and the 

transforming growth factor-β (TGF-β) (Armulik et al., 2010). For example, 

PDGF-B secreted from ECs binds with the corresponding receptor (PDGFR-B) 

on pericytes, regulating recruitment of pericytes as well as their proliferation 

(Bell et al., 2010; Dalkara et al., 2011; Winkler et al., 2011). To note, it has 

been shown that the activation of PDGFR-B signalling allow both pericytes 

and astrocytes to manage brain vasculogenesis and BBB maintenance 

(Bonkowski et al., 2011). In this context, the interactions between pericytes 

and astrocytes are of greater importance. Together, they preserve and regulate 

the expression of the endothelial TJs like occludin, claudin and ZO-1 (Haseloff 

et al., 2005; Wolburg et al., 2009; Bonkowski et al., 2011). The communication 

between astrocytes and pericytes is important for the brain physiology, 

although further studies are needed in order to better understand the 

contributions of these interactions in the brain pathology. 

Pericytes are contractile and, together with astrocytes, contribute to the 

regulation of blood flow by controlling capillary diameter (Peppiatt et al., 
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2006; Hamilton et al., 2010; Dalkara et al., 2011). In cell culture, pericytes 

selectively express α-smooth muscle actin, which is not expressed in ECs, and 

they do not express neither GFAP, expressed by astrocytes, nor vWF, 

expressed by ECs. Furthermore, studies in mice have suggested that newborn 

capillaries recruit pericytes during the development and since when they get 

function, pericytes are the key for regulate both development of the BBB and 

transport across of the BBB (Armulik et al., 2005, 2010; Daneman et al., 2009, 

2010; Kim et al., 2009). On the other hand, pericytes lost lead to local 

alteration of the blood flow and to BBB leakage (Armulik et al., 2010; Bell et 

al., 2010). 

 

1.2.4 Extracellular Matrix 

The extracellular matrix (ECM) is a crucial structural component of the BBB. 

It anchors the endothelium throughout the interaction between matrix protein 

such as laminin and endothelial integrin receptors.  The ECM is mainly 

composed of proteoglicans, hyaluronic acid, hyaluronan, lecticans and 

tenascins, which permit the paracellular diffusion in the NVU (Wong et al., 

2013). The ECM disruption is strongly associated with the increase of the BBB 

permeability during pathological states. For example, it is well known that, 

during ischemia, that the activation of the matrix metalloproteinases (MMPs) 

MMP2 and MMP9 lead to the basement membrane suffering which in turn 

lead to the neighbor glial activation (Lau et al., 2013). 

 

 

Figure 2. Schematic representation of the NVU and modulation of TJs 
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1.3 BBB under pathological conditions 

Brain disorders and neurological disease caused by meningitis encephalitis, 

traumatic brain injury, Alzheimer’s disease and small vessel disease such as 

diabetes or hypertension may modulate both morphology and function of BBB. 

Recently, it has been suggested that also pain disorders including migraine, 

inflammatory pain and neuropathic pain can trigger change of the BBB 

physiology (Rosenberg, 2012). 

 

1.3.1 BBB and neuropathic pain 

Focusing the attention on pain-induced BBB alterations, one of the first works 

on this field has illustrated that in a model of neuropathic pain, the chronic 

constriction of the sciatic nerve impaired the blood spinal cord barrier (BSCB) 

integrity along with astrocytic activation in the spinal cord (Godh and Sharma, 

2006). In another investigation, the authors found that the application of 

capsaicin to the healthy afferent C-fiber was capable to elicit both BBB and 

BSCB permeability, as assessed by Evans blue dye extravasation, allowing the 

concept that the TRPV1- expressing fibers could be responsible for the 

BBB/BSCB breakdown (Beggs et al., 2010).  

BSCB permeability can be altered even after a partial sciatic nerve ligation, 

where the passage of different sized tracers was prominent in the lumbar than 

in the thoracic spinal cord. Isolated microvessels from the lumbar spinal cord 

parenchyma revealed down regulation of the tight junction proteins ZO-1 and 

occludin (Echeverry et al., 2011). Pain caused by L4 spinal nerve lesions in rat 

models lead to BSCB disruption accompanied by astrocytic activation in the 

gray matter of the lesioned side (Gordh et al., 2006).  

A distinction should be made between BBB “permeabilization” and BBB 

“disruption” in experimental animal models. The term permeabilization refers 

to a transient process with increased permeability but no (or reversible) TJs 

opening or altered efflux transport. On the other hand, the disruption of BBB is 

a long-term often–irreversible phenomenon followed by extravasation of Evans 

blue and albumins in the spinal cord or brain parenchyma (Sharma and 

Sharma, 2010). 
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Neuropathic conditions where the inflammatory component is more expressed 

lead to BBB permeabilization and not to BBB disruption. Both the injection of 

λ-carrageenan and the complete Freund’s adjuvant (CFA) in the hindpaw paw 

of the rat increased the immediate brain uptake of [14C] sucrose and the 

transitory down regulation of ZO-1 in brain microvessels. On the other hand 

Evans blue, injected to assess the BBB integrity, was not found in the CNS 

parenchyma (Huber et al., 2002; Radu et al., 2013). 

Better knowledge of BBB's structural and functional alterations during 

neuropathic pain events could generate new insights into understanding 

pathophysiological mechanisms at the basis of various clinical pain disorders. 

This ultimately would permit the discovery of new and safer remedies for the 

treatment of neuropathic pain. 

In this context, the signalling between astrocytes and endothelial cells is altered 

under pathological conditions (Abbott et al., 2006). However, the overall 

crosstalk within the NVU is altered during pathological alterations. 

 

1.4 Oxaliplatin - use and toxicity 

Colo-rectal cancer (CRC) represents the third most common cancer worldwide 

and it is currently a public health priority (American Cancer Society, 2009). It 

has been estimated that, in 2017, 95520 new cases of colon cancer and 39910 

of rectal cancer will be diagnosed in the United States (Siegel et al., 2016). 

Approximately, 80% of patients are diagnosed at a stage in which the surgery 

is the most common therapeutic modality. The rate of 5-year survival with 

stage II and III colon cancer (respectively 80% and 60%) after surgical 

procedure demonstrates that many patients will have recurrences and will die 

of this pathology (Hayat et al., 2007). However, also patients with CRC and 

treated with adjuvant therapies and surgery show nearly 25% of recurrences 

(Sauer et al., 2004). Between 50s and 90s, fluororacil (5-FU) has been the only 

clinically relevant agent against metastatic CRC. Although 5-FU significantly 

increased the survival and ameliorated the quality of life of patients with CRC, 

treatment with this agent had reached a plateau in efficacy. In this context, the 

introduction of oxaliplatin and irinotecan has changed the management of 

patients with advanced CRC, during the 20 past years. Several combinations of 
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regimens of oxaliplatin and infusional 5-FU/leucovorin (FOLFOX) or 

capecitabine (XELOX) have been developed (Grothey and Goldberg, 2004) 

and actually they appear as important options in the adjuvant treatment of 

colorectal cancer. Notably, the addition of oxaliplatin to 5-fluorouracil (5-FU) 

and leucovorin (LV) proved to be a significant improvement in the treatment of 

metastatic colon cancer (Rothenberg et al., 2003). This combination, called the 

FOLFOX regimen, has become part of the worldwide standard of care for the 

adjuvant and the palliative treatment of the disease (Lonardi et al., 2016).  

The clinical development of oxaliplatin-based regimens started in the 1990s 

and, along the years, several different combinations of 5-FU, leucovorin, and 

oxaliplatin, collectively named FOLFOX, have been studied. De Gremont and 

colleagues found for the first time that this combination, called FOLFOX2, 

produced a response rate (RR) of 46% for patients in whom prior treatment 

with 5-FU and leucovorin alone had failed (de Gramont et al., 1997). 

Following these results, a different regimen with a lower dose of oxaliplatin 

(85 mg/m2) was tested in a clinical trial in order to reduce the neuropathy 

experienced by patients under treatment with the FOLFOX2. However the RR 

registered with FOLFOX3 decreased (20%). Later, a regimen administered 

twice a month also was tested; this regimen consisted of oxaliplatin (85 mg/m2 

on day 1), leucovorin (200 mg/m2 in a 2-hour infusion on days 1 and 2), and 5-

FU (400 mg/m2  bolus and 600 mg/m2 by a 22-hour infusion on days 1 and 2) 

has known as FOLFOX4. The response rate was mildly higher: 23.5%. 

Recently, FOLFOX6 and its modified version (mFOLFOX6) have reached 

general acceptance among oncologist (Allegra et al., 2009; Tournigand et al., 

2004). In mFOLFOX6, oxaliplatin is administered as in FOLFOX4 (85 mg/m2 

on day 1) whereas 5-FU is administered as a bolus (400 mg/m2) on day 1 and 

as a continuous infusion over 46 hours (2400 mg/m2), and leucovorin is given 

on day 1 (400 mg/m2). Subsequently, the FOLFOX7 was developed to 

maximize the dose of oxaliplatin (130 mg/m2) in combination with the 

simplified infusion schedule of 5-FU already used in the FOLFOX6. The 

FOLFOX7 emerged as the regimen with the highest RR (Maindrault-Goebel et 

al., 2001). 

Already used in Europe, the FOLFOX regimens were worldwide accepted as 

first-line treatment for the management of colorectal cancer after the N9741 
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trial, determined the higher efficacy of FOLFOX4 with respect to both 5-FU 

and leucovorin alone and leucovorin “bolus” plus irinotecan (Goldber et al 

2004, de Gramont et al., 2000). Actually, the FOLFOX4 has become the most 

used regimen in the United States, although the FOLFOX7 regimen showed 

higher RR and reduced neurologic and hematologic toxicities. In this context, 

the OPTIMOX study demonstrated that FOLFOX7 and FOLFOX4 had similar 

efficacy if used as first-line option in the treatment of advanced CRC. In 

addition, the OPTIMOX study highlighted that the reintroduction of oxaliplatin 

in patients with stable disease does not compromise survival (de Gramont et 

al., 2004). Furthermore, oxaliplatin has become an essential component of 

adjuvant therapy in patients with metastatic liver lesions from CRC 

(Nordlinger et al., 2008). In an international clinical trial, known as MOSAIC 

trial, Andrè and colleagues determined if the efficacy of oxaliplatin in the 

metastatic environment could translate into benefit in earlier stages (II and III) 

of colon cancer. In this study, FOLFOX4 improved 3-year disease-free 

survival (DFS), compared with 5-FU and leucovorin alone (78.2% vs. 72.9%; 

hazard ratio [HR] 0.77; P = .002). The final results of the MOSAIC trial 

showed also that adding oxaliplatin to the 5-FU and leucovorin backbone 

improved the 5-year DFS (73.3% vs. 67.4%; HR 0.80; P = .003) and 6-year 

overall survival (78.5% vs. 76.0%; HR 0.84; P = .023) in the adjuvant 

treatment of stage II or III colon cancer (Andrè et al., 2004). In conclusion, the 

regimens containing oxaliplatin should be strongly considered in patients in 

whom significant difference in overall survival was found in subgroup analysis 

(Andrè et al., 2009).  

Currently, oxaliplatin represents a valid option for the treatment of several 

gastrointestinal carcinomas and it is indicated for localized oesophageal 

carcinoma (NCCN, 2009). Additionally, the use of platinum derivative 

together with irinotecan and 5-FU has evidenced improved survival in 

advanced pancreatic cancer if compared with single-agent gemcitabin (Conroy 

et al., 2010). 

 

1.4.1 Mechanism of action 
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Oxaliplatin is a diamine cyclohexane (DACH) platinum (Pt) derivative that is 

active in several solid tumour types, especially in some cisplatin-resistant 

cancers (Machover et al., 1997). It belongs to the category of drugs not cell 

cycle specific (CCNS), which are able to interact with tumour cells irrespective 

of the phase of the cell cycle. The mechanism of action of this drug is similar 

to that of the platinum derivative. Firstly, it has to be converted in the active 

aqueous form passing through the mono- and di-chloride forms. Thanks to this 

conformation it can bind the N atoms of the nitrogen bases of DNA, leading to 

apoptosis, as well as it is able to attach the sulfhydryl groups of proteins (Di 

Francesco et al., 2002). Therefore, oxaliplatin irreversibly interact with 

molecules such as methionine (Met), cysteine (Cys) and reduced glutathione 

(GSH). To note, decreased levels of reduced GSH alter the cellular oxidative 

equilibrium. The anti-tumour efficacy of oxaliplatin is mainly due to the 

formation of the adducts DACH-Pt-DNA, that may be created within the same 

filament or between different filaments. These adducts, in turn, deforms the 

DNA structure and subsequently, arrest the synthesis and damage repair 

processes, so contributing to cell death by apoptosis. Since the DACH core, 

oxaliplatin interacts more efficiently with proteins, if compared with other Pt-

derivatives. Lesions induced by oxaliplatin are, therefore, more harmful than 

those caused by cisplatin or carboplatin (Di Francesco et al., 2002). 

 

Figure 3. Hydrolisis of oxaliplatin (Esteban-Fernandez et al., 2010). 

1.4.2 Oxaliplatin-induced neuropathy  

Oxaliplatin is better tolerated than conventional carboplatin/cisplatin-based 

regimen, especially among older patients (Jing et al., 2015). Nonetheless a 
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major limitation to the widespread use of oxaliplatin is represented by its 

neurotoxicity, which leads to sensory neuropathy. The neurotoxicity can 

manifest with distinct syndromes: an acute one that onsets shortly after 

infusion, and a dose-limiting, cumulative sensory neuropathy (Saif and 

Reardon, 2005). The incidence of acute platinum-induced neuropathy ranges 

from 65% to 100%, and the symptoms are usually reversible within hours or 

days. It has been associated with significant peripheral nerve hyper-

excitability, which suggests an immediate pharmacologic rather than structural 

basis for acute symptoms (Webster et al., 2005). It has been suggested that the 

oxaliplatin-induced neurotoxicity could be due at least in part to the neural 

sodium channel dysfunction (Park et al., 2000). The action on a peculiar 

population of sodium channels (calcium-dependent sodium channels) is 

produced by oxalate, a cytotoxic metabolite of the Pt-derivative, which acts as 

calcium chelator (Grolleau et al., 2001). Oxalate alters the intracellular divalent 

cation equilibrium impairing neuronal homeostasis (Gamelin et al., 2002). 

Otherwise, the cumulative neurotoxicity may affect up to 80% of patients 

(Grothey and Goldberg, 2004), causing paresthesia, dysesthesia, pain 

combined with a glove and stocking distribution sensory loss, impairing their 

functional capacity and compromising the treatment plan (Kannarkat et al., 

2007; Wolf et al., 2008). Moreover, prolonged affected proprioception may 

result in ataxic gait (Avan et al., 2015). To note, moderate-severe grade 

neuropathy (grade-3 neuropathy) occurs in up to 30% of patients treated with 

cumulative oxaliplatin doses, ranging from 765 to 1020 mg/m2, and in 50% of 

patients treated with higher doses (Kalofonos et al., 2005; Argyriou et al., 

2007; Land et al., 2007). 

Information regarding the molecular basis of oxaliplatin-induced neuropathy is 

still insufficient. Severe alterations occur in the peripheral nervous system 

(PNS) where nerves and dorsal root ganglia are strongly affected. To note, 

oxaliplatin has a low capability to cross the BBB (Jacobs et al., 2005; Huang et 

al. 2016) (See the paragraph below). Otherwise, the central nervous system 

(CNS) negatively reacts with a maladaptive plasticity of both neurons (Di 

Cesare Mannelli, 2015a; Renn et al., 2011) and glial cells  (Di Cesare Mannelli 

et al., 2013; Di Cesare Mannelli et al., 2014). 
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To the best of our knowledge, morphological examination revealed that the 

primary target of oxaliplatin, and more in general of platinum compounds, are 

the dorsal root ganglia (DRGs) where the accumulation of the antineoplastic 

agent, following repeated administrations, triggers nuclear damage (Cavaletti 

et al., 2001; Di Cesare Mannelli et al., 2013). However, molecular 

modifications occur both in DRGs and in the sciatic nerve with downregulation 

of the phosphorylated-neurofilament H (p-NF-H), which have an essential role 

in the axoplasmic transport (Nixon et al., 1987). Moreover, elevated expression 

of ATF3/cAMP-responsive element binding protein (CREB) family (Carlton et 

al., 2009) has been shown both in the DRG neurons and in the Schwann cells 

of the peripheral nerve of oxaliplatin-treated rats (Di Cesare Mannelli et al., 

2013). On the other hand, the CNS is strongly involved in pain sensitization. 

Consistently with the alteration of the painful threshold, electrophysiological 

measurements have evidenced an overall nociceptive-specific neuron hyper-

excitability in the dorsal horn of the spinal cord (Di Cesare Mannelli et al., 

2015a; Renn et al., 2011). Nevertheless, besides the neuronal maladaptive 

plasticity, repeated treatment with oxaliplatin lead to intense molecular and 

morphological changes in the CNS. Increasing levels of the oxidized forms of 

DNA and proteins have been found in the spinal cord of oxaliplatin-treated 

animals (Di Cesare Mannelli et al., 2012). Glial cells of the CNS are mainly 

involved in the development and maintenance of neuropathic pain states 

(Marchand et al., 2005; Wieseler-Frank et al., 2004). Microglia and astroglia 

strongly react in both spinal and supraspinal areas in response to repeated 

injections of oxaliplatin. However, while microglial activation usually ends 

within few days, the astrogliosis continuously accompany the treatment with 

the antineoplastic agent, suggesting a more complex involvement of astrocytes 

in pain maintenance (Di Cesare Mannelli et al., 2013; Pacini et al., 2016).  

Although the evidences collected up to now about the neurotoxicity evoked by 

the platinum-derivative, effective treatments against oxaliplatin-induced 

neuropathy are lacking. Duloxetine is the only recommended intervention. 

Nevertheless, it is not completely effective and did not work for everyone 

(Smith et al., 2015). Tricyclic antidepressants are not recommended but 

clinicians may use them after discussion with patients about the limited 

effectiveness. The antiepileptic drugs, pregabalin and gabapentin, have not 
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well established efficacy as resulted from clinical trials but, given the limited 

options for managing neuropathy, their clinical use is encouraged (Hershmann 

et al., 2014). 

 

1.5 Oxaliplatin and BBB 

Few studies have so far analysed the ability of oxaliplatin to cross the BBB. 

Surely, the difficulty of dosing the Pt-compound over the barrier has been an 

important limit of this study. Additionally, the attention has been focused on 

the penetration in the acute phase rather than following repeated 

administration. 

In a nonhuman primate model, the platinum concentration was measured in the 

CSF using the atomic absorption spectrometry. Oxaliplatin was given at the 

dose 5 mg kg-1 i.v. (intravenously) over 2 hours (human equivalent, 110 

mg/m2) and CSF was collected over 24 hours from injection. Data revealed that 

oxaliplatin peaked in the CSF at 0.2 µM and the AUC was <5% of the 

exposures achieved in the plasma (Jacobs et al., 2005).  In a second study, 

Jacobs and coworkers confirmed the low capability to penetrate the brain 

(<5%) even by the using of the microdyalisis technique for collecting samples 

from extracellular fluid (ECF) of brain tissue, even though the correlation 

between CSF and ECF measurements was poor (Jacobs et al., 2010). More 

recently, similar results were obtained in a rat model (Huang et al., 2016). The 

analysis, carried out with the inductively coupled plasma–mass spectrometry, 

of the oxaliplatin in the CSF after a single administration (4 mg kg-1, i.p. 

(intraperitoneally)) corroborated the previous data. The concentration of the 

platinum derivative was 6.6 nM. However, the same amount, directly injected 

in the CSF was able to cause thermal hyperalgesia in the rat and to initiate the 

inflammatory response in the spinal cord region (Huang et al., 2016). These 

data, even if underdeveloped, may suggest that the acute painful neuropathy 

induced by systemic administration of oxaliplatin could be due to the direct 

penetration of the Pt-compound in the CNS (Huang et al., 2016).  

On the other hand, data regarding the penetration after repeated treatment are 

lacking, even though limited accumulation is observed in plasma after repeated 

cycles (five consecutive cycles at 85 or 130 mg/m2 every 3 weeks). In humans, 
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the plasmatic concentration of inorganic platinum, after a single i.v. injection 

of 85 mg/m2, is on average about 3 µg/ml (Graham et al., 2002; Han et al., 

2013). Preclinical data have evidenced that the inorganic platinum plasmatic 

levels after 21 days of treatment in the rat receiving a cumulative dose 

comparable to the human being, is 3.573±0.217 µg/mL (corresponding to 

oxaliplatin 7.274±0.552 µg/ml or 18.3 µM) in line to human plasma 

concentration (Zanardelli et al., 2014). 

Within the BBB, unsaturated active efflux transporters with elevated 

specificity for oxaliplatin might account for the low concentration of platinum 

in the CNS (Sawchuk and Elmquist, 2000; Kusuhara and Sugiyama, 2005). 

Otherwise oxaliplatin could exploit specific influx transporters to cross the 

BBB. Among them, organic cationic transporters (OCT1 and OCT2) have been 

considered the major responsible of the oxaliplatin cytotoxicity (Zamboni et 

al., 2002; Zhang et al., 2006), although their presence on the plasma 

membranes of the BBB endothelial compartment is still under debate (Jacobs 

et al., 2010; Wu et al., 2015). Furthermore, the copper transporters also allow 

the oxaliplatin entry into the cell. Treatment with oxaliplatin of different 

human colorectal cancer cell lines overexpressing the copper uptake transporter 

1 (CTR1) is related to an increase of cellular mortality (Cui et al., 2017). 

However, if the presence of Cu2+ transporters on the BBB is known for the 

regulation of the copper homeostasis over the barrier, endothelial cells have 

both channels involved in the influx and transport proteins that participate in 

Cu2+ efflux (ATP7A and ATP7B) (Choi and Zheng, 2009; Li et al., 2016).  

 

1.6 Gap Junctions  

The gap junctions are made up of low-strength channels that establish direct 

communication between cytoplasm of two adjacent cells. These connections 

allow the passage of currents and small solids (<1.4 nm in diameter) such as 

ions and second messengers (e.g. Ca2+ and inositol triphosphate (InsP3)). These 

channels are formed by the attachment of two hemichannel, each of which is 

provided by one of the two cells that take part in the junction. Each 

hemichannel is constituted by the assembly of 6 conjugates (proteins), which 

are organized around a central pore. The monomer (connexin) consists of 4 
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transmembrane domains that have the intracytoplasmic C-ter and N-ter ends; 

the transmembrane domains TM1 TM2, TM3 and TM4 are interconnected by 

two extracellular loops, while TM2 and TM3 domains are connected by an 

intracytoplasmic loop. The latter and the C-ter extremities are the most variable 

portions of the protein, while the extracellular domains possess a variety of 

Cys, which by Cys-Cys bridges firmly join the above domains. To date, 20 

conjugate isoforms are known which are named by the apparent molecular 

weight. Cells generally express more than one isoform, and the hemichannel 

can thus be formed by either a single contingent (homomeric channels) or by 

the association of different connectors (heteromeric channels). It is important 

to point out that each contingent has conductance, permeability and adjustment 

characteristics (Saez et al., 2003). 

The operating mode of the connexins is not limited to their coupling; it has 

been demonstrated that hemichannels may not fit together and release 

paracrine signals such as ATP, NAD+, prostaglandins or NO in the 

extracellular space (Figueroa et al., 2013). 

 

1.6.1 Pannexin hemichannels 

Gap junctions are common to all multicellular life forms, but despite this 

functional conservation a partition exists at the molecular level. Invertebrates 

display direct cell-cell coupling through gap junction channels but they have 

not connexions in their system (Cruciani and Mikalsen, 2006). In contrast, 

functional gap junction molecules with no sequence homology to connexins 

were identified in invertebrates (such as insects and nematodes) and they were 

named innexins (Phelan et al., 1998). These vertebrate homologs were hence 

called pannexins, from the Latin pan which means ‘throughout’ or ‘all’ 

(Baranova et al., 2004; Panchin et al., 2000) but do not share any homology 

with their all-vertebrate counterparts, connexins (Yen and Saier, 2007). Three 

pannexin genes have been identified in genomes of man and mouse: PANX1, 

PANX2 and PANX3. These genes are conserved in invertebrate species such 

as vermin and insects. Despite the difference in the gene sequence, pannexins 

proteins have the same topology as connexins: they are tetra-span proteins that 

have their C- and N-terminus located intracellularly (Baranova et al., 2004; 

Bruzzone et al., 2003). Before further processing and assembling, pannexin 
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mRNA translates in the ER. Here the protein is assembled, transferred to Golgi 

apparatus and then delivered to the cell surface (Bhalla-Gehi et al., 2010). 

Furthermore, unlike innexins and connexins, pannexins are glycosylated, 

which negatively affects hemichannel docking (Boassa et al., 2007; Penuela et 

al., 2009). Pannexin western blots reveal three bands corresponding to G0, a 

nonglycosylated state; G1 that marks a high mannose-type glycoprotein and G2, 

the fully processed glycoprotein that is present in the plasma membrane 

(Boassa et al., 2007). The degree of glycosylation differs between tissues: in 

endothelium only G0 Panx1 is identified (Boassa et al., 2007), and this non-

glycosylated protein was also found on the cell surface of human embryonic 

kidney cells (Penuela et al., 2009). The exogenous expression of Panx1 and 

Panx2 in Xenopus oocytes resulted in the formation of homomeric Panx1 

hemichannels or heteromeric Panx1:Panx2 channels, activated by 

depolarization. Moreover, Locovei and colleagues discovered that 

erythrocytes, that do not express connexins, release ATP via Panx1, thus 

emphasizing the functional role of these hemichannels (Locovei et al., 2006). 

Pannexin hemichannels can be opened by different triggers such as 

depolarization, [Ca2+]i increase, cleavage by caspase-3 and mechanical stress 

(Bruzzone et al., 2003; Thompson et al., 2006; Dahl, 2015). Moreover it is 

suggested that Panx1 as hemichannel, could form a large pore (through which 

molecules up to 1 kDa can pass) upon activated by the purinergic receptor 

P2X7 (P2X7R) (Locovei et al., 2007). It has been demonstrated that Panx-1 co-

immunoprecipitates with P2X7R and inhibition of Panx1 prevents P2X7R-

mediated dye uptake. Moreover, as large pore, Panx1 could play role in the 

formation of the inflammasome (Pelegrin and Surprenant, 2006). 

 
1.7 Pannexins and Connexins in the NeuroVascular Unit 

1.7.1 Pannexin and connexins at the vascular wall 

Connexins and pannexins are expressed throughout the cardiovascular system. 

The expression levels within the vascular tree are dependent upon vessel type, 

localization within the vessel, and the species being examined. Cx43 is the 

most studied connexin.  It has been found in ECs of arteries and veins (Pogoda 

et al., 2014; Kaneko et al., 2015). Cx37 and Cx40 are also found broadly across 

the vascular network (Brisset et al., 2009; Gaete et al., 2014; Miquerol et al., 
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2015). Otherwise less is known about localization of Cx32, Cx45 and Cx47. 

On the other hand, pannexin channels are expressed throughout the body. 

Recent data show that Panx1 is expressed in mouse ECs of arteries, arterioles 

and venules as well as in isolated human cells lines, like human saphenous vein 

ECs (HSaVECs), HUVECs and also an immortalized brain EC line (Lohman et 

al., 2012a; Kaneko et al., 2015; Lohman et al., 2015). Intriguingly, in the last 

decade the role of connexin hemichannels and pannexin channels in the 

vascular inflammation has been deeply investigated. The regulation of BBB 

ECs under inflammatory conditions was linked to connexin hemichannel 

opening; specifically bradykinin, a pro-inflammatory agent, evoked an increase 

in BBB permeability in rats through the activation of intracellular Ca2+ 

oscillations in ECs by a pathway sensitive to the Cx43 inhibitor Gap27, 

indicating the involvement of hemichannel opening and purinergic signalling 

in response to bradykinin (De Bock et al., 2011). In another study, both 

connexin hemichannels and pannexin channels were studied in a blood–brain 

barrier (BBB) model system (Kaneko et al., 2015). Using the human cerebral 

microvascular endothelial cell line hCMEC/D3, conditions mimicking acute 

ischemic stroke led to the opening of both Cx43 hemichannels and Panx1 

channels, as observed by increased dye uptake and calcein efflux, respectively. 

Pharmacological inhibition with CBX or 18α-GA and knockdown with either 

Cx43 siRNA or Panx1 siRNA prevented the dye uptake and calcein efflux 

(Kaneko et al., 2015). Furthermore, connexin and pannexin openings in ECs of 

BBB contribute in ischemia/reperfusion conditions (Robertson et al., 2010; 

Wei et al., 2015).  

 

1.7.2 Pannexins and connexins in astrocytes and neurons 

Connexins and pannexins are widely expressed also in the other cells of the 

NeuroVascular Unit, particularly at astrocytic and neuronal level.  In this 

context, astrocytes are functionally as well as metabolically coupled with 

neurons (Koehler et al., 2009). They are furnished of several receptors for 

neurotransmitters such as ATP and glutamate providing mechanicistic bases 

for synaptic activity (Anderson and Nedergaard, 2003; Leybaert, 2005). To 

note, astrocytes can release key molecules as the above-mentioned ATP and 

glutamate providing important signalling pathways in the neurovascular 
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coupling. On the other hand, neuron, in addition to have receptors for these 

substances, they also express connexins and pannexins hemichannels, both 

permeable to ATP (Schock et al., 2008; Thompson et al., 2006). In astrocytes, 

both glutamate and ATP increase the [Ca2+]i. This signals led astroglial cells to 

coordinate neuronal activity and vasodilatation. Notably [Ca2+]i increase at the 

astrocytic end-feet level results in the release of factors as prostaglandins, 

epoxyeicosatrienoic acid and K+ (Koehler et al., 2009; Zonta et al., 2003; 

Filosa et al., 2004). Noteworthy, [Ca2+]i increase is concomitant to augmented 

Cx43 and Panx1 hemichannel activities (Locovei et al., 2006, De Vuyst et al., 

2009). 

 

1.8 Pannexin and pain 

Pannexin channels and, in particular, Panx1 opening are strongly involved in 

neurological disorders such as epilepsy and stroke (Kim and Kang, 2011). 

Otherwise, only recently researchers investigated a relationship between Panx1 

and pain, although the Panx1 involvement in the release of ATP and glutamate 

are related to pain (Bennett et al., 2009). Evidence from animal models 

indicates that Panx1 plays a pivotal role in several types of pain, including 

trigeminal hypersensitivity, spared nerve injury- and chemotherapy-induced 

neuropathic pain (Hanstein et al., 2016; Zhang et al., 2015; Di Cesare Mannelli 

et al., 2015b).  

In nervous cells, Panx1 is important in releasing both ATP and glutamate once 

recruited by the P2X7 receptor under pathological conditions. Long lasting 

opening of the channel, usually closed at resting membrane potential, causes 

aberrant ionic current and dysregulation of neuronal firing by Ca2+ increase 

(Kim and Kang, 2011). However, in neuronal as well as non-neuronal cells (i.e. 

astrocytes), Panx1 could open, subsequently to extracellular K+ or intracellular 

Ca2+ increases, enabling the hemichannel in the release of large amount of 

ATP, thus, participating in pain chronicity (Spray and Hanani, 2017). In this 

context, a recent study highlighted the involvement of the glial Panx1 in a 

mouse model of chronic orofacial pain. In that model, the deletion of Panx1 in 

GFAP-positive cells completely prevented hypersensitivity, whereas deletion 

of neuronal Panx1 only affected baseline sensitivity and the duration of 

hypersensitivity, addressing an important role for non-neuronal Panx1 in the 
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pain transmission.  

Other studies performed on rodents treated with Panx1 inhibitors have 

indicated that these channels are likely involved in both peripheral and central 

sensitization (Bravo et al., 2014; Zhang et al., 2015). The selective Panx1 

inhibitor 10Panx and the non-specific carbenoxolone decreased pain 

hypersensitivity in sural nerve transected animals (Bravo et al., 2014). 

Moreover, 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 (Sorge et al., 2012). In another study, Panx1 expression 

dramatically increased in L4-L5 dorsal root ganglia (DRG) of spinal nerve 

ligated rats. The inhibition of Panx1 decreased the nerve injury enhanced 

hypersensitivity in animals (Zhang et al., 2015). 

Regarding to chemotherapy-induced neuropathy, recently, it has been found 

that oxaliplatin treatment induces Panx1 channel recruitment by P2X7R on the 

nerve terminals of cerebral cortex increasing the glutamate release from 

cortical glutamatergic neurons. Both P2X7 and Panx1 inhibitors intrathecally 

(i.t.) infused at spinal level decrease oxaliplatin-induced pain. Particularly, the 

intrathecal infusion of Panx1 channel relieved oxaliplatin-dependent alteration 

on pain threshold (induced by noxious and non-noxious stimuli) in a dose-

dependent manner (Di Cesare Mannelli et al., 2015b). 
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2. Aim of the study 
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The aim of this study is to evaluate the interference of oxaliplatin with the 

BBB system in a rat model of oxaliplatin-induced neuropathy and in a rat brain 

endothelial cell line (RBE4). 

As first, to investigate the possible alteration of the NVU environment, 

immunofluorescent stainings will be performed to detect IgG extravasation and 

reactive astrocytes in the lumbar BSCB of rats daily treated with oxaliplatin 

(2.4 mg kg-1, i.p) for 14 days. Moreover, possible changes in permeability of 

BBB/BSCB of specific brain and spinal cord areas crucially involved in the 

oxaliplatin-induced neuropathic pain sensitization (prefrontal cortex, 

somatosensory area S1 and lumbar spinal cord) will be analysed by the i.v. 

injection of 10 kDa dextran texas red at different time points (days 1, 7 and 14) 

of chemotherapy treatment. 

Further, aimed to deeply look into the altered machinery of the endothelial 

compartment of the NVU, we will set up an in vitro model which could 

reproduce the vascular wall of the BBB by the using RBE4 cells. The vitality 

assay will allow to choose concentration of oxaliplatin that slightly affect the 

RBE4 viability in 8-24 h period of treatment, in order to mimic a damage that 

does not irreversibly alter the endothelial compartment of the NVU.  

Since oxidative stress is a remarkable feature of oxaliplatin-induced 

neurotoxicity (Zanardelli et al., 2014), the state of organelles, endoplasmic 

reticulum (ER) and mitochiondrion, susceptible of redox balance changes, will 

be evaluated.  Respectively, western blot analysis will allow to measure the 

expression of glucose-regulated protein (GRP78) whose levels are altered 

during ER stress conditions (Wang et al., 2009), while the immunofluorescent 

staining of cytochrome C will let us to detect possible mitochondria alterations 

(Kim et al., 2006). Additionally, the expression of caspase-3 and BAX will be 

measured to further investigate metabolic and apoptotic pathways. 

Morevover, because of the cytoplasmic Ca2+ of the endothelial layer and the 

extracellular ATP are essential for the balance of the BBB, and their variations 

could be harmful for the NVU homeostasis (De Bock et al., 2013; Bynoe et al., 

2015), changes of both [Ca2+]i and extracellular ATP will be evaluated. 

Furthermore, the analysis of TJ complex arrangement by the 

immunofluorescence staining of ZO-1 and the cytoskeletal protein F-actin will 

let to investigate changes in the RBE4 permeability. 
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Finally, since Ca2+ oscillations and ATP signalling are based on fast 

mechanisms, their variations, particularly focusing on the analysis of Ca2+ 

pathways, as well as ZO-1 and F-actin localization will be evaluated after short 

treatment with oxaliplatin (10 min).   
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3. Materials and methods 

  



 
 

35 

3.1 Animals  

Male Sprague Dawley (SD) rats (Envigo, Varese, Italy) weighing 

approximately 200 to 250 g and male CD-1 albino mice (Envigo, Varese, Italy) 

weighing approximately 22-25 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 1 week after 

their arrival. Four rats were housed per cage (size 26 × 41 cm) and ten mice 

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 Directive 2010/63/EU of the European parliament and of the 

European Union council (22 September 2010) on the protection of animals 

used for scientific purposes. 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 Animal Subjects 

Review Board of the University of Florence. Experiments involving animals 

have been reported according to ARRIVE guidelines (McGrath and Lilley, 

2015). All efforts were made to minimize animal suffering and to reduce the 

number of animals used. 

 

3.2 In vivo oxaliplatin model 

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

Pangbourne, UK), administered i.p. for 5 consecutive days every week for 2 

weeks (10 i.p. injections). Oxaliplatin was dissolved in a 5% glucose-water 

solution. The model used for the present research is consistent with the clinical 

practice (Di Cesare Mannelli et al., 2015b). 

 

3.3 Ex vivo immunofluorescent staining 

After 14 days of treatment with oxaliplatin (2.4 mg kg-1, i.p.), rats were 

sacrificed; the L4/L5 segments of the spinal cord were exposed from the 

lumbovertebral column via laminectomy and identified by tracing the dorsal 
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roots from their respective DRG. Formalin-fixed cryostat sections (10 µm) 

were washed 3 × phosphate-buffered saline (PBS), 0.3% Triton X-100 for 5 

min and then were incubated, at room temperature, for 1 h in blocking solution 

(PBS, 0.3% Triton X-100, 5% albumin bovine serum; PBST). Slices were 

incubated overnight at 4°C in PBST containing rabbit primary antisera. The 

primary antibody used was directed against glial fibrillary acidic protein 

(GFAP; rabbit, 1:1000; DAKO, Carpinteria, CA, USA) for astrocyte staining; 

The following day, slides were washed 3 × PBS, 0.3% Triton X-100 for 5 min 

and then sections were incubated in goat anti-rabbit IgG secondary antibody 

labeled with Alexa Fluor 568 (1:500; Invitrogen, Carlsbad, USA) and DAPI 

(4',6-diamidin-2-fenilindhol; 1:2000; Life Technologies-Thermo scientific, 

Rockford, IL, USA), a nuclei marker, in PBST at room temperature for 2 h, in 

the dark. For IgG staining, slices were incubated overnight at 4°C in PBST 

containing IgG-488 conjugated antibody (Goat anti-Rat IgG (H+L) Secondary 

Antibody (Alexa Fluor 488 conjugate; 1:250; Invitrogen, Carlsbad, USA). 

After 3 × PBS 0.3% Triton X-100 wash for 10 min, slices were mounted using 

ProLong Gold (Life Technologies-Thermo scientific, Rockford, IL, USA) as a 

mounting medium.  

Negative control sections (no exposure to the primary antisera) were processed 

concurrently with the other sections for all immunohistochemical studies, in 

order to exclude the presence of non-specific immunofluorescent staining or 

cross-immunostaining. Fluorescent signals were detected at 200x or 400x total 

magnification (five microscopic fields for each experimental point) with a 

motorized Leica DM6000B microscope equipped with a DFC350FX. 

 

3.4 In vivo permeability 

Mice were treated with oxaliplatin (2.4 mg kg-1, i.p.) for 14 days. 10 kDa texas 

red dextran (Invitrogen, Merelbeke, Belgium) was injected on days 1, 7 and 14 

(100 mg kg-1, i.v.) in different animal groups. After 15 min, animals were 

transcardially perfused and sacrificed. Prefrontal cortex, S1 and lumbar spinal 

cord regions were dissected and prepared for the fluorescent analysis. After 

dissection, different CNS regions were weighed and formamide was added (8 

ml of formamide to 1 g of wet tissue weight). After that, tissues were minced 
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and incubated overnight at 37°C. The following day samples were centrifuged 

for 15 min at 15000g. 100 µl of the supernatant were used for the fluorescent 

analysis. 

 
3.5 Cell line 

The rat brain endothelial cell line RBE4 (Roux and Couraud, 2005; Tabbì et 

al., 2015) was kindly provided by Dr Vincenzo Giuseppe Nicoletti 

(Department of Biomedical Sciences, University of Catania, Italy). Cells (up to 

passage 20) were grown and maintained in alpha-minimal essential medium 

(alpha-MEM)/Ham’s F10 (1:1) supplemented with 10% fetal bovine serum 

(FBS), 1% penicillin/streptomycin, 2 mM L-glutamine (EuroClone, Milano, 

Italy) and 1 ng/ml basic fibroblast growth factor (bFGF) (Thermo Fisher 

Scientific, Milano, Italy) at 37°C, 5% CO2 in humidified atmosphere. The 

growth medium was routinely changed 2-3 times per week. For each 

experimental set-up, the cells were seeded on appropriate support for 24 h in 

complete growth medium. The day of the stimulation, the complete growth 

medium was completely changed with starvation medium (without FBS and 

without bFGF) adding appropriate stimuli at different concentration. 

 

3.6 MTT assay 

Cell viability was evaluated by the reduction of 3-(4,5-di- methylthiozol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) by mitochondrial dehydrogenase, 

which directly reflects the activity of mitochondria, an indirect measurement of 

cell viability. RBE4 cells were plated into 96-well plates, at the density of 

2.5x104 cells/well, in their appropriate complete growth medium. The 

following day, the cells were starved as described above and treated with 

different concentrations of oxaliplatin (1-3-10-30-100 µM), for 8, 16 and 24 h. 

After treatment, the starvation medium containing stimuli was removed and 

substituted with 1 mg/mL MTT (in starvation medium without phenol red). 

The chromogenic solution was incubated for at least 20 min at 37 °C. After 

incubation, the formazan crystals were dissolved in 50 µl of dimethyl sulfoxide 

(DMSO). The absorbance was measured at 580 nm by a spectrophotometer 

(MultiskanFC™ microplate photometer, ThermoFisher Scientific, Milan, 

Italy). Each experimental point was performed in quintuplicate, for three times. 
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3.7 Western blotting 

RBE4 cells, at the density of 3.5x106 cells, were plated in Petri dishes in their 

appropriate complete growth medium. After 24 h the cells were serum starved 

and stimulated with oxaliplatin 10-30 µM, for 8, 16, and 24 h. After treatments, 

the medium was removed and cells were scraped in cold PBS. The cell 

suspensions were centrifuged at room temperature (RT) for 10 min at 1000 

rpm. The pellets obtained were treated with Mem-PER™ Plus Membrane 

Protein Extraction Kit following the manufacture instruction, to obtain the 

fractionation of membrane and cytoplasm proteins. The supernatants collected 

were used to evaluate the protein concentration by Bradford method (Bradford, 

1976). Equal amounts of protein (15 µg) were separated on a 12% 

polyacrylamide gel by electrophoreses and transferred onto nitrocellulose 

membrane (Porablot NPC, MACHEREY-NAGEL, Carlo Erba Reagents, 

Milano, Italy). After 1 h blocking with 3% bovine serum albumin (BSA) in 

Tris-buffered saline containing 0.1% Tween 20 (Tween-TBS) at RT, the blot 

was incubated overnight at 4°C with the rabbit primary antibody for 78 kDa 

glucose-regulated protein (GRP78) (ThermoFisher Scientific, Milan, Italy), 

cleaved caspase-3 (Cell Signalling, Leiden, Netherlands) and BAX  (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA) respectively at 1:500, 1:1000 and 

1:300 final dilution in Tween-TBS/3% BSA. After washing with Tween-TBS, 

the goat anti-rabbit HRP secondary antibodies (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA) was added at 1:5000 dilution in Tween-TBS for 1 h at 

RT, and washed again. The BAX protein was detected with the Amersham 

ECL Plus Western Blotting Detection Reagent (GE Healthcare, EuroClone, 

Milan, Italy). Protein expression levels were then quantified by image analysis 

software (ImageJ, National Institute of Health, USA, http://imagej.nih.gov/ij, 

1.47t). β-actin normalization was performed for each sample. Each experiment 

was performed three times, in triplicate. 

 

3.8 In vitro immunofluorescent staining  

RBE4 cells were seeded on sterilized cover slips (lodged in a 6 multi-well 

plate) in the number of 1.5x105 cells, in their appropriate complete growth 

medium. After 24 h the cells were serum starved and stimulated with 
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oxaliplatin 10-30 µM, for 8, 16, and 24 h. For shorter treatments RBE4 were 

seeded (1.5x105 cells) on sterilized cover slips (lodged in a 6 multi-well plate), 

in their appropriate complete growth medium After 24 h cells were treated with 

oxaliplatin (10-30 µM) for 10 min. After treatments, the medium was removed 

and each cover slip was washed twice with cold PBS followed by fixation with 

paraformaldehyde 3.7% in PBS for 10 min. at RT. After fixation, two more 

washes with cold PBS were performed; the cover slips were dried at RT for at 

least 1 h.  

The fixed cells where rinsed in cold PBS for three times and, only for ZO1 

evaluation, the antigen retrieval was performed for 10 min in 95°C solution 

with 5% urea in pH 9.5 Tris 100 mM. Then, cells were permeabilized with a 

1% solution of TRITON X-100 in PBS for 10 min at RT. Following, cells were 

washed three times with PBS and then incubated for 15 min in a blocking 

solution (1% albumin bovine serum (BSA) in PBS) at RT. Each cover slip was 

incubated overnight at 4°C with the rabbit primary antibody anti-ZO1 (1:100) 

and with Alexa-488-conjugated phalloidin (1:200; ThermoFisher Scientific, 

Milan, Italy), in 1% BSA. The day after, cells were washed three times with 

PBS and each cover slip was incubated in goat anti-rabbit (for ZO1) 

immunoglobulin G (IgG) secondary antibody, conjugated with Alexa Fluor 

488 (far red) (1:200; Invitrogen, Milan, Italy) for 1 h at RT. After that, two 

washes were performed with PBS and DAPI (4’,6-diamidin-2-fenilindhol; 

1:2000 dilution; Invitrogen, Milan, Italy) was added for 5 min at RT to each 

cover slip. Eventually, cover slip glasses were mounted using Fluoromount 

anti-fade solution (ThermoFisher Scientific, Milan, Italy) on cover slides. 

Fluorescent signals were detected at 20x or 40x total magnification (five 

microscopic fields for each experimental point) with a motorized Leica 

DM6000B microscope equipped with a DFC350FX. Fifteen pictures from each 

field were captured. The experiments were performed three times. 

 

3.9 Caspase-3 enzimatic activity 

RBE4 cells were plated in 6-well plates (5x105/well) in appropriate complete 

growth medium. The following day, cells were starved and stimulated with 

oxaliplatin 10-30 µM for 8, 16, and 24 h. After treatment, cells were scraped in 

100 mM lysis buffer (200 mM Tris–HCl buffer, pH 7.5, containing 2 M NaCl, 
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20 mM EDTA, and 0.2% Triton X-100). Fifty microliters of the supernatants 

were incubated with 25 µM fluorogenic peptide caspase-3 substrate rhodamine 

110 bis-(N-CBZ-L-aspartyl-L-glutamyl-L-va- lyl-L-aspartic acid amide) (Z-

DEVD-R110; Molecular Probes) at 25 °C for 30 min. 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). 

Each experiment was performed two times, in duplicate. 

 

3.10 Extracellular ATP quantification 

RBE4 cells were plated in 6-well plates (5x105/well) in appropriate complete 

growth medium. The following day, cells were starved and stimulated with 

oxaliplatin (10-30 µM) for 8, 16, and 24 h. For shorter treatments, RBE4 cells 

were plated in 6-well plates (5x105/well) and growth till the confluence. Then 

cells were treated with oxaliplatin (10-30 µM) for 10 min in the presence or in 

the absence of inhibitors. After treatments, the mediums were harvested and 

50µl were processed following the manufacture’s procedure (ATPlite - 

Luminiscence ATP Detection Assay System, PerkinElmer Italia, Milan, Italy). 

The extracellular ATP was quantified using a 96-well plate luminescence 

reader (Perkin-Elmer). Each experiment was performed two times, in 

duplicate. 

 

3.11 Calcium imaging 

RBE4 cells were seeded onto 9.2 cm2 petri dishes (TPP, Novolab, 

Geraardsbergen, Belgium) and experiments were performed at confluence. 

After 8 or 16 h treatment with oxaliplatin 10 or 30 µM, RBE4 monolayers 

were loaded with a mixture of 10 µmol/L fluo3-AM, 1 mmol/L probenecid, 

and 0.01% pluronic acid in HBSS-Hepes (in mmol/L: 0.95 CaCl2; 0.81 

MgSO4; 13 NaCl; 0.18 Na2HPO4; 5.36 KCl; 0.44 KH2PO4; 5.55 D-glucose; 

and 25 Hepes; standard solution for Ca2+ experiments) during 1 h at RT. After 

that, petri dishes (RBE4) were washed and cells were left for an additional 15 

min at RT in HBSS-Hepes/probenecid to allow for de-esterification. For Ca2+ 

free experiments 4.4 mM of EGTA as Ca2+ chelator was added to the Ca2+ 

standard solution. Cells were thereafter transferred to an inverted 
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epifluorescence microscope (Eclipse TE 300, Nikon Belux, Brussels, 

Belgium). Solutions were gently added to petri dishes before acquiring images.  

Images were taken every second with a 40X oil immersion objective (NA 0.8) 

and an electron multiplying CCD camera (Quantem 512SC; Photometrics, 

Tucson, AZ, USA). We used a Lambda DG-4 filterswitch (Sutter Instrument 

Company, Novato, CA, USA) to deliver excitation at 482nm and captured 

emitted light via a 505-nm long-pass dichroic mirror and a 535-nm bandpass 

filter (35 nm bandwidth). Recordings and analysis were performed with 

custom-developed QuantEMframes and Fluoframes software written in 

Microsoft Visual C+ + 6.0. Ca2+ changes triggered by ATP (1 µM) or direct 

application of oxaliplatin (10 or 30 µM) were recorded over a 10-minute 

observation period. Several pharmacological substances were used to further 

investigate the nature of the recorded Ca2+ responses, including the 

phospholipase C (PLC) inhibitor U-73122  (10 µM; Carbosinth, Compton - 

Berkshire - RG20 6NE - UK), the InsP3 receptor (Ins3PR) inhibitor 

Xestospongin C (5 µM; Carbosinth, Compton - Berkshire - RG20 6NE - UK) 

and the Panx-1 channel blocker 10Panx1 (100 µM; ProteoGenix, Schiltigheim - 

France). Analysis of the Ca2+ responses was done by calculating the relative 

fluorescence change of the Ca2+ reporter dye DF/F0 (F-F0/F0) and calculating 

the area under the curve (AUC) of the DF/F0 response over the 10 min 

recording period after application of the trigger condition. The AUC values 

given represent AUC divided by 600, which are the number of datapoints in 

the 10 min recording window. 

 

3.12 Statistical analysis 

Results were expressed as means ± S.E.M. and the analysis of variance was 

performed by analysis of variance. 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 8.1’’ 

software. 
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4. Results 
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4.1 Ex vivo analysis 

Immonuglubulin G (IgG) staining of the rats’ lumbar spinal cord daily treated 

with oxaliplatin (2.4 mg kg-1, i.p.) for 14 days was performed to evaluate 

BSCB opening (Fig. 1). As shown in Fig. 1, on day 14, IgG extravasation was 

found in the lumbar spinal cord parenchyma of oxaliplatin-treated rats. 

Moreover, rat spinal cord slices were immuno-labeled with GFAP (yellow, for 

astrocytes) and RECA-1 (red, for endothelial cells). As depicted in Fig. 2, in 

control animals GFAP-positive cells showed typical non-reactive astrocyte 

morphology, while in the oxaliplatin-treated group several astrocytes were 

reactive displaying hypertrophy and increased cell density. To note, astrocyte 

reactivity was found particularly increased around blood vessels (Fig. 2). 

 

Figure 1. Ex vivo analysis. ImmunoglobulinG extravasation in the lumbar 

spinal cord parenchyma after oxaliplatin chronic treatment. Representative 

images of IgG-Alexafluor 488 conjugated in a lumbar spinal cord section of rat 

treated with oxaliplatin 2.4 mg kg-1 (i.p.) for 14 days. Digitalized images were 

collected (five microscopic fields for each experimental point) by a motorized 

Leica DM6000B microscope equipped with a DFC350FX. Representative 

images of 20X and 40X magnification of lumbar spinal cord section. 

 

IgG 
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Figure 2. Ex vivo analysis. The NeuroVascular Unit in the lumbar spinal 

cord after oxaliplatin chronic treatment. Representative images of merged 

RECA-1-labelled endothelial cells (red), GFAP-labelled astrocyte cells 

(yellow), plus DAPI-labelled cell nuclei (blue) of lumbar spinal cord section of 

(a) vehicle-treated rats or (b) rats treated with oxaliplatin 2.4 mg kg-1 (i.p.) for 

14 days. Digitalized images were collected (five microscopic fields for each 

experimental point) by a motorized Leica DM6000B microscope equipped 

with a DFC350FX. Representative images of 40X magnification of lumbar 

spinal cord section. 

 

4.2 In vivo permeability 

The possibility to induce changes in the BBB or in the BSCB permeability by 

oxaliplatin was investigated in vivo in specific brain and spinal cord areas. 

Mice were injected with oxaliplatin (2.4 mg kg-1, i.p.) for 14 days. On day 1, 7 

and 14 different groups of animals were injected with 10 kDa dextran texas red 

(100 mg kg-1, i.v.) as a marker for endothelial permeability. After 15 min 

animals were sacrificed and prefrontal cortex, somatosensory S1, and lumbar 

spinal cord areas were explanted in order to evaluate the inner fluorescence. As 

depicted in Fig. 3, after 7 days of treatment, oxaliplatin significantly increased 

the permeability of both BBB and BSCB, precisely in prefrontal cortex (176.22 

± 9.6% oxaliplatin, day 7 vs. 100.0 ± 18.0% control, day 7) and lumbar spinal 

cord regions (190.4 ± 22.0% oxaliplatin, day 7 vs. 100.0 ± 12.7% control, day 

7) (Fig. 3). 

RECA-1 GFAP Dapi a b 
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Figure 3. Effect of oxaliplatin on in vivo BBB/BSCB permeability. Mice 

were treated with oxaliplatin for 14 days (2.4 mg kg-1, i.p.) for 14 days. 10 kDa 

dextran texas red was injected on days 1, 7 and 14 (100 mg kg-1, i.v.) in 

different animal groups. After 15 min animals were transcardially perfused and 

sacrificed. Prefrontal cortex, S1 and lumbar spinal cord regions were dissected 

and their fluorescence was determined. All the results are expressed as the 

mean ± S.E.M of six animals per group performed in two experimental sets. 

*P<0.05 vs. control. 

 

4.3 MTT assay 

The MTT assay was performed, to evaluate RBE4 viability after oxaliplatin 

treatment for 8, 16, and 24 h at different concentrations (1, 3, 10, 30 and 100 

µM). The anticancer compound affected cell vitality in a dose-dependent and 

time-dependent manner. As depicted in Fig. 4, cell viability was significantly 

decreased after treatment with 100 µM of oxaliplatin for 8 h (83.0 ± 2.6%, 

oxaliplatin 100 µM, 8 h). Otherwise, prolonged exposure to the antineoplastic 

agent significantly impaired cell vitality starting from 10 µM, after 16 h (83.0 

± 1.9%, oxaliplatin 10 µM, 16 h), and 3 µM, after 24h (78.0 ± 1.8%, 
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oxaliplatin 3 µM, 24 h), respectively (Fig. 4). 

 

Figure 4. Effect of oxaliplatin on RBE4 cell viability. RBE4 (2.5x104 

cells/well) viability was quantified by MTT assay after incubation with 

oxaliplatin (1-100 µM) for 8, 16 or 24 h. Absorbance was measured at 580 nm. 

Values were expressed in percentage of control absorbance as the mean ± 

S.E.M of three experiments. Control condition was arbitrary set at 100%. 

*P<0.05 and **P<0.01 vs. control. 

 

4.4 ER stress - GRP78 expression 

The effect of oxaliplatin on the ER stress was evaluated via the measurement 

of GRP78 levels (Fig. 5). The histogram indicates that GRP78 levels 

significantly increased after 8 h treatment with oxaliplatin at the dose of 10 and 

30 µM. On the other hand, only oxaliplatin 30  µM augmented GRP78 

expression after 24 h (Fig. 5). 
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Figure 5. ER-stress marker GRP78 protein expression levels in RBE4 

cells. RBE4 cells (3.5x106 cells/Petri dish) were exposed to oxaliplatin (10-30 

µM) for 8, 16 or 24 h. Western blot analysis was performed on cell 

homogenates, using a specific antibody for GRP78 (78 kDa). Representative 

immunoblot and densitometric analysis are shown. Densitometric analysis of 

western blot was performed by ImageJ software. Data are expressed as 

percentage of control. β-actin normalization was performed for each sample. 

*P<0.05 and **P<0.01 vs. control. 

 

4.5 Ca
2+

 imaging - prolonged exposure to oxaliplatin 

The effect on [Ca2+]i after exposure of RBE4 cells to oxaliplatin is depicted in 

Fig. 6. Changes of [Ca2+]i were expressed as area under the curve (AUC) over 

a 10 min recording window. Following treatment with oxaliplatin (10 or 30 

µM) for 8 or 16 h, RBE4 cells were stimulated with ATP 1 µM which activates 

various purinergic receptors including P2X and P2Y receptors (De Bock et al., 

2013).  In the RBE4 exposed to 10 or 30 µM oxaliplatin for 16 h, the ATP 

stimulation caused a smaller Ca2+ response compared to the control condition 

(Fig. 6). Of note, the effect of the lower concentration of oxaliplatin amounted 
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to 3.7 ± 0.3 AUC, for 10 µM and 3.9 ± 0.1 AUC, for 30 µM vs. 6.0 ± 0.7 AUC 

for control measurements. In the 8 h oxaliplatin condition, no significant 

changes of [Ca2+]i were detected in comparison to control conditions (Fig. 6a).  

Figure 6. Effect of oxaliplatin on in the [Ca
2+

]i - prolonged treatment. ATP 

stimulation. Typical example traces of [Ca2+]i changes in selected RBE4 cells, 

pre-treated with or without oxaliplatin 10 or 30 µM for 16 h, and triggered with 

ATP (1 µM) (a, b, c). [Ca2+]i changes showed an initial peak followed by 

ongoing oscillatory changes. (d) demonstrates summary data of the area under 

the [Ca2+]i curve (AUC) of the various conditions shown. All the results are 

expressed as the mean ± S.E.M of three experiments. *P<0.05 vs. control. 

 

The previous results may indicate the occurrence of store depletion after 16 h 

oxaliplatin treatment. In order to further scrutinize this, we tested the store Ca2+ 

content by applying the SERCA inhibitor thapsigargin (2 µM) under zero 

extracellular Ca2+ conditions to prevent a contribution from external Ca2+ 

entry. Thapsigargin provokes increased Ca2+ store leakage by inhibiting Ca2+ 

reuptake in the store; as a result, the thapsigargin-triggered Ca2+ transient gives 

an indication of the Ca2+ content of the store. We applied the thapsigargin 

protocol for RBE4 cells treated with 10 or 30 µM oxaliplatin for 16 h. As 

shown in Fig. 7, thapsigargin applied under zero extracellular Ca2+ conditions 
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caused an immediate increase of [Ca2+]i amounting to 2.5 ± 0.0 AUC (AUC of 

the [Ca2+]i response to thapsigargin). By contrast, cells treated with oxaliplatin 

exhibited less thapsigargin-induced [Ca2+]i increase. The effect of oxaliplatin 

10 µM was more pronounced (1.6 ± 0.1 AUC, oxaliplatin 10 µM and 2.0 ± 0.2 

AUC, oxaliplatin 30 µM) (Fig. 7).  

 

Figure 7. Effect of oxaliplatin on [Ca
2+

]i - prolonged treatment. 

Thapsigargin stimulation. In the panels on the left typical example traces of 

[Ca2+]i changes in selected RBE4 cells, pre-treated with or without oxaliplatin 

10 or 30 µM for 16 h, and triggered with Thapsigargin (2 µM) (a, b, c) are 

shown. The switch from normal to zero extracellular Ca2+ condition was done 

just before the 1 min control recording. (d) demonstrates summary data of the 

area under the [Ca2+]i curve (AUC) of the various conditions shown. All the 

results are expressed as the mean ± S.E.M of three experiments. *P<0.05 and 

**P<0.01 vs. control. 

 

4.6 Caspase-3 activity and BAX expression 

In order to detect changes in the metabolic and apoptotic pathways the 

activition of caspase-3 and the expressions of BAX were analysed. 

The activity of caspase-3 was evaluated by measuring the expression of its 
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cleaved form. As depicted in Fig. 8, oxaliplatin both at 10 and 30 µM increased 

the expression of the cleaved caspase-3 after 8, 16 and 24 h treatment (Fig. 8). 

To validate these data, the activity of caspase-3 was measured with a 

fluorescence assay. Also in this case the antineoplastic agent, at the 

concentration of 10 and 30 µM, caused the caspase-3 activation after 8, 16 and 

24 h (Fig. 9).  

To investigate the effect of the anticancer agent on the apoptotic pathway, the 

expression of the pro-apoptotic protein BAX was analysed. The Fig.10 shows 

that BAX levels were slightly increased after 24 h treatment with oxaliplatin 30 

µM (Fig. 10). 

 

Figure 8. Cleaved caspase-3 protein expression levels in RBE4 cells.  RBE4 

cells (3.5x106 cells/Petri dish) were exposed to oxaliplatin (10-30 µM) for 8, 

16 or 24 h. Western blot analysis was performed on cell homogenates, using a 

specific antibody for the cleaved form of caspase-3 (17 kDa). Representative 

immunoblot and densitometric analysis are shown. Densitometric analysis of 

western blot was performed by ImageJ software. Data are expressed as 

percentage of control. β-actin normalization was performed for each sample. 

*P<0.05 and **P<0.01 vs. control. 
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Figure 9. Caspase-3 enzimatic activity in RBE4 cells. RBE4 cells 

(5x105/well) were exposed to oxaliplatin (10-30 µM) for 8 or 16 or 24 h. 

Caspase-3 activity was measured by a fluorescence assay. Values are expressed 

in percentage of control (100%, untreated cells). All the results are expressed 

as the mean ± S.E.M of three experiments. Control condition was arbitrary set 

at 100%. **P<0.01 vs. control. 
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Figure 10. BAX protein expression levels in RBE4 cells. RBE4 cells 

(3.5x106 cells/Petri dish) were exposed to oxaliplatin (10-30 µM) for 8, 16 or 

24 h. Western blot analysis was performed on cell homogenates, using a 

specific antibody for BAX (21 kDa). Representative immunoblot and 

densitometric analysis are shown. Densitometric analysis of western blot was 

performed by ImageJ software. Data are expressed as percentage of control. β-

actin normalization was performed for each sample. *P<0.05 vs. control. 

 

4.7 Cytochrome C release from mitochondria 

The release of the cytochrome C from mitochondria was analysed by 

immunofluorescent staining (Fig. 11). As shown in Fig. 11, oxaliplatin 

treatment did not cause cytochrome C release in the cytosolic compartment 

after neither 8 h nor 16 h, indicating the absence of mitochondrion impairment.  
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Figure 11. Mitochondrial release of cytochrome C. RBE4 cells (1.5x105 

cells/cover slip) were exposed to oxaliplatin (10-30 µM) for 8 h or 16 h. 

Cytochrome C was detetected by immunofluorescent staining. Digitalized 

images were collected (five microscopic fields for each experimental point) by 

a motorized Leica DM6000B microscope equipped with a DFC350FX. Each 

experimental point was performed in triplicate, for three different set of 

experiments. Total magnification: 20X. Scale bar: 50 µm. 

 

4.8 ATP release - prolonged exposure to oxaliplatin  

The evaluation of the ATP concentration released from RBE4 after treatment 

with oxaliplatin is shown in Fig. 12. The antineoplastic compound, at the dose 

of 10 µM augmented the exit of ATP form RBE4 after 8 h treatment (144.7 ± 

8.0%, oxaliplatin 10 µM vs. 100.0 ± 2.4%, control). Otherwise, the higher 

concentration of oxaliplatin (30 µM) doubled the extracellular ATP if 
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compared with the control condition after 8 h but poorly increased the exit of 

nucleotide after 16 h treatment. Moreover, an even longer treatment (24 h) with 

30 µM of oxaliplatin dramatically elevated the quantity of extracellular ATP 

(val ± val %, oxaliplatin 10 µM versus 100.0 ± 15.9%, control) (Fig. 12). 

 

Figure 12. Extracellular ATP release - prolonged treatment with 

oxaliplatin. RBE4 (5 x 105/well) were treated with oxaliplatin (10 or 30 µM) 

for 8, 16, or 24 h. Extracellular ATP concentration in the medium was 

measured by luminescence assay. All the results are expressed as the mean ± 

S.E.M of three experiments. Control condition was arbitrary set at 100%. 

*P<0.05 vs. control. 

 

4.9 TJs and cytoskeleton distribution - prolonged exposure to oxaliplatin 

To investigate the assessment of TJ complex, the localization of ZO-1 and the 

cytoskeleton protein F-actin were detected with immunofluorescence staining. 

As shown in Fig. 13, in control condition, ZO-1 is localized contiguously at the 

cell-cell edges accordingly to its sealing function. On the other hand, ZO-1 

distribution became patchy and significantly discontinuous in RBE4 cells 

treated with oxaliplatin both at increasing concentrations and times, thus 

indicating a breakdown to its function integrity. The F-actin cytoskeleton is 
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functionally coupled to the cytoplasmic domains of TJs such as ZO-1 and its 

distribution is strictly implicated in the regulation of the BBB integrity (Shiu et 

al., 2007). The characteristic distribution in control (untreated) cells is 

localized on the cells’ edges. This localization is lost by oxaliplatin treatment 

in a dose- and time-dependent manner. To note, actin filaments migrates to the 

perinuclear region in a dose- and time-dependent manner (Fig. 14). 

 

Figure 13. Effect of oxaliplatin on ZO-1 distribution - prolonged 

treatment. RBE4 cells (1.5x105 cells/cover slip) were exposed to oxaliplatin 

(10-30 µM) for 8, 16 or 24 h. ZO-1 protein was detetected by 

immunofluorescent staining. Digitalized images were collected (five 

microscopic fields for each experimental point) by a motorized Leica 

DM6000B microscope equipped with a DFC350FX. Each experimental point 

was performed in triplicate, for three different set of experiments. Total 

magnification: 20X. Scale bar: 50 µm. 
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Figure 14. Effects of oxaliplatin on F-actin distribution - prolonged 

treatment. RBE4 cells (1.5x105 cells/cover slip) were exposed to oxaliplatin 

(10-30 µM) for 8, 16 or 24 h. F-actin protein was detected by 

immunofluorescent staining. Digitalized images were collected (five 

microscopic fields for each experimental point) by a motorized Leica 

DM6000B microscope equipped with a DFC350FX. Each experimental point 

was performed in triplicate, for three different set of experiments. Total 

magnification: 20X. Scale bar: 20 µm. 

 

4.10 Ca
2+

 imaging - acute effects of oxaliplatin  

The [Ca2+]i was measured even after exposure of  [Ca2+]i responses were also 

measured in RBE4 cells in response to acute application of oxaliplatin at the 

doses of 10 and 30 µM and applied for 10 min. In this case, the higher dose of 

oxaliplatin significantly increased the [Ca2+]i  with respect to the control 

condition (5.4 ± 0.3 AUC, oxa 30 µM vs. 1.8 ± 0.3 AUC, control) (Fig. 15a). 

This response was partially blocked in the presence of the phospholipase C 

(PLC) inhibitor U-73122 (10 µM, added together with OR before oxaliplatin 

???) and the InsP3R inhibitor Xestospongin C, at the dose of 5 µM (3.3 ± 0.0 

AUC, oxa 30 µM + U-73122 10 µM and 3.0 ± 0.7 AUC, oxa 30 µM + Xes C 5 

µM). Moreover, 10Panx (100 µM), a peptide blocker of Panx1 channels 
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significantly decreased the oscillations triggered by oxaliplatin (2.6 + 0.6 AUC, 

oxa 30 µM + 10Panx 100 µM) (Fig. 15a). On the other hand, oxaliplatin-evoked 

Ca2+ responses were suppressed if the cells were exposed to Ca2+- free 

extracellular conditions (Ca2+ ≈1 nM) (2.9 ± 0.4 AUC, oxa 30 µM vs. 2.5 ± 

0.7 AUC, control) (Fig. 15b). 

 

Figure 15. Acute effect of oxaliplatin on the [Ca
2+

]i - short treatment. In the 

panels on the left typical traces of [Ca2+]i changes in selected RBE4 cells, 

treated with oxaliplatin 10 or 30 µM, in the presence or in the absence of U-

73122 10 µM, Xes C 5 µM, 10Panx 100 µM or in Ca2+-free conditions (b, c, d, 

e, f, g, i, l) are shown. The switch from normal to zero extracellular Ca2+ 

condition was done just before the 1 min control recording. (g, l) demonstrate 

summary data of the area under the [Ca2+]i curve (AUC) of the various 

conditions shown. All the results are expressed as the mean ± S.E.M of three 

experiments. *P<0.05 and **P<0.01 vs. control. 

 

4.11 ATP release - acute effect of oxaliplatin  

Short exposure to the antineoplastic agent (10 min) increased the extracellular 

concentration of ATP if compared to the control condition (191.5 ± 12.4% 
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0 100 200 300 400 500 600
0

10

20

30

40

50

60

D
F

/F
0

Time (s)

oxa 30 µM + Xes C 5 µM  

0 100 200 300 400 500 600
0

10

20

30

40

50

D
F

/F
0

Time (s)

oxa 30 µM + 
10

Panx 100 µM 

0 100 200 300 400 500 600
0

10

20

30

40

50

60

D
F

/F
0

Time (s)

oxa 30 µM

0 100 200 300 400 500 600
0

10

20

30

40

50

60

D
F

/F
0

Time (s)

control

0 100 200 300 400 500 600
0

10

20

30

40

50

60

D
F

/F
0

Time (s)

control

0 100 200 300 400 500 600
0

10

20

30

40

50

60

D
F

/F
0

Time (s)

oxa 30 µM

0 100 200 300 400 500 600
0

10

20

30

40

50

60

D
F

/F
0

Time (s)

oxa 30 µM + U-73122 10 µM  

0 100 200 300 400 500 600
0

10

20

30

40

50

60

D
F

/F
0

Time (s)

oxa 10 µM

0

1

2

3

4

!

A
U

C

 control

 oxa 30 µM

0

1

2

3

4

5

6

7

 oxa 30 µM + U-73122 10 µM

 oxa 30 µM + 
10

Panx 100 µM

 oxa 30 µM + Xes C 5 µM

^
^

**

^

A
U

C

 control

 oxa 10 µM

 oxa 30 µM

g
a

b

c

i 

e

f

l Ca2+ free  

d

h 

oxa  



 
 

58 

treatment with oxaliplatin in Ca2+- free + EGTA extracellular conditions (Ca2+ 

≈1 nM) did not not affect the nucleotide release (92.5 + 15.0%, oxaliplatin 30 

µM vs. 100.0 + 8.7%, control) (Fig. 16b).  

Figure 16. Extracellular ATP release - short treatment with oxaliplatin. 

RBE4 (5 x 105/well) were treated with oxaliplatin 30 µM for 10 min in the 

presence (a) or in the absence (b) of extracellular calcium ([Ca2+ 
≈1 nM). 

Extracellular ATP concentration in the medium was measured by luminescence 

assay. All the results are expressed as the mean ± S.E.M of three experiments. 

Control condition was arbitrary set at 100%. *P<0.05 and **P<0.01 vs. 

control. 
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4.12 TJs and cytoskeleton distribution - short exposure to oxaliplatin 

The localization of ZO-1 and the organization of the cytoskeletal protein F-

actin were investigated in RBE4 after 10 min treatment of oxaliplatin 30 µM 

(Fig. 17). Even in this case, ZO-1 arrangement was altered, becoming patchy 

and with distinguishable discontinuation (Fig. 17a). Additionally, the correct 

organization of F-actin was partially lost. As shown in Fig. 17b, the treatment 

with oxaliplatin caused the migration of protein to the perinuclear space (Fig. 

17b). 

Figure 17. Effects of oxaliplatin on ZO-1 and F-actin distribution - short 

treatment. RBE4 cells (1.5x105 cells/cover slip) were exposed to oxaliplatin 

30 µM for 10 min. ZO-1 (a) and F-actin (b) were detected by 

immunofluorescent staining. Digitalized images were collected (five 

microscopic fields for each experimental point) by a motorized Leica 

DM6000B microscope equipped with a DFC350FX. Each experimental point 

was performed in triplicate, for three different set of experiments. Total 

magnification: 40X. Scale bar: 20 µm. 
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Oxaliplatin is one of the most extensively used chemotherapy agents for the 

treatment of the metastatic colo-rectal cancer (Lonardi et al., 2016). Although 

its anticancer efficacy, it provides a unique spectrum of neuropathic symptoms, 

comprising acute motor and sensory symptoms which occur immediately 

following infusion, and chronic neuropathy which develops with increasing 

cumulative dose (Park et al., 2011). The clinical treatment of chemotherapy-

induced neuropathy is still unsatisfactory. Only symptomatic drugs can be used 

and, in addition to the onset of side effects, their effectiveness in the 

management of painful neuropathy is not yet definitively proven (Hershmann 

et al., 2014). In this context, information regarding the pathophysiology of 

oxaliplatin-induced neurotoxicity is still lacking. To note, evidences collected 

up to now relate to several molecular and morphological changes occurring in 

the CNS (Di Cesare Mannelli et al., 2013; Di Cesare Mannelli et al., 2015a), 

suggesting a direct impact of the chemotherapy agent with central nervous 

compartment.  

In the in vivo model of oxaliplatin-induced neuropathy (Di Cesare Mannelli et 

al., 2015b), our preliminary data showed the extravasation of 

ImmunoglobulinG (IgG) from the blood circulation to the lumbar spinal cord 

parenchyma, indicating the failure of the BSCB integrity. The 

immunofluorescent analysis also revealed the astrocytic activation all around 

the blood vessels of lumbar spinal cord region after chronic treatment with the 

anticancer agent. Glial cells of the CNS are mainly involved in the 

development and maintenance of neuropathic pain states (Marchand et al., 

2005; Wieseler-Frank et al., 2004). In particular astrogliosis, occurring at both 

spinal and supra-spinal levels, is mainly involved in a complex response that 

strongly relate with the chronicity of oxaliplatin-induced painful state (Di 

Cesare Mannelli et al., 2013; Pacini et al., 2016). On the other hand, astrocytes 

are essential for the neurovascular coupling and the maintenance of the BBB 

homeostasis (Cabezas et al., 2014). By means of astrocytic endfeet, alterations 

in the endothelial compartment make astrocytes ready for compensatory 

responses. To note, astroglia negatively reacts to the toxic induction, harmfully 

altering neuronal activity. Otherwise, reactive astrogliosis induces disruption of 

the NVU homeostasis and drives the loss of integrity of the BBB (Argaw et al., 

2009). Interestingly, the barrier integrity is compromised at both brain and 
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spinal cord levels during neuropathic pain conditions and this background is 

often accompanied by astrocytic activation (Gordh and Sharma, 2006; 

Echeverry et al., 2011). 

In order to better understand possible changes in the permeability of both BBB 

and BSCB, different groups of mice, daily treated with oxaliplatin (2.4 mg kg-

1, i.p. (Di Cesare Mannelli et al., 2013)), were injected with fluorescent dye 

which was allowed to circulate for 15 min. The fluorescent analysis of specific 

brain and spinal cord regions mainly involved in the pain sensitization during 

oxaliplatin-induced neuropathy (Di Cesare Mannelli et al., 2013) revealed an 

increased permeability in the prefrontal cortex and lumbar spinal cord sites 

after 7 days of treatment with the anticancer agent. Otherwise, the permeability 

in those areas was not further increased after longer treatment (14 days) with 

oxaliplatin, indicating transient and reversible permeability alterations induced 

by the antineoplastic compound to the BBB/BSCB.  

Recently, the use of coupled plasma–mass spectrometry revealed the presence 

of small amount of oxaliplatin (6.6 nM) in the CSF of rats once injected with 

the anticancer agent (Huang et al., 2016), in accordance with previous findings 

obtained in non-human primates (Jacobs et al., 2005). To note, Huang and 

colleagues highlighted that the injection of the same amount of oxaliplatin, 

directly in the CSF, was able to decrease the pain threshold (Huang et al., 

2016). On the other hand, the plasma concentration in the rat, after repeated 

administration, is 18.3 µM in line to human plasma concentration (Zanardelli 

et al., 2014), indicating that cumulative oxaliplatin could continuously affect 

the BBB layer. However, to date, the molecular bases that can lead to BBB 

damage are unknown as well as it is not known if oxaliplatin, in addition to a 

modest crossing of BBB, may alter signalling in the NVU.  

To investigate in detail the altered machinery of the endothelial compartment 

of the NVU, we set up an in vitro model by the using a rat brain endothelial 

cell line (RBE4). Oxaliplatin impaired the cell viability in dose (1-100 µM) - 

and time (8-24 h)-dependent manner. Thus we choose doses that could reflect 

the plasmatic concentrations of the anticancer agent after repeated treatment. 

To note, these concentrations slightly or do not impact the RBE4 vitality 

allowing to mimic a damage that does not permanently affect the endothelial 

compartment of the BBB. 
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One of distinguished features of oxaliplatin-induced neurotoxicity is 

represented by the oxidative stress, which occurs both in the PNS and the CNS 

tissues (Di Cesare Mannelli et al., 2012). To note, proteins particularly suffer 

the alteration of the oxidative cellular state. As a consequence of the 

modification, carbonyl groups are introduced into protein side chains by a site-

specific mechanism, inducing decreased functionality (Disatnik et al., 2000). 

Interestingly, because oxidative protein folding occurs in the ER and 

perturbations in protein folding can cause deleterious consequences, alterations 

in redox status or generation of ROS could directly affect ER homeostasis and 

protein folding (Malhotra and Kaufman, 2007). GRP78/BiP (Glucose 

Regulated Protein 78) is a major chaperone protein critical for protein quality 

control of the ER, as well as controlling the activation of the ER-

transmembrane signaling molecules. GRP78 levels are up-regulated under 

stressed conditions which leads to the accumulation of unfolded proteins 

(Wang et al., 2009). In RBE4, oxaliplatin strongly enhanced the expression of 

GRP78 after 8 h treatment suggesting the impairment of ER machinery as one 

of the first maladaptive response to the anticancer agent. To note, GRP78 

levels, after a first restoration, are partially altered again by the higher 

concentration of oxaliplatin indicating the beginning of a new response of the 

organelle.  

The ER is considered the predominant Ca2+ store as it contains approximately 

70% of the cell’s total Ca2+ reserve. Usually, Ca2+ is released following the 

activation Gq-protein coupled receptor (GqPCR) in the plasma membrane with 

subsequent activation of PLC and production of diacylglycerol and inositol 

1,4,5-trisphosphate (InsP3). InsP3, in turn, binds the InsP3 receptor on the ER 

membrane, allowing the release of Ca2+ up to the cytoplasmic concentration of 

1 µM (De bock et al., 2013). Notably, continuous release of Ca2+ from ER 

stores leads metabolic cellular changes and, in particular, to endothelial 

permeability increase (De Bock et al., 2011). To analyse possible changes in 

the Ca2+ stores content, ATP was applied, as trigger of calcium oscillations (De 

Bock et al., 2013) to RBE4 cells, untreated or previously treated with 

oxaliplatin. As result, oscillations provided by the nucleotide were significantly 

lower in the cells that were pre-treated with the antineoplastic compound (10 

and 30 µM) for 16 h but not after 8 h. To this regard, compensatory 
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mechanisms, such as membrane channel opening, could allow the entry of 

extracellular Ca2+ after 8 but not after 16 h. These data were further confirmed 

by a second experiment where the application of thapsigargin, a non-

competitive inhibitor of the sarco/endoplasmic reticulum Ca2+ ATPase 

(SERCA) once applied raises cytosolic (intracellular) calcium concentration by 

blocking the ability of the cell to pump calcium into the sarcoplasmic and 

endoplasmic reticula. However, RBE4 pretreated with oxaliplatin for 16 h 

showed lower [Ca2+]i increase, confirming the lost of intracellular calcium 

stores.  

Under pathological conditions, changes in ER and cytosolic Ca2+ homeostasis 

are precursor of apoptotic pathways in endothelial cells (Fonseca et al., 2013). 

To note, the amplification of chaperones folding capacity such as GRP78 

enhances the transcription of genes for protein disulfide isomerases, 

CAAT/enhancer binding protein homologous protein (CHOP) and genes 

involved in angiogenesis and autophagy (Ameri and Harris, 2008). 

Furthermore, CHOP alters the levels of the pro-apoptotic factor Bax enhancing 

its translocation in the mitochondrion compartment with subsequent 

cytochrome C release and activation of the apoptosis-effector caspase-3 

(Marciniak et al., 2004; Kim et al., 2006). Otherwise caspase-3 can be 

activated directly by GRP78 via both mitochondrion- and apoptotic- 

independent pathways. It is well known that the accumulation of unfolded 

proteins in the ER triggers the activation of the ER-resident caspase-12, which 

leads to the increase of caspase-9 levels, thus promoting the activation of 

caspase-3 (Lin et al., 2008). Oxaliplatin enhanced the activation of caspase-3 

after 8 h, 16 h as well as 24 h. However BAX expression was increased only 

after 24 h, leading to speculate that the antineoplastic agent did not trigger 

apoptotic pathways unless the higher concentration used (30 µM) and longest 

time treatment. Intriguingly, oxaliplatin did not provoke the release of 

cytochrome C neither after 8 h nor 16 h, suggesting the possibility of 

mitochondrion-independent activation of caspase-3 at this time treatments.  

In the meanwhile, oxaliplatin, dose-dependently, augmented the release of 

ATP in the extracellular space after 8 and 16 h. In the vascular system several 

pathways for ATP liberation have been proposed, including vesicular release 

and channel-dependent mechanisms, among which connexin hemichannels and 
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pannexin channels are the most studied (Lohman et al., 2012b). To note, 

different mechanisms have been proposed as trigger for connexin and pannexin 

opening under pathological conditions such as intracellular and extracellular 

Ca2+ changes, depolarization and caspase-mediated cleavage of the carboxy-

terminal sequence (Lohman and Isakson, 2014; Dahl, 2015). Recently, the role 

of hemichannels at the BBB level, under pathological conditions, has been 

deeply analysed. Their opening has been relied to vascular inflammation as 

well as both connexins and pannexins of ECs contribute to ischemia-induced 

alteration at the BBB level (Kaneko et al., 2015; Wei et al., 2015). However, 

different release pathways of the nucleotide after oxaliplatin treatment are still 

under investigation.  

On the other hand, the ATP plays a fundamental role in intercellular 

communication, in particular in the NVU (Bynoe et al., 2015). In this context, 

the nucleotide is a key molecule and its extracellular accumulation triggers 

purinergic signalling cascades in a diversity of cell types. ATP, acting on 

purinergic receptors of the vascular wall, the metabotropic P2Y receptors and 

their ionotropic P2X counterparts in the endothelial membrane cause TJs 

remodelling, via both Ca2+-dependent and Ca2+-independent pathways (Yang et 

al., 2016). However, other findings suggested that ATP does not alter the TJ 

apparatus (De Bock et al., 2011). On the other hand, the continuous release of 

ATP from ECs after oxaliplatin treatment could act on purinergic receptors on 

astrocytes and neurons affecting their homeostasis. Perpetuated activation of 

their purine receptors, in particular the P2X7 subtype (P2X7R) of the ATP-

gated ionotropic P2X receptors, alters the normal crosstalk between glial and 

neurons leading to abnormal calcium currents which propagate along synapses 

(Bennett et al., 2009; Sperlagh et al., 2006). To note, evidences indicate that 

ATP and its purine receptors are involved in the regulation of neuropathic pain 

(Burnstock, 2015; Tsuda et al., 2010).  

TJ transmembrane proteins are linked to the cytoskeletal platform thanks to 

cytoplasmic proteins, which contribute to TJ integrity. Among them, ZO 

proteins allow the anchorage of transmembrane TJ proteins to the cytoskeleton 

and drive the correct spatial distribution of claudins via the PDZ domains 

(Fanning et al., 2002). RBE4 treated with oxaliplatin showed altered 

organization of the ZO-1, at increasing both concentration and time treatment 
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with the antineoplastic compound. Furthermore, the distribution of 

cytoskeleton protein F-actin, which normally allows the correct localization of 

TJs, was affected by the treatment with the anticancer agent. F-actin re-

localization leads to changes in centripetal cell tension, which may directly 

affect the adhesive property of TJs (Stamatovic et al., 2016).  

This data ultimately confirm the loss of barrier integrity following treatment 

with oxaliplatin. As a toxic agent, oxaliplatin may trigger in the endothelial 

cell, metabolic and structural changes that lead to barrier function alteration. In 

this context, organic cationic transporters (OCT1 and OCT2) and the copper 

uptake transporter 1 (CTR1) could allow the entrance of the antineoplastic 

compound in the ECs (Wu et al., 2015; Cui et al., 2017). 

Several evidence highlight that both tight junction and adherens junction 

remodelling is accompanied by a reorganization of perijunctional F-actin 

filaments resulting in the disappearance of the junctional proteins from areas of 

cell–cell contact (Ivanov et al., 2005). The actin cytoskeleton interacts with the 

motor protein myosin II right nearby the plasma membrane. Interactions 

between actin and myosin lead to cytoskeleton contractility and the formation 

of stress fibers. This is allowed by the phosphorylation of the regulatory 

myosin light chain (MLC) associated with myosin II. MLC phosphorylation is 

regulated by the non-muscle MLC kinase (MLCK), which phosphorylates 

MLC in a Ca2+-dependent manner (De Bock et al., 2013). Notably, actin fiber 

stress has been shown in many types of insults such as stroke/ipoxia, alcohol 

exposure and E. coli infection (Haorah et al., 2008; Kim et al., 2008; Hicks et 

al., 2010). In this context, Ca2+ is a second messenger with a major role in the 

regulation of BBB functions (Olesen 1989). To note, [Ca2+]i raise is associated 

with elevated permeability and decreased trans-endothelial resistance of brain 

endothelial cells (De Bock et al., 2013). Furthermore, experimental data 

suggest that oxaliplatin affects cell metabolism in complex pathways involving 

cytoplasmic Ca2+ changes (Nassini et al., 2011; Di Cesare Mannelli et al., 

2016). Thus, we focused on the possibility of fast changes in [Ca2+]i caused by 

oxaliplatin. Intriguingly, the anticancer agent was able to enhance Ca2+ 

oscillations in the ECs just after less than 10 min. Those oscillations required 

extracellular Ca2+, leading to hypothesize the implication of membrane 

channels opening. To note, Panx1 channel, expressed in ECs of the brain 
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microvasculature, closed at resting membrane potentials could be opened by 

several stimuli, allowing Ca2+ entry (Dahl, 2015). Our data showed that 

oscillations triggered by oxaliplatin were decreased by the specific Panx1 

blocker, 10Panx, suggesting a role for the hemichannel in the raising of [Ca2+]i. 

Notably, previous data revealed that Panx1 can be functionally recruited by 

P2X7R during oxaliplatin-induced neuropathy. The use of Panx1 blockers 

permitted to prevent the glutamate release from cerebro-cortical nerve 

terminals as well as reduced the chemotherapy-induced neuropathic pain (Di 

Cesare Mannelli et al., 2015b). However, the opening of other plasma 

membrane channels, such as connexin hemichannels or voltage-gated calcium 

channels, cannot be excluded. Furthermore, oxaliplatin-triggered [Ca2+]i 

increase is partially reduced both by the selective PLC blocker and the 

inhibitor of InsP3R. The InsP3 can be augmented by the increased activity of 

PLCβ, once triggered by the activation of GqPCRs, as above-mentioned. 

Otherwise, Ca2+ entering the cell through gap junction channels can also 

activate ryanodine receptors (RyRs), via a Ca2+-induced Ca2+ release 

mechanism, and, in turn, facilitate the activation of PLCβ, thus increasing 

InsP3 levels (Thore et al., 2005). This result highlights the involvement of ER 

in the oxaliplatin-induced [Ca2+]i alteration: continuos release of Ca2+ from 

stores induce long-term depletion of ER. 

Moreover, our results showed the increased release of ATP after the brief 

application of oxaliplatin. Released ATP could enhance Ca2+ oscillations in a 

self-sustained GqPCRs-triggered mechanism. At the same time, perpetuated 

release of the nucleotide could qickly alter the BBB homeostasis and trigger 

altered signalling in the NVU.  

Finally, both ZO-1 relocation and F-actin cytoskeleton remodelling was seen 

after 10 min treatment with the antineoplastic compound indicating that TJs 

alteration occurs very quickly and allowing to speculate fast changes in the 

permeability of BBB endothelial compartment. This event may require 

coordinated response between neighbouring ECs. In this context, the 

propagation of Ca2+ signalling along the endothelial layer could explain, at 

least in part, quick and transient changes in permeability. Particularly, two 

mechanisms have been highlighted to explain intercellular Ca2+ dynamics: one 

is based on the direct passage of Ca2+ and InsP3 throughout gap junctions 
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channels of two adjacent cells. The second pathway involves the release of 

paracrine components (generally ATP), which, once diffused in the 

extracellular space, binds the corresponding GqPCRs on neighbouring cells, 

triggering cascades that evoke [Ca2+]i increase (Leybaert  and Sanderson, 2012; 

Wang et al., 2013).  

In conclusion, our data reveal the pathophysiological involvement of BBB's 

endothelial compartment in oxaliplatin-induced neurotoxicity. These results are 

part of the complicated picture of alterations that occur during and after 

chemotherapy treatment. In this context, changes in ECs following exposure to 

the platinum derivative, both in the acute and in the chronic phase, would not 

only explain the passage of small amounts of oxaliplatin, but would lead to the 

activation of the entire NVU, thus causing the profound alterations, which 

occur at spinal and supra-spinal levels of the CNS. With this regards, rapid 

modification of [Ca2+]i and ATP release are the basis of modification both in 

the fast and long-term response to the anticancer agent. Even though, 

mechanisms underlying the modification in the ECs and the signalling 

cascades triggered in the surrounding environments need deeper examinations, 

the endothelial compartment of BBB plays a relevant role in the 

pathophysiology of oxaliplatin-induced neuropathy.  
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