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1. INTRODUCTION 

1.1 Chemoteraphy-induced peripheral neurotoxicity 

In the last few years, as a result of the advancements in early diagnosis 

and in the efficacy of oncological treatments, there has been an 

increase in the number of patients cured from cancer and in the 

amount of patients with long-term survival (Henley et al., 2017; Siegel 

et al., 2017). Consequently, the attention has been focused on the 

persistent side effects of cancer treatment that may affect the patient 

quality of life (Argyriou et al., 2012) and increase the annual cost of 

healthcare (Pike et al., 2012).  

Among the others, the chemotherapy-induced peripheral neurotoxicity 

(CIPN) represents one of the most common and potentially dose-

limiting adverse events associated with the use of anticancer drugs 

most commonly employed as adjuvant or primary treatment for breast, 

colorectal, head and neck, lung, ovarian, hematological and testicular 

cancer (Park et al., 2013). All these antineoplastic agents have a 

different chemical structure and mechanism of action and include: the 

platinum derivatives (like cisplatin and oxaliplatin), the vinka 

alkaloids (particularly vincristine and vinblastine), the taxanes 

(paclitaxel, docetaxel), the proteasome inhibitors (bortezomib and 

carfilzomib), the epothilones (ixabepilone) and immunomodulatory 

drugs (thalidomide) (Wolf et al., 2008; Brewer et al., 2016) (Table 1).  

A recent meta-analysis conducted by Serenity et al. (2014) showed 

that the overall prevalence of CIPN is approximately 68% within the 

first month of treatment, around 60% at 3 months and 30% at 6 
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months or more. Moreover, the 40% of patients experience permanent 

symptoms (Park et al.; 2013). The prevalence of CIPN is specific for 

the anticancer drug used (Seretny et al., 2014). 

Drug name 
Type of cancer 

treated 

Mechanism of 

action 

Neuropathy 

incidence 

Platinum-based 

drugs 

Lung, ovarian, 

bladder, germ cells, 

testicular, colorectal 

cancer. 

Cancer cell DNA-

cross-linking. 
70-100 % 

Taxanes 

Breast, ovarian, 

lung, prostate, 

pancreatic cancer. 

Cancer cell 

microtubule 

formation 

impairment. 

11-87 % 

Thalidomide and its 

analogs 
Multiple myeloma. 

Antiangiogenesis, 

immunomodulation. 
20-60 % 

Ixabepilone Breast cancer. 
Tubulin 

malformation. 
60-65 % 

Bortezomib Multiple myeloma. 
Proteasome 

inhibition. 
20-30 % 

Vinca alkaloids 

Lung, brain, 

bladder, testicular 

cancer. 

Cancer cell 

microtubule 

formation. 

Up to 20 % 

Table 1. Characteristics of neurotoxicity-inducing drugs routinely used in 

clinical practice (Banach et al., 2016). 

Generally, the clinical signs associated with CIPN are a peripheral 

neuropathy with a ‘stocking and glove’ distribution mainly 

characterized by sensory loss, paresthesia, dysesthaesia, numbness and 

tingling associated with neuropathic pain only in the most severe cases 

(Park et al., 2008; Jaggi and Singh, 2012). Motor symptoms, like 

weakness, autonomic neuropathy and cranial nerve involvement are 

less commonly reported (Miltenburg and Boogerd, 2014; Cavaletti, 

Alberti and Marmiroli, 2015).  

The signs of CIPN are typically dose-dependent and can emerge after 

a single or cumulative doses at any time after the initiation of 

treatment, from hours to weeks or even months, and may continue 

post-therapy (Brewer et al., 2016).  
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The main clinical features of peripheral neurotoxicity associated with 

the chemotherapy drugs discussed above are summarized in Table 2. 

Drug Typical Symptoms/Signs 

Platinum  

Cisplatin 

Early reduction/loss deep tendon reflexes. 

Distal, symmetric, upper- and lower-limb impairment/loss of all sensory 

modalities. 

Sensory ataxia and gait imbalance are frequent. 

Neuropathic pain can be present, but is it not frequent. 

Coasting phenomenon is frequent. 

Carboplatin Similar to cisplatin but milder 

Oxaliplatin 

Acute: 

cold-induced transient paresthesias in mouth, throat and limb 

extremities; 

cramps/muscle spasm in throat muscle, jaw spasm. 

Chronic: 

very similar to cisplatin.   

Bortezomib 

Reduction/loss deep tendon reflexes. 

Mild to moderate, distal symmetric loss of all sensory modalities occurs. 

Small myelinated and unmyelinated fibers are markedly affected, 

leading to severe neuropathic pain. 

Mild distal weakness in lower limbs is possible. 

Taxanes 

(paclitaxel, 

docetaxel) 

Reduction/loss deep tendon reflexes. 

Myalgia syndrome is frequent (as an atypical neuropathic pain?). 

Distal, symmetric, upper- and lower-limb impairment/loss of all sensory 

modalities. 

Gait unsteadiness is possible because of proprioceptive loss. 

Distal, symmetric weakness in lower limbs is generally mild. 

Epothilones 

(ixabepilone, 

sagopilone) 

Signs and symptoms are similar to taxanes, but neuropathic pain is less 

frequent, and recovery is reportedly faster. 

Vinca 

alkaloids 

(Vincristine, 

other 

compounds) 

Reduction/loss deep tendon reflexes. 

Neuropathic pain/paresthesia at limb extremities is relatively frequent. 

Distal, symmetric, upper- and lower-limb impairment/loss of all sensory 

modalities. 

Distal, symmetric weakness in lower limbs progressing to foot drop. 

Autonomic, symptoms may be severe. 

Thalidomide 

Reduction/loss deep tendon reflexes. 

Relatively frequent neuropathic pain at limb extremities. 

Mild to moderate, distal, symmetric loss of all sensory modalities. 

Weakness is rare. 

Table 2. Typical clinical features of CIPN associated with conventional 

chemotherapy (Cavaletti, Alberti and Marmiroli, 2015). 

These symptoms may be disabling and influence the patient’s daily 

activities and quality of life (Canta et al., 2015; Hausheer et al., 2006). 
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Furthermore, these undesirable side effects can lead to dose 

modification, prolongation of the infusion time or early 

discontinuation of treatment that can increase cancer-related morbidity 

and mortality (Cavaletti and Marmiroli, 2010; Hershman et al., 2014). 

All these symptoms generally arise at limb extremities showing a 

distal to proximal progression (Cavaletti, Alberti and Marmiroli, 

2015) and are caused by a damage to axons (length-dependent 

axonopathy) or to the cell bodies of dorsal root ganglia (DRG) 

neurons (neuronopathy) (Carozzi et al., 2015 ). The major 

susceptibility to the action of noxious exogenous agents of peripheral 

nervous system (PNS), compared to central nervous system (CNS), 

depends on its peculiar structure (Argyriou et al., 2012). In fact, the 

lack of a blood nerve barrier and the complexity of the processes 

involved in peripheral nerve repair and regeneration make DRGs and 

their axons susceptible to the collateral effects of cancer treatments 

(Allodi et al., 2012). Moreover, DRGs are characterized by the 

presence of dense vascularisation and fenestrated capillaries that make 

them even more sensitive to circulating molecules (Jimenez-Andrale, 

2008). Damage to small sensory fibers occurs rarely with select 

chemotherapies (i.e. bortezmib), while large sensory fibers are the 

most commonly affected (Park et al., 2013; Cata et al., 2007).  

While the mechanisms of action of the above mentioned 

antineoplastic drugs on tumor cells are relatively well established, 

little is known about their toxic activity and more studies are needed 

in order to find putative targets for the development of preventive and 

therapeutic strategies. However, over the past decade, several 

neurotoxic mechanisms have been proposed for the different classes 
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of anticancer drugs, which include: oxidative stress, mitochondrial 

damage, impaired axonal transport, dysfunction in sodium, potassium 

and Transient Receptor Potential (TRP) channels, neuroinflammation 

and selective cellular influx through specific transporters (Cavaletti 

and Marmiroli, 2015; Starobova and Vetter, 2017; Canta, 2015). 

The identification of clinical and genetic risk factors for CIPN and the 

understanding of how they may impact on the response to 

antineoplastic treatment and on the onset of side effects is essential to 

identify susceptible patients (Addington and Freimer, 2016). Many 

factors that may increase the risk of CIPN onset and its severity have 

been identified, such as the specific antineoplastic drug used, the 

duration of exposure, cumulative dose, pre-existing history of 

neuropathy, combined therapies and genetic polymorphisms 

(Kerckhove et al., 2017). Other associated risk factors are represented 

by age, sex (female), race (black), history of diabetes, obesity, 

physical inactivity and metastatic versus non metastatic cancer (Kim 

and Johnson, 2017; Bakogeorgos and Georgouilias, 2017). On the 

other hand, a history of autoimmune disease seems to have a 

protective effect (Hershman et al., 2016).  

The assessment of CIPN is frequently troublesome. In fact, there is no 

universally accepted assessment method that is based on both 

objective (i.e. clinical examination and nerve conduction studies, 

NCS) and subjective evaluations (neurotoxicity grading scales) 

(Miltenburg and Boogerd, 2014). 

Conventional NCS is useful to evaluate the onset of CIPN but it only 

gives information about the involvement of large myelinated fibers 
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and does not detect changes in small fibers (Themistocleous et al., 

2014). 

Quantitative sensory testing and the measurement of nerve fiber 

density through corneal confocal microscopy and nociceptive-evoked 

potentials are useful tools for the evaluation of damages to small and 

unmyelinated nerve fibers (Verberne et al., 2013; Hoeijmakers et al., 

2012). Magnetic resonance neurography is emerging as a new 

promising diagnostic tool that allows to visualize axonal alteration and 

demyelination (Wessing et al., 2011). In recent years, many different 

scales have been proposed to evaluate the grade of CIPN, such as the 

National Cancer Institute Common Toxicity Criteria scale and the 

Eastern Cooperative Oncology Group scale. These scales are easy to 

use but they usually underestimate the severity of symptoms 

(Cavaletti et al., 2010) and, therefore, they have been replaced by 

scales combining both clinical assessments and neurophysiological 

parameters like the Total Neuropathy Score (Cornblath et al., 2010).  

Moreover, different self-reported questionnaires (Patient Reported 

Outcome Measures, PROM) have been developed and are 

increasingly used in neuroprotection clinical trials because they seem 

to be more accurate and sensitive compared to the clinician-reported 

ones (Alberti et al., 2014; Hershman et al., 2011).  

Lastly, a recent preclinical study in a well-established rat model of 

vincristine-induced peripheral neurotoxicity proposed the dosage of 

serum neurofilament light chain (NfL) level as putative biomarker for 

CIPN severity (Meregalli et al., 2018). In fact, they showed that the 

progressive increase in serum NfL levels correlates with the 

progressive axonopathy. This simple approach could be easily 
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translated to clinical practice where careful monitoring of CIPN may 

be problematic (Cavaletti et al., 2013). However, additional studies 

are needed. 

In spite of remarkable efforts on both preclinical and clinical side, no 

substantial progresses have been made in CIPN prevention and 

treatment that still represent unmet clinical needs (Staff et al., 2017; 

Bakogeorgos and Georgouilias, 2017). Cavaletti and Marmiroli (2018) 

stated that this worrisome situation seems to reflect a combination of 

methodological issues (i.e. the absence of a universally accepted 

assessment methods, the lack of reliable predictors of CIPN onset and 

severity able to identify high-risk subjects and the incomplete 

knowledge of the mechanisms underlying drug-induced neurotoxicity) 

and a lack of efficacy of the tested compounds. In fact, even if many 

preventive and therapeutic strategies have been attempted, including 

pharmacologic agents such as anticonvulsants (for example 

carbamazepine and pregabalin), antidepressants, chemoprotectants, 

vitamins, minerals and other dietary supplements (Bakogeorgos and 

Georgouilias, 2017), all these studies gave negative, conflicting or 

inconclusive results. For this reason, there are no available preventive 

strategies and, to date, the antidepressant duloxetine represents the 

only recommended treatment in patients with taxane or oxaliplatin 

(OHP) -induced peripheral neurotoxicity (Albers et al., 2014; 

Hershman et al, 2014). Therefore, treatment schedule modification 

still remains the only possible option to limit CIPN severity and its 

long-term/permanent symptoms (Mustafa et al., 2017).  
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1.2 Pre-clinical models for studying CIPN 

Most of the information about the mechanisms underlying CIPN is 

based on the results obtained in studies conducted on preclinical 

models. These include both in vivo and in vitro models and are very 

useful in order to have a better insight of the pathophysiology of CIPN 

and to study the effects of putative neuroprotectants leading to new 

preventive and therapeutic strategies. 

Over the last 20 years, a lot of chronic and acute animal models have 

been developed for the most important and widely used antineoplastic 

agents (Hopkins et al., 2016). They are usually established in rodents, 

mice or rats, but the use of non-mammalian models have been 

reported, although less frequently (zebrafish, Drosophila) (Fukuda et 

al., 2017). Chemotherapy drugs are usually administered to rodents 

through intraperitoneal or intravenous injection. The assessment of 

CIPN features is done using behavioural, electrophysiological, and 

histopathological (i.e. morphometric and morphological changes in 

DRGs and nerves and intraepidermal nerve fiber density) analysis 

conducted at different time points during the chemotherapy regimen 

(Hopkins et al., 2016).  

Sensory and motor conduction studies of caudal and digital nerves 

represent a useful tool to evaluate the typical electrophysiological 

abnormalities observed in patients undergoing antineoplastic regimen 

(i.e. reduced nerve conduction velocity and compound action potential 

amplitude). More recently, nerve excitability testing (NET) has been 

translated from clinical to preclinical practice in order to study axonal 

hyperexcitability (George and Bostock, 2007). This technique may be 
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very important in  evaluating possible neuroprotective strategies for 

the acute OHP related toxicity. Behavioral tests such as dynamic test, 

plantar test and cold plate test are used to evaluate pain-like behaviors 

that may be associated with CIPN (i.e. mechanical allodynia, and 

thermal hypo-and hyperalgesia). 

Some of the critical aspects of CIPN animal models that may limit the 

translation of preclinical study results into clinical practice are 

represented by the proper reproduction of the chemotherapy regimen, 

the selected way of administration and assessment methods 

(Marmiroli et al., 2017).   

Even if the rodent models of CIPN best resemble its clinical features, 

they are time consuming, expensive and their results may be difficult 

to interpret (Marmiroli et al., 2012). Moreover there is no 

standardization in the evaluation of CIPN and related neuropathic pain 

and this makes it difficult to compare data obtained in different 

laboratories (Fukuda et al., 2017). Based on these factors, in vitro 

models may be used as complementary tools for the study of CIPN 

pathophysiology and for the preliminary screening of new 

neuroprotectant molecules, reducing the number of compounds tested 

in vivo (Snyder et al., 2018).  

At the beginning, CIPN mechanisms were investigated in vitro using 

cultures of differentiated neurons derived from tumoral cell lines, such 

as SH-SY5Y human neuroblastoma and rat PC12 pheocromocytoma 

cells (Nakagawa-Yagi et al., 2001; Villa et al., 2005; Geldof et al., 

1998; Verstappen et al., 2004). These differentiated cells possess 

several properties of neuronal cells (Biedler et al., 1978; Sharma et al., 
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1999) but lack a true neuronal phenotype (Marmiroli et al., 2012). For 

this reason, the mechanisms of CIPN and the effects of putative 

neuroprotectants were then studied on DRG neuron primary cultures 

and on co-cultures of DRG neurons and Schwann cells derived from 

embryonic or adult rats and mice (Gill and Windebank, 1998; 

Malgrange et al., 1994; Pittman et al., 2013; Imai et al, 2017). 

Recently, due to the advances in stem cell technology, the attention 

has been focused on the development of new in vitro models based on 

human neurons differentiated from induced pluripotent stem cells 

(iPSCs). Wainger et al. (2015) recently showed that nociceptor 

neurons deriving from human fibroblasts can be used to study the 

mechanisms underlying painful CIPN. Moreover, Wheeler et al. 

(2015) have demonstrated that human neuron-like cells derived from 

commercially available iPSCs can be used as a preclinical model to 

study anticancer drug neurotoxicity. 
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1.3 Platinum compounds 

Chemotherapy based on platinum analogues represents the main 

treatment for many solid tumors including lung, colorectal, stomach, 

head and neck, cervix, oesophagus, bladder, ovarian and testicular 

cancer (Dasari and Tchounwou, 2014). The use of cisplatin (CDDP), 

carboplatin and OHP is approved worldwide while other platinum 

compounds as nedaplatin, heptaplatin and lobaplatin are approved 

only in Japan, South Korea and China respectively (Johnstone et al., 

2016).  

Platinum-based anticancer drugs are composed of doubly charged 

platinum ions surrounded by four ligands. The amine ligands allow 

the formation of stronger interactions with the platinum ion while the 

chloride ligands or carboxylate compounds constitute the leaving 

groups (Figure 1; Goodsell, 2006). 

 

Figure 1. Chemical structure of the platinum-based anticancer drugs approved 

worldwide (Todd and Lippard, 2009). 

All platinum compounds are administered intravenously in bolus or 

via slow infusion. They remain intact in the bloodstream and enter 

into cells through different mechanisms including passive diffusion 

through the plasma membrane and active transport mediated by 

membrane proteins such as copper transporters and/or organic cation 
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transporters (Johnstone et al., 2016; Lin et al., 2002; Howell et al., 

2010, Puckett et al., 2010). Once in the cells, these drugs are aquated 

becoming highly reactive and thus forming adducts with the DNA and 

binding other cellular molecules such as proteins (Kelland, 2007). 

This mechanism is responsible not only for the anticancer activity of 

platinum analogues but also for their toxicity that depends on their 

poor selectivity for tumor cells. In fact, these compounds are up-taken 

also in other fast growing tissues leading to different, dose-dependent 

side effects that can be grouped in seven major categories: 

nephrotoxicity, ototoxicity, neurotoxicity, cardiotoxicity, 

hematological toxicity, hepatotoxicity and gastrointestinal toxicity 

(Oun et al., 2018). The incidence of all these adverse events varies 

depending on the platinum compound used. Although patients treated 

with platinum-based drugs experience similar side effects, the specific 

dose limiting toxicity is different for each compound of the class and 

is nephrotoxicity, myelosuppression and neurotoxicity for CDDP, 

carboplatin and OHP respectively (McWhinney et al., 2009).  

The dosage used depends on different factors including: the cancer 

type, the protocol used, combined therapy and the patient’s general 

status of health. Moreover, during chemotherapy regimen, the dose is 

adjusted taking into account the patient’s body surface (Oun et al., 

2018).  

Cisplatin 

CDDP (cis-diamminedichloroplatinum II) is the first developed 

platinum-based drug for chemotherapy. Its cytotoxic activity was 

accidentally discovered in 1965 by Rosenberg et al. while studying the 
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effects of alternating currents on the growth of Escherichia Coli 

(Rosenberg et al., 1965). Later on, its biological activity was tested in 

tumor bearing mice showing that it was able to induce marked tumor 

regression (Rosenberg et al. 1969). The first patient was treated with 

CDDP in 1971, and in 1978 the compound was approved for the 

treatment of testicular and ovarian tumors by the Food and Drug 

Administration (FDA) (Higby et al., 1974). To date, CDDP still 

represents a mainstay in the treatment of testicular, ovarian, bladder, 

cervical, head and neck and lung cancer (Weiss and Christian, 1993).  

CDDP is composed of a central platinum ion surrounded by four 

ligands: two amines ligands and two chlorides as leaving groups 

(Goodsell, 2006). CDDP is administered intravenously and, once in 

the bloodstream, it is uptaken into the cytoplasm of cells by passive 

diffusion or via active transport. Upon entering a cell, the low 

concentration of chloride ions induces the loss of one or both leaving 

groups, that are replaced by water molecules through a series of 

spontaneous aquation reactions. The hydrolysis of CDDP results in the 

formation of a cationic platinum complex that is a very reactive 

molecule able to interact with nucleophilic sites (el-Khateeb et al., 

1999; Kelland, 2000). In particular, CDDP interacts with nitrogens at 

nucleophilic N7-site of purine bases in DNA to form DNA-protein 

and DNA-DNA interstrand and intrastrand crosslinks (Eastman, 1987, 

Jamieson and Lippard, 1999). Intrastrand adducts are the major 

responsible for the cytotoxic action (Pinto and Lippard, 1985). In fact, 

1,2-intrastrand ApG and GpG crosslinks account for 85-90% of total 

lesions (Kelland, 1993) while, the 1.3-interstrand (GpG) crosslinks 

and monofunctional adducts make up about 2-6% of the platinum 
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bound to DNA each (Siddik, 2003). These chemical alterations induce 

the distortion of the DNA double helix, introducing abnormal 

curvatures and unwindings that inhibit its replication and transcription 

(Imran et al., 2013). If the amount of damaged DNA exceeds the 

repair capability, the cell dies through apoptosis. 

Despite its proven effectiveness as an antineoplastic drug, CDDP 

clinical use may be limited by tumor cell resistance and nephrotoxicity 

(Cerri et al., 2011). For these two reasons, second and third generation 

platinum compounds have been developed.  

Carboplatin 

Cis diammine (1,1-cyclobutanecarboxylato) platinum (II), carboplatin, 

is a second generation platinum compound developed to reduce the 

CDDP related side effects (Harrap, 1985). Differently from CDDP, 

carboplatin has a bidentate dicarboxylate ligand as a leaving group. 

This ligand is less labile compared to chloride ligands, reducing the 

aquation rate and thus the related toxicity. In fact, carboplatin has a 

safer profile compared to CDDP but also its antineoplastic efficacy is 

reduced (Knox et al., 1986). It is classified as an alkylating agent and 

it exerts its anticancer activity forming predominantly intrastrand 

DNA cross-links. 

Carboplatin is used in combination with other chemotherapy drugs as 

part of first-line treatment for ovarian and lung cancer (Avan et al., 

2015). Hematotoxicity, in particular myelosuppression, represents its 

dose limiting adverse reaction (Canetta et al., 1985). 
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Oxaliplatin  

OHP, (1R,2R)-cyclohexane-1,2-diamine oxalate-platinum(II), is a 

third generation platinum-based compound developed to overcome 

cisplatin resistance (Mathé et al., 1989). It was firstly used in France 

in 1996, in 1999 it was introduced in whole Europe, and in 2002 in 

USA (Monneret, 2011). OHP is indicated, in combination with folinic 

acid (Leucovorin) and 5-fluorouracil (FOLFOX regimen), for first-

line and adjuvant metastatic colorectal cancer therapy (Chau and 

Cunningham, 2003). In addition, it can be used in combination with 

capecitabine (XELOX/CAPOX regimen) and it has demonstrated its 

efficacy also against pancreatic and gastroesophageal cancers 

(Cassidy et al., 2004; Louvet et al., 2005; Cunningham et al., 2008). 

Differently from CDDP, it is composed of a central doubly charged 

platinum ion surrounded by a 1,2-diaminocyclohexane ligand 

(DACH) and an oxalate as a living group (Kelland, 2007). The bulky 

DACH ligand is responsible for the higher cytotoxicity of OHP 

compared to CDDP (Carozzi et al, 2015). In fact, although DACH 

confers on OHP a reduced cross-reactivity with DNA, its dimension 

prevents binding of the DNA mismatch repair proteins, which is a 

mechanism involved in resistance to alkilating-agents (Raymond et 

al., 1998). The oxalate leaving group reduces the severity of adverse 

events (Cassidy and Misset, 2002).  

In the bloodstream, the oxalate group is rapidly displaced by chloride 

ions forming dichloro(DACH)platinum complexes that can enter the 

cells. Once inside the cells, where the chloride concentration is lower 

(4- 20 mM), these complexes are aquated ad thus converted to the 

active forms with cytotoxic activity (Alcindor and Beauger, 2011). In 
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GC-rich sites, they mainly form DNA intrastrand crosslink with a 

nitrogen atom of guanine, forming mono- and then diadducts (Faivre 

et al., 2003). These adducts inhibit DNA replication and transcription 

and thus lead to cell death through apoptosis (Di Francesco et al., 

2002). Additionally, OHP can cause interstrand crosslinks and DNA-

protein crosslinks (Zwellinget al., 1979). 

Despite the absence of nephrotoxicity and drug resistance compared to 

CDDP and its proven antitumor activity, the clinical use of OHP may 

be limited by the onset of peripheral neurotoxicity. 
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1.3.1 Oxaliplatin-induced pheripheral neurotoxicity (OIPN) 

Differently from the other platinum analogues, the OHP-induced 

peripheral neurotoxicity has unique characteristics. In fact, it is 

associated with two forms of neurotoxicity with different timing and 

symptoms profile: an acute, transient syndrome and a dose-limiting 

chronic sensory neuropathy (Grothey, 2003). The acute toxicity is a 

key feature of OHP neurotoxicity. It occurs in nearly all patients (85-

95%) during or shortly after the infusion and generally resolves within 

a week (de Gramont et al., 2000; Hausheer et al., 2006). Patients 

complain paresthesias and dysesthesias located at limb extremities and 

at perioral region. Although less common, motor signs may occur 

including cramps, fasciculations and muscular spasm-like contractions 

(Wilson et al., 2002). These symptoms are induced or aggravated by 

cold exposure and increase in severity and duration with cumulative 

dosage (Grothey, 2003; de Gramont et al., 2000; Wilson et al., 2002). 

Infusion prolongation, and thus lower peak plasma concentration of 

OHP, can reduce their severity and incidence (Extra et al., 1998). In 

addition, it has been demonstrated that the acute OHP related toxicity 

is predictive for the development of chronic and cumulative sensory 

neuropathy (Argyriou et al., 2013; Valesco et al., 2014). In fact, these 

symptoms and related electrophysiological abnormalities are detected 

in about 78% of patients who subsequently develop the chronic OIPN 

(Krishnan et al., 2005). Based on this link, possible preventive or 

therapeutic strategies for the acute symptoms may reduce the severity 

and toxicity of the chronic ones. 

In patients with acute toxicity, sensory nerve conduction studies reveal 

no effects on the amplitude of compound action potential and nerve 
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conduction velocity. Moreover, no signs of neurotoxicity has been 

found in sural nerve biopsies. On the other hand, the acute symptoms 

seem to be related to increased nerve excitability. In fact, needle 

electromyography examinations and motor nerve conduction studies 

reveal spontaneous high frequency discharges of motor fibres and 

repetitive compound motor action potentials in response to a single 

electrical stimulus in the following 24-48h after OHP infusion 

(Wilson et al., 2002; Lehky et al., 2004). These findings are further 

supported by the results on nerve excitability testing in patients after 

OHP infusion that demonstrate an increase of refractoriness in motor 

axons and a decrease of the same parameter in sensory axons 

(Krishnan et al., 2005, 2006; Park et al., 2009). Taken together, these 

findings provide evidence of alterations in voltage-dependent sodium 

channels although a possible role of voltage-dependent potassium 

channels is still on debate. Therefore, the mechanisms underlying 

acute OIPN still have to be fully elucidated. 

Chronic OIPN develops progressively in about 70% of patients with 

cumulative doses exceeding 540 mg/m
2
 (Cerosimo, 2005; Argyriou et 

al., 2013b). It is a sensory neuropathy with a “stocking and glove” 

distribution, characterized by non cold-induced dysesthesia and 

paresthesias of the extremities and dysfunction of fine sensory-motor 

coordination, that develops gradually and increases in intensity with 

cumulative doses (Hartmann and Lipp, 2003; Cavaletti and Zanna, 

2002). These symptoms may progress to sensory ataxia and functional 

impairment severely affecting the patient’s quality of life (Gamelin et 

al., 2002). Sensory nerve conduction studies show a reduction in 

sensory AP amplitude while sensory conduction velocities are 
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normally not affected in the majority of patients. In addition, there is 

no involvement of motor nerves (Miltenburg and Boogerd, 2014; 

Argyriou et al., 2014). 

It has been estimated that the described symptoms related to chronic 

OIPN partially reverse in 80% of patients and resolve completely in 

about 40% of patients in 6-8 months after the last administration 

(Argyriou et al., 2008). However, two studies evaluating long term 

course of OHP neurotoxicity reported persistence of symptoms and 

signs up to 5-6 years in almost 35% of patients (Pietrangeli et al., 

2006; Brouwers et al., 2009). Moreover, the so called “coasting 

phenomenon” (i.e. the worsening of symptoms) may occur after 

discontinuation of OHP treatment (Lehky et al., 2004).  

Chronic OIPN seems to be related to the accumulation of OHP in 

DRGs leading to atrophy or loss of DRG sensory neurons and 

secondary axonopathy (Luo et al., 1999; Screnci et al., 2000). 

However more efforts are needed to better understand the mechanisms 

involved in its pathogenesis.  

Dose reduction or discontinuation of chemotherapy treatment still 

remain the only available strategies. In fact, a Cochrane review 

recently analyzed 29 studies describing nine possible chemoprotective 

agents (i.e. acetylcysteine, amifostine, calcium and magnesium, 

diethyldithiocarbamate, glutathione, Org 2766, oxcarbazepine, 

retinoic acid or vitamin E) against platinum induced neuropathy.  

They concluded that, to date, none of the tested neuroprotectants is 

worth to be recommended for the prevention or mitigation of platinum 

compound side effects on the peripheral nervous system (Albers et al., 
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2014). This opinion was also sustained by a group of experts who 

carried out a systematic literature research with the purpose to write a 

clinical practice guideline for the prevention and management of 

CIPN in survivors of adult cancer. They concluded that there is no 

consistent evidence to support the use of antiepileptic drugs, 

antidepressants, vitamins and antioxidants as preventive/therapeutic 

strategies against CIPN in clinical routine. Only duloxetine, an 

antidepressant, is slightly recommended in cancer patients 

experiencing CIPN (Hershman et al., 2014). However, unexpectedly, 

a putative therapeutic option able to eliminate neuropathic and 

depressive-like effects of OHP has been recently identified in 

rilouzole, a benzothiazole derivative, activator of TREK 1 and 

TRAAK channels used for the treatment for amyotrophic lateral 

sclerosis (Poupon et al., 2018).  

Given the lack of preventive and therapeutic strategies, the 

identification of risk factors for the development of chronic OIPN 

represent a crucial clinical need. For this aim, a lot of risk and 

prognostic factors has been reported and related with the onset and 

severity of OIPN and include patients clinical characteristics (acute 

OIPN symptoms and comorbidities), neurophysiological and 

laboratory findings and pharmacogenetics factors (Pulvers and Marx, 

2016). 

1.3.2 Role of transporters in OIPN 

The key mechanism responsible for OIPN is represented by OHP 

accumulation in DRG neurons. For this reason, deepening the 

knowledge in OHP membrane transporters could be important not 
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only for OHP therapeutic effects but also for understanding its 

toxicity. In fact, these transporters are expressed in peculiar organs 

and cellular types (renal proximal tubular epithelial cells, cells of the 

auditory apparatus and nerve cells) where they mediate platinum drug 

influx and accumulation, leading to toxicity. In particular it has been 

reported that the copper transporters, CTR1, Mate 1, Atap7a and b 

control CDDP, OHP and carboplatin accumulation in cells (Komatsu 

et al., 2000; Samimi et al., 2004; Liu et al., 2009; Fujita et al., 2018). 

Moreover, other in vitro studies has highlighted a role of Oct2 in 

CDDP and OHP transport (Zhang et al. 2006; Filipski et al., 2009; 

Burger et al., 2010; Sprowl et al.; 2013). Recently, it has been 

reported that the knockdown of Oct1 but not of Oct2 ameliorated 

peripheral neuropathy in OHP treated mice (Fujita et al., 2018). This 

last finding is also supported by another work testing the effects of 

ergothioneine (a substrate/inhibitor of Oct1) and L-carnitine (a 

substrate/inhibitor of Oct2). In fact, they reported that the co-

administration with ergothioneine but not L-carnitine decreased the 

accumulation of OHP and the development of mechanical allodynia in 

OHP treated rats (Nishida et al., 2018). 

1.3.3 Involvement of ion channels in the onset of acute OIPN 

Bacause of the resemblances between the symptoms experienced by 

OHP treated patients and the clinical features produced by disorders of 

voltage-dependent channels, acute OIPN is described in literature as a 

channelopathy-like syndrome (Gamelin et al., 2002). In particular, it 

appears to act by dysregulating the nodal voltage-dependent sodium 

channels (Chiorazzi et al., 2015). 
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Voltage-dependent (Nav) sodium channels are transmembrane ion 

channel proteins important for action potential generation and 

propagation in excitable cells. In fact, dysfunctions of these channels 

are related to different disorders such as epilepsy and neuropathic 

pain. The voltage-dependent sodium channel gene family comprises 

nine homologous members SCN1A to SCN11A, encoding for 

selective ion channels Nav1.1 to Nav1.9 (Eijkelkamp et al., 2012). 

These channels are differentially expressed and, based on sequence 

and function, they can be mainly divided in two groups: tetrodotoxin 

(TTX) sensitive and TTX-resistant (Rogers et al., 2006). The 

classification of voltage-dependent sodium channels is summarized in 

Table 3. 

Name Gene TTX-sensitive Localization 

Nav1.1 SCN1A Yes CNS, DRG 

Nav1.2 SCN2A2 Yes CNS 

Nav1.3 SCN3A Yes 
Embryonic CNS, 

injured DRG 

Nav1.4 SCN4A Yes Skeletal muscle 

Nav1.5 SCN5A Moderate 
Heart, embryonic 

CNS 

Nav1.6 SCN8A Yes DRG, motor neurons 

Nav1.7 SCN9A Yes 
DRG, low levels in 

CNS 

Nav1.8 SCN10A No DRG 

Nav1.9 SCN11A No 
DRG, low levels in 

hippocampus 

Table 3. Classification of voltage-dependent sodium channels (Rogers et al., 

2006). 

The effects of OHP on compound action potentials (CAP) was first 

studied by Adelsberger et al. in the early 2000 but its pathogenesis 

still needs to be elucidated. In this work they studied the effects of 

OHP, at concentrations ranging from 25 to 250 µM, on different rat 
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preparations (i.e. rat sural, peroneal and vagal nerve preparations, 

DRG and hippocampal neuron primary cultures). They showed that 

OHP application, for up to 90 minutes, increased the amplitude and 

duration of compound APs in myelinated fibers, caused repetitive 

firing in response to an electrotonic stimulus and it also broadened the 

nerve refractory. All these effects were absent in the presence of TTX 

1µM and were completely reverted by the application of 

carbamazepine, suggesting that OHP neurotoxicity is linked to 

alterations of the activity of voltage-dependent sodium channels rather 

than voltage-dependent potassium channels. Moreover, they 

demonstrated that incubation of rat DRG neurons with OHP for 5 

minutes induced an increase in sodium currents and a shift of the 

channel voltage-dependence towards more negative potentials. These 

effects were not observed in rat hyppocampal primary cultures, 

indicating that OHP acts on specific sodium channel isoforms 

(Adelsberger et al., 2000).  

One year later, Grolleau et al. (2001) tested the effects of OHP (40-

500 µM) and its two major metabolites, applied for 20 minutes 

intracellularly (i.e. through the pipette solution) or extracellularly (i.e. 

through the bath solution), on cockroach derived dorsal unpaired 

median neurons. They observed a reduction in spike amplitude due to 

a reduction of the voltage-dependent sodium channel current density 

and they concluded that this effect was caused by oxalate molecules 

resulting from OHP biotransformation. These latter are chelators of 

Ca
+
 and Mg

2+
 ions and thus they can alter the functional properties of 

voltage-dependent sodium channels inducing a prolonged open state 

of these channels leading to hyperexcitability. 
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An effect on voltage-dependent sodium channels was also described 

by Webster et al. (2005). In fact, they showed that the application of 

OHP 500 µM for up to 80 minutes increased evoked and spontaneous 

neurotransmitter release in motor nerve terminals of mouse phrenic 

nerve hemidiaphragm preparations. These effects were prevented by 

the application of TTX while the application of potassium channel 

blockers did not replicate the OHP effects on mouse phrenic nerve 

hemidiaphragm preparations. However, Benoit and colleagues (2006), 

working on  frog myelinated axons treated with OHP in the range of 

1-100 µM for 5-10 minutes, reported a dose-dependent decrease in 

both sodium and potassium voltage-dependent currents without any 

change in the current kinetics. In addition, the compound was able to 

shifted the voltage-dependent activation of both sodium and potassium 

channels towards more negative membrane potentials. A negative 

shift in the steady-state inactivation curve of the peak Na
+
 current was 

also observed in the presence of OHP. In the authors’ opinion these 

effects may lead to an increase of membrane excitability due to the 

generation of APs at more negative membrane potentials and a 

decrease in their duration.  

A dose-dependent reduction of peak amplitude of voltage-dependent 

sodium currents was also reported by Wu et al. (2009), who studied 

the effects of OHP (30-100 µM for 2 minutes) on differentiated 

NG108-15 cells (mouse neuroblastoma x rat glioma). Moreover, they 

reported a slowing down of sodium current inactivation kinetics, a 

strong decrease of delayed-rectifier potassium currents and a reduction 

in AP amplitude. No effect was described on peak amplitude of L-type 

calcium currents. In a final set of experiments in HEK293T cells 
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expressing SCN5A, they observed a decrease in the peak amplitude of 

voltage-dependent sodium current and a slowing of sodium current 

inactivation kinetics, a further indication that OHP may have different 

effects on sodium channel isoforms.   

In addition, some studies suggest a specific involvement of the Nav1.6 

isoform in the onset of acute OIPN. In fact Sittl and colleagues (2012) 

observed that this channel subtype is responsible for the enhanced 

resurgent and persistent sodium current in cooled large diameter DRG 

neurons treated with OHP (30 µM) for 90 minutes and for the induced 

burst of APs in cooled myelinated axons incubated with OHP (100 

µM for 90 minutes). The incubation with OHP did not produced any 

effect on DRG neurons and peripheral nerves from Scn8a
med/med

 mice, 

which lacked functional Nav1.6. This conclusion is further supported 

by a preclinical study conducted in a mouse model of OHP-induced 

cold allodynia based on a single intraplantar injection of this 

antineoplastic agent (Deuis et al., 2013). Lastly, Lolignier et al. (2015) 

recently evidenced the importance of the Nav1.9 isoform in the 

perception of cold allodynia caused by OHP administration.   

The hypothesis of a major involvement of sodium channels is further 

supported by the abnormalities observed in patients during nerve 

conduction studies, electromyography recordings, studies of nerve 

hyperexcitability and the results of recent pharmacogenomics studies 

that led to the identification of polymorphisms in genes that encode 

for voltage-dependent sodium channels related to the onset of OIPN 

(Argyriou et al., 2017). In particular, it has been reported that SCN4A 

rs2302237 is predictive of the severity of acute OIPN and for the 
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development of the chronic one whereas another work highlighted that 

SCN9A rs6746030 is protective against grade 3 OIPN (Argyriou et 

al., 2013b; Sereno et al., 2017) 

However, there is growing evidence supporting an involvement of 

voltage-dependent potassium channels in the pathogenesis of acute 

OIPN. A possible key role of potassium channels was first reported by 

Kagiava et al. (2008; 2013). Through whole-nerve or intra-axonal 

recordings of ex-vivo rat sciatic nerves treated with OHP (100 or 500 

µM for up to 5 hours) they did not observe any effect on the amplitude 

and depolarization phase of evoked compound APs concluding that 

voltage-dependent sodium channels were not affected. In contrast they 

reported a dramatic and dose-dependent increase of the duration of the 

repolarization phase and of the repetitive firing following a single 

stimulus, and a more pronounced afterhyperpolarisation that are 

suggestive of an inhibitory effect on voltage-dependent potassium 

channels. Some of these findings were obtained even with lower 

concentrations of OHP (5 and 25 µM applied in the bath for up to 20 

and 13 hours respectively), similar to the peak concentration values 

reached in the plasma of treated patients after a single infusion, even if 

with a significant delay.  

These data are further supported by Sittl et al. (2010) who reported 

that a flupirtine-mediated enhancement of axonal potassium 

conductance was able to reduce the rat sural nerve hyperexcitability 

(i.e. flupirtine induced an increase in threshold current necessary to 

evoke a compound AP of 40% maximal amplitude, a decrease in 

magnitude and duration of compound APs after activity in response to 
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electrical stimulation caused by a 60 minute long exposure to OHP 

10-30 µM). Kagiava et al. (2015) observed that the effects of OHP 

incubation (25 µM for up to 20h) on mouse sciatic nerve could be 

reverted by octanol, a gap junction inhibitor. This finding suggests 

that OHP administration may cause prolonged opening of gap junction 

channels and hemichannels thus leading to potassium accumulation in 

the periaxonal space and thus its osmotic swelling. The overall 

process described above leads to potassium channel dysfunction.  

Moreover, it has been recently reported that OHP administration (2 

mg/Kg for five consecutive days) induces a down regulation of Kv4.3 

channel expression in rat trigeminal neurons. This effect was 

associated with a reduction of A-type current component of voltage-

dependent potassium outward currents accompanied by an increase in 

membrane excitability (Viatchenko-Karpinski et al., 2018).  

In contrast to these findings supporting a role of voltage-dependent 

potassium channels in the onset of acute OIPN, Broomand et al. 

(2009) reported no effects of OHP (60-1000 µM, for different 

exposure time ranging from 5 minutes to 12 h) and its monocholoro 

complex on voltage-dependent Shaker potassium channels expressed 

in Xenopus oocytes. The authors concluded that acute OIPN cannot be 

explained with general effects on channel voltage-dependence through 

direct interaction of OHP with the amino acid residues on ion 

channels surface. They propose that OIPN is most likely caused by a 

slowing inactivation of specific sodium channels. 

Lastly, it has been recently reported that acute or 24h long OHP 

treatment (10-100µM) differentially modulates voltage-dependent 
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calcium channels and APs in rat small DRG neurons (Schmitt et al., 

2018). In fact they showed that, differently from the acute incubation, 

the 24h long treatment significantly increased the expression and the 

current densities of L- and T-type voltage-dependent calcium 

channels. Moreover, an increase of AP amplitude and characteristics 

were described. 

In conclusion, since the most accredited hypothesis underlying acute 

OIPN is hyperexcitability of sensory neurons, a great number of 

studies have investigated the effects of this platinum-based compound 

on voltage-dependent sodium and potassium channels, the main 

effectors of electrical neuronal activity. These works used different 

preparations and cellular models and administered OHP 

concentrations sometimes very different from the peak values 

observed in the blood of treated patients (i.e. 1.44 µg/ml, 

corresponding to 3.6 µM, after 2h infusion for a dose of 85 mg/m
2
 and 

2.59-3.22 µg/ml, corresponding to 6.8 – 8.11 µM, after 2h infusion for 

a dose of 130 mg/m
2
, Ehrsson et al., 2002; Graham et al., 2000). 

Overall, different effects have been reported involving sodium, 

potassium and calcium channels sometimes with discordant outcomes. 

These effects are summarized in table 4. 

In vitro model 

used 

[OHP] and 

timing 

Effects on ion 

channels 

Effects on 

cellular/nerves 

electrical activity 

Reference 

Sural, vagal and 

peroneal nerves 

25-250 µM 

up to 90 

min 

 
*Most of 

experiments 

done with 
OHP 250 µM 

- 

↑ amplitude and 

duration of CAPs. 

Repetitive firing. 

Legthened of the 

refractory period. 
Adelsberger 

et al., 2000. 

DRG neurons 

↑ in INa+. 

Block of the 

maximal 

amplitude. 

- 
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Shift of the 

channel voltage-

dependence 

towards more 

negative 

potentials. 

Slow down of 

the inactivation 

kinetics. 

Hippocampal 

neurons 
No effects. 

Cockroach 

dorsal unpaired 

median neurons 

40-500 µM 

for 20 min 

*Most of 

experiments 

done with 

OHP 500 

µM 

Dose-dependent 

↓ of voltage-

dependent INa+ 

amplitude. 

No effects on 

high voltage 

activated ICa2+. 

↓ AP amplitude. 

With longer OHP 

incubation, ↓ 

amplitude of both 

depolarizing phase 

and 

posthyperpolarisation 

associated with an ↑ 

of AP duration. 

Grolleau et 

al., 2001. 

mouse phrenic 

nerve 

hemidiaphragm 

500 µM 

up to 80 

min 

Multiple nerve-evoked endplate potentials 

and ↑ in spontaneous miniature endplate 

potential frequency. 

Inhibitors of small conductance Ca2+ -

activated K+ channels and delayed 

rectifier voltage-dependent K+ channels 

fail to reproduce OHP-like effects 

excluding their role at the neuromuscular 

junction. 

Webster et 

al., 2005. 

Frog 

myelinated 

axons 

1-100 µM 

for 5-10 

min 
*Most of 

experiments 

done with 
OHP 10 and 

100 µM 

Dose-dependent ↓↓↓ of INa+ and negative 

shifts in the voltage-dependence of 

activation and inactivation. No changes in 

the current kinetics. 

Less marked ↓ in IK+ and dose-dependent 

shift of activation towards more negative 

potentials. No effects on current kinetics. 

Benoit et 

al., 2006. 

Differentiated 

NG108-15 

neuronal cells 

30 and 100 

µM 

for 2 min 

↓ in the peak 

amplitude of 

INa+ and dose-

dependent 

slowing of INa+ 

inactivation. 

No effects on 

persistent INa+. 

 

No effects on 

peak amplitude 

of L-type ICa2+. 

 

↓ in IK+ 

amplitude. 

No changes in 

the current 

↓ amplitude of CAP. 

No effects on CAP 

duration and 

membrane resting 

potential. 

Wu et al., 

2009. 
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kinetics. 

HEK293T cells 

expressing 

SCN5A 

↓ peak INa+ 

amplitude. 

Slow-down of 

INa+ 

inactivation 

- 

Sural nerve 

preparation 

from WT and 

Scn8amed/med 

and 

heterozygous 

mice 

100 µM 

For 90 min 
- 

Burst of CAPs in 

myelinated fibres in 

WT mice. 

↓ current amplitude 

required to evoke a 

40% CAP response 

during log-lasting 

depolarizing current 

pulse. 

Sittl et al., 

2012. 

Cooled large 

diameter DRG 

neurons from 

WT and 

Scn8amed/med 

mice 

30 µM 

for 90 min 

↑ TTX-sensitive 

resurgent and 

persistent INa+ 

amplitude. 

No effects on 

activation and 

fast inactivation 

time constant. 

- 

Neuron derived 

ND7/23 cells 

transfected with 

murine Nav1.6r 

and β4 

30 µM 

for >30 min 

Voltage-

dependent 

slowing of fast 

inactivation 

time constant at 

negative 

membrane 

potentials. 

- 

Adult rat sciatic 

nerve 

100 or 500 

µM 

for up to 

300 min 

 

1-25 µM 

for up to 

780-1200 

min 

- 

No effects in the 

amplitude and rise-

time of CAP. No 

effects on the 

depolarization phase. 

Dose-dependent  

↑ in the repolarization 

phase of CAP, burst 

like response and 

strong 

afterhyperpolarization. 

Kagiava et 

al., 2008. 

Adult rat sciatic 

nerve 

100 or 150 

µM 

1-5 h 

- 

No effects on the 

depolarization phase 

of CAP. No effects on 

the CAP amplitude. 

Broadening of the 

repolarization phase.  

Thus ↑ CAP duration. 

Dose and time-

dependent effects on 

fiber firing response to 

short stimuli (three 

different firing 

Kagiava et 

al., 2013. 
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patterns identified) 

Adult rat sural 

nerve. 

10-30 µM 

for 60 min 
- 

↑ duration of CAPs 

and prolonged 

duration and increased 

magnitude of CAP 

after-activity (effects 

aggravated by 

cooling). 

The application of 

flupirtine (10 µM) ↓ 

the magnitude and 

duration of later 

component of CAP 

after-activity. 

Sittl et al., 

2010. 

Mouse ex vivo 

sciatic nerve. 
25 µM - 

Time-dependent ↑ 

duration of evoked 

CAPs due to an ↑ in 

the repolarizing time. 

No effects on the 

duration of the 

depolarizing phase. 

No effects on CAP 

amplitude. 

Effects reverted by 

octanol in a dose-

dependent way. 

Kagiava et 

al., 2015. 

Rat dissociated 

V2 trigeminal 

neurons  

Rats treated 

with OHP 

ip on 5 

consecutive 

days 

↓ Kv4.3 channel 

expression in rat 

trigeminal 

neurons.  

↓ of A-type K+ 

current 

amplitude. 

↑ in membrane 

excitability 

Viatchenko-

Karpinski et 

al., 2018. 

Xenopusoocytes 

60-1000 

µM 

 

for 5min up 

to 12h 

No effects on:  

I amplitude and  

I time course 

voltage-

dependence 

of  Shaker K 

channel. 

- 
Broomand 

et al., 2009. 

Rat small DRG 

neurons 

1-500 μM 

Acute 

Dose-dependent 

↓ of voltage-

dependent ICa: 

↓ L-type ICa 

↓ P-/Q-type ICa 

↓ T-type ICa 

No effects on 

N-type ICa. 

No effects on 

voltage-

dependence 

Ca2+ channels 

subtypes. 

- Schmitt et 

al., 2018. 

10 or 100 ↑ of voltage- ↑ AP amplitude 
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μM 

for 24h 

dependent ICa 

density: 

No effect on N-

and P-/Q-type 

ICa density 

↑ T- and L-type 

ICa density. 

↑ T- and L-type 

voltage-

dependent Ca2+ 

channel protein 

levels. 

↓ time-to-peak  

↓ rise time 

↓ duration time delay 

No effects on AP 

baseline and AP 

duration after 90% 

decay starting from 

the maximal peak. 

Table 4. Effects of OHP on voltage-dependent ion channels and PA 

characteristics referred by literature. 

With regard to the effects of CDDP on voltage-dependent ion 

channels, it seems that calcium channels could play a key-role in 

CDDP toxicity. 

Tomaszewky and Büsselberg (2006) showed that CDDP treatment, in 

the range of 1 to 100 µM, reduced peak and sustained voltage-

dependent calcium currents in rat DRG neurons while no effects were 

reported on voltage-dependent sodium and potassium channels. 

Moreover, Leo et colleagues (2017) reported a subtype-specific 

effects of CDDP (0.01-50 µM) on N-type voltage-dependent calcium 

channels. Lastly, results from an in vivo study testing nerve 

excitability revealed a possible involvement of Kv.7 voltage-

dependent potassium channels (Nodera et al., 2011). 
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1.4 Scope of the thesis 

The results reported in literature regarding OIPN still do not elucidate 

the molecular mechanisms underlying its onset. Moreover, those 

studies were often conducted using high concentrations of OHP and 

produced partial and sometimes controversial characterizations.  

For these reasons, our aim was to further investigate the acute effects 

of a more physiological concentration of OHP on the cellular 

electrical properties of differentiated F-11 cells. For comparison, some 

experiments were reproduced on embryonic and adult rat DRG 

neurons in order to validate the differentiated F-11 cells as an 

adequate in vitro model for the study of OIPN. 

In the following pages, the technical aspects of our experiments will 

be described in detail (Materials and methods). In the results section, 

we will show the collected data regarding the effects of OHP on the 

cellular electrical properties and its interactions with voltage-

dependent ion channels in the proposed three models of sensory 

neurons: differentiated F-11 cell, embryonic and adult rat DRG neuron 

cultures. Then, our findings will be discussed in comparison with the 

wide spectrum of mechanisms reported in literature for the onset of 

acute OIPN. Finally, future perspectives will be proposed in the last 

section. 
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2. MATERIALS AND METHODS 

2.1 Cell cultures 

The neurotoxic effects of OHP were studied on three different in vitro  

models. In particular, our experiments were performed on 

differentiated F-11 cells and primary sensory neurons derived from 

the enzymatic and mechanical dissociation of embryonic and adult rat 

dorsal root ganglia (DRGs).  

2.1.1 F-11 cell line 

The F-11 cell line is a somatic hybrid produced by fusion of 

embryonic rat dorsal root ganglion neurons and mouse neuroblastoma 

cells N18TG-2 (Platika et al., 1985). 

F-11 cells were seeded at 60 000 cells/35 mm dish and routinely 

cultured in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St. 

Louis, MO, USA), 10% of fetal bovine serum (Sigma-Aldrich), 2mM 

glutamine (Sigma-Aldrich) and incubated at 37°C in a humidified 

atmosphere with 5% CO2. In order to induce the differentiation 

process towards neuronal commitment, F-11 cells were cultured for 14 

days in serum starvation (1% of fetal bovine serum). After 14 days in 

this conditions, the obtained differentiated cultures were treated with 

OHP 7.5 µM for 24h-48h or with CDDP 15 µM for 24h. During our 

experiments, non-treated cultures were used as controls. 

2.1.2 Primary cultures of DRG neurons 

Primary cultures of embryonic or adult rat sensory neurons were used 

to validate the results obtained on differentiated F-11 cells. All the 

procedures conducted on animals were carried out under anesthesia in 
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conformity with the institutional guidelines in compliance with 

national (D. L.vo 26/2014) and international laws and policies 

(European Union directive 2010/63/EU). 

Rat embryonic DRG neurons  

DRG from 15 day old embryonic Sprague-Dawley rats (Envigo, 

Udine, Italy) were aseptically removed and collected in 15 ml tubes 

filled with Leibovitz-15 medium (Invitrogen, Carlsbad, CA). DRGs 

were then centrifuged at 1500 rpm for 10 minutes at 4°C and the 

supernatant was discarded. The ganglia were dissociated by 

incubation with trypsin 0.25% for 30 minutes at 37°C. The digestion 

was blocked by removing trypsin after centrifugation at 1500 rpm for 

10 minutes at 4°C. Next, 500 µl of AN2 medium composed by MEM 

(Invitrogen, Carlsbad, CA), plus 15% Calf Bovine Serum (Hyclone, 

Logan, UT, USA), 50 μg/ml ascorbic acid (Sigma-Aldrich), 1.4 mM 

L-glutamine (Invitrogen), 0.6% glucose (Sigma-Aldrich) 

supplemented with 5 ng/ml NGF (Invitrogen) was added and the 

ganglia were mechanically disrupted using a Pasteur pipette. Post-

mitotic neurons were then plated in a single drop (80 µl) onto 35mm 

dishes previously coated with rat tail collagen, incubated at 37°C in a 

humidified atmosphere with 5% CO2 and added with fresh medium 

after 2h. In order to obtain enriched neuronal cultures, after 24h 

neurons were treated for 5 days with AN2 medium supplemented with 

5 ng/ml NGF and 10
-5

 M 2′-Deoxy-5-fluorouridine (FuDR, Sigma 

Aldrich) to remove satellite cells, which remain as contaminants in a 

percentage lower than 5% at the end of the treatment (Scuteri et al., 

2009). Neurons were then incubated with AN2 medium with 5 ng/ml 
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NGF for 24 h, and the next day were treated with OHP for 24 or 48 h. 

Untreated cultures were used as control. 

Four independent experiments were performed on embryonic DRG 

neurons. 

Adult rat DRG neurons  

DRG neurons were obtained from 12-14 week male Sprague Dawly 

rats (350-400 g, Envigo). 

Under deep anesthesia, rats were bleed by aorta blood sampling and 

the spinal cord was exposed in order to allow a complete DRG pool 

harvest. The collected ganglia were maintained in a culture dish 

containing 1,8 ml of F12 medium. After cleaning the samples from 

nerves and blood, DRGs were transferred in a 2 ml tube containing 1.8 

ml of F12 medium which have been previously incubated to reach the 

right pH. DRGs were then added with DNase I (Sigma-Aldrich) and 

collagenase 0.125% (Sigma Aldrich) and incubated at room 

temperature for 2 h to facilitate enzymatic digestion. This latter was 

then stopped by removing the medium and adding 1 ml of fresh F12 

medium. Ganglia were then centrifuged, the supernatant discarded and 

the DRGs were mechanically disrupted using a pipette. Subsequently, 

the cell suspension was transferred to the BSA gradient and 

centrifuged at room temperature at 1000 rpm for 6 minutes without 

brake. After centrifugation, the second and first phase were discarded 

while the pelletted neurons were resuspended in 1 ml of fresh 

Bottenstein and Stato’s (BS) medium. To remove all the bovine serum 

albumin (BSA) remains, the cells were then centrifuged 2 times at 

1000 rpm for 6 minutes at room temperature with brake. Finally, DRG 

neurons were pleated in a single drop (100 µl) on previously poly-
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lysine coated culture dishes in BS medium and incubated at 37°C in a 

humidified atmosphere with 5% CO2. After 30 minutes from seeding, 

neuronal cultures were added with fresh medium and after 24 h were 

treated with FuDR (Sigma Aldrich) for 72 h to remove proliferating 

cells (glial cells and fibroblasts). The drug was then washed out for 24 

h to avoid any interference between FuDR and the drugs under exam. 

The DRG neuronal cultures obtained with this procedure were treated 

for 24h with OHP. Untreated cultures were used as controls. 

All the analysis on adult DRGs neurons were performed in two 

independent experiments. 
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2.2 Drug treatments 

Cisplatin (CDDP) 

Cis-Diammineplatinum(II) dichloride (Sigma Aldrich) was dissolved 

in physiological solution 1 mg/ml to prepare a stock solution (3.33 

mM) and then diluted with our medium to reach the working 

concentration of 15 µM. CDDP was freshly prepared before each 

experiment in type I glass vials.  

Oxaliplatin (OHP) 

Oxalato(trans-L-1,2-diaminocyclohexane)platinum (Sigma Aldrich) 

was dissolved in water 5 mg/ml to obtain a stock solution 12.5 mM 

stored at -20°C until use. The stock solution was then diluted in fresh 

medium to obtain the treatment solution of 7.5 µM.  
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2.3 Patch-clamp recordings 

All electrophysiological recordings were performed in the whole-cell 

configuration of the patch-clamp technique, in current-clamp or in 

voltage-clamp mode. 

From the experiments conducted in current-clamp mode, we extracted 

information about the effects of OHP on the resting membrane 

potential (VRest) and on spontaneous and evoked action potential (AP) 

features. In voltage-clamp mode we studied the interactions of OHP 

with sodium and potassium channels and, therefore, the current 

densities and their biophysical properties.  

Micropipettes (2–3 MΩ) were pulled from borosilicate capillaries with 

a P-97 Flaming/Brown Micropipette Puller (Sutter Instrument Co., 

Novato, CA). The ground electrode was a bridge of 3% agar. During 

experiments with F-11 cells cell capacitance and series resistance 

were compensated up to approximately 85-90% before each voltage-

clamp protocol run. Cells were inspected with an inverted microscope 

(Eclipse TS100, Nikon Corporation, Tokyo, Japan). They were 

perfused at ~700 µl/min and drugs were applied with an RSC-160 

Rapid Solution Changer (Bio-Logic Science Instruments, Claix, 

France). All recordings were collected, at room temperature, by the 

pClamp8 software and the MultiClamp 700A amplifier (Axon 

Instrument). 

The stimulation protocols used for all the electrophysiological 

recordings are described in details in the results section.  
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2.3.1 Experimental solutions 

During the experiments aimed to study voltage-dependent sodium and 

potassium channels, the standard extracellular solution contained 

(mM): NaCl 135, KCl 2 CaCl2 2, MgCl2 2, HEPES 10, glucose 5, pH 

7.4. In some of these experiments, tetrodotoxin (TTX, Sigma Aldrich, 

0.3 µM or 1 µM final concentrations) was added to block the voltage-

dependent Na
+
 current. 

The standard pipette solution was composed as follows (mM): 

potassium aspartate 130, NaCl 10, MgCl2 2, CaCl2 1.3, EGTA 10, 

HEPES 10, pH 7.3.  

The biophysical properties of voltage-dependent sodium channels 

were investigated using a pipette solution containing (mM): NaCl 5, 

MgCl2 2, CsF 105, CsCl 27, EGTA 10, HEPES 10. In this way, the 

substitution of potassium ions with cesium ions allowed us to 

completely abolish potassium currents. 

In order to study ERG potassium channels, their currents were 

recorded using an external solution containing a high potassium 

concentration (mM): NaCl 95, KCl 40, CaCl2 2, MgCl2 2, hepes 10, 

glucose 5, pH 7.29. This expedient shifted the K
+
 equilibrium 

potential (EK= -30mM), allowing us to obtain larger inward currents at 

negative Vm. During the investigations on ERG inactivation 

properties, a specific blocker was added at saturating concentration 

(WAY123.398, 1 µM) to isolate spurious potassium currents and 

subtract them during data analysis.  

TTX and WAY123.398 were bath applied. 
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2.3.2 Analysis of patch-clamp data 

For the analysis, Origin 9.0 (Microcal Inc., Northampton, MA) and 

Excel were routinely used. In the captions, n refers to the number of 

tested cells. Before statistical analysis the Shapiro-Wilk test was used 

to assess the normal distribution or our data. Unless otherwise 

indicated, statistical significance was assessed with one-way analysis 

of variance (ANOVA) at the indicated level of significance (p), 

followed by the Tukey post hoc test, the  Student’s t-test or the χ
2 

test. 

Mann-Whitney non-parametric U test was used to evaluate data not 

showing a normal distribution. One-way ANOVA was used for 

multiple comparisons while the Student’s t-test and Mann-Whitney 

non-parametric U test were used to compare pairs of data samples. 

The results are indicated as mean values ± SEM. 
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3. RESULTS 

In order to study the acute effects of OHP on the cellular electrical 

properties and its eventual interaction with voltage-dependent ion 

channels, electrophysiological investigations were conducted on F-11 

cells, a somatic cell hybrid of rat embryonic dorsal root ganglia 

(DRG) and mouse neuroblastoma cell line N18TG-2, differentiated 

toward a neuronal commitment. F-11 cells represent a good cellular 

model of DRG because they resemble morphologically mature 

neurons and they can form networks with spontaneous electrical 

activity, which indicates their ability to express voltage-gated ion 

channels and ligand-gated receptors, and release neurotransmitters. 

Moreover, the employment of a neuron-like immortalized cell line 

spared us the need of animal sacrifices to collect ex-vivo samples and 

the statistical variability deriving from the cellular heterogeneity 

typical of primary cultures.  

CDDP is an anti-cancer drug, which was the first developed molecule 

among the platinum compound class. Clinical data show that CDDP 

administration does not produce the acute symptoms of peripheral 

neurotoxicity described for around 90% of the patients treated with 

OHP (Lehky et al., 2004). For this reason, we decided to use this 

compound as reference to verify that a possible effect on the 

electrophysiological properties of the tested cells would be correlated 

with the interaction with OHP. 

During our experiments, we treated our cultures with OHP 7.5 µM, a 

lower concentration compared to the usual doses found in literature 

(Adelsberger et al., 2000; Webster et al., 2005; Kagiava et al., 2008; 

Wu et al., 2009). This concentration was chosen because preliminary 
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assays performed in our laboratory on embryonic rat DRG neuron 

cultures incubated with OHP 7.5 µM showed a marked effect on the 

neurite elongation ability. In fact, the 24 h-long treatment with OHP 

reduced the axon growth by 13.68 ± 2.55% compared to non treated 

cells, while incubation of our cultures with the drug for 48 h produced 

a reduction of 52.15 ± 3.88%. The same experiment conducted after 

24 h incubation with CDDP 15 µM showed a 25% decrease for this 

parameter. Considering that the universally accepted threshold for the 

neurotoxicity is set at 50% for the neurite elongation test, we decided 

not to exceed the concentrations of 7.5 µM for OHP and 15 µM for 

CDDP. 

Differently from other studies found in literature, which focused their 

attention on individual aspects of the electrophysiological cellular 

response to OHP administration (Adelsberger et al., 2000; Grolleau et 

al., 2001; Webster et al., 2005; Benoit et al., 2006; Kagiava et al., 

2008), we chose to perform a complete characterization of the 

electrical properties of the tested cells, evaluating the effects of the 

compound on the resting potential (VRest) and the action potential (AP) 

characteristics and on the voltage-dependent sodium and potassium 

channel properties that sustain neuronal electrical activity.  

Finally, in order to validate the results collected in the differentiated 

F-11 cellular model, our experiments were reproduced on DRG 

neuron primary cultures deriving from the enzymatic and mechanical 

dissociation of dissected embryonic and adult DRGs. 
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3.1 Differentiated F-11 cells 

3.1.1 Effects of OHP on the electrical activity 

By the patch-clamp technique, in the current-clamp mode, we tested 

the effect of OHP on the electrical properties of differentiated F-11 

cells in culture. In particular, our attention was focused on possible 

alterations of the VRest, of the spontaneous electrical activity and of the 

induced AP properties.  

Effects on VRest produced by platinum analogues 

Figure 1 shows a progressive and significant depolarization of VRest in 

response to 24 h and 48 h incubation of the cultures with OHP. On the 

contrary, 24 h long treatments with CDDP did not produce any 

alteration of this parameter. 

 

Figure 1. Effects of the treatments with platinum compounds on the resting 

potential (VRest) of differentiated F-11 cells. The histogram shows that the 

exposure to oxaliplatin (OHP) produced an increasing and significant depolarization 

of the membrane in the tested cells while cisplatin (CDDP) exerted no measurable 

effects. The average values were: -50 ± 2 mV in non treated cells (n=40), -44 ± 2 

mV in the cells treated with OHP for 24 h (n=25), -37 ± 2 mV in the cells treated 

with OHP for 48 h (n=20) and -49 ± 3 mV in the cells treated with CDDP for 24 h 

(n=28). Statistical evaluations were obtained using the one-way analysis of variance 
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(ANOVA), followed by the Tukey post hoc test. *p<0.05 for OHP 24 h vs CTRL 

and OHP 48 h vs OHP 24 h; ***p<0.0001 for OHP 48 h vs CTRL.  

Effects of platinum drugs on the spontaneous electrical activity 

Another aspect which has been evaluated was the presence of 

spontaneous APs during our recordings. This type of activity was 

made possible by the fact that the tested F-11 cells have been 

previously addressed toward neuronal commitment and this process 

induced them to form neuronal networks after 14 days in vitro. From 

our data, it emerges that the treatment with OHP for 48 h led to a 

significant reduction of the number of cells showing spontaneous 

activity (Figure 2). On the contrary, the incubation with CDDP did 

not influence the ability to spontaneously generate APs.  

 

Figure 2. Effect of platinum compounds on the cell ability to generate 

spontaneous action potentials (APs). The fraction of cells in which the presence of 

spontaneous APs has been observed was: 61% in control cells (n=36), 53 % in the 

cells treated with oxaliplatin (OHP) for 24 h (n=19), 18% in the cells treated with 

OHP for 48 h (n=11) and 56% in the cells treated with cisplatin (CDDP) for 24 h 

(n=9). Light bars represent cells which showed spontaneous APs, while dark bars 

represent the fraction of cells without this type of activity. * p= 0.013 OHP 48h vs 

CTRL, χ
2 
test). 
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Influences of platinum agents on induced APs 

The induced APs were studied using a stimulation protocol under 

conditioning hyperpolarization at -75/-80 mV; the protocol consisted 

in the injection of increasing steps of depolarizing current, with a 

duration of one second, in order to make the cell membrane reach the 

threshold for AP generation (Figure 3A). 

In each tested cell, the firing frequency was calculated considering the 

highest number of evoked APs ≥ 0 mV that could be generated during 

depolarizing current injection. After 24 h the cells treated with OHP 

showed a non significant reduction of the firing frequency of the APs. 

However, the longer treatment (48 h) produced a significant decrease 

of the same parameter. Data collected on cultures treated with CDDP 

15 µM for 24 h showed an even more considerable reduction of the 

firing frequency (Figure 3B-C).  

 

Figure 3. Effects of platinum analogues on evoked firing frequency. A. 

Representation of a typical stimulation protocol in current-clamp mode. The 
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electrical response of the cell, in terms of membrane potential variation, is also 

visible in the upper part of the panel. B. Representative traces of induced electrical 

activity of F-11 cells in the absence or in the presence of oxaliplatin (OHP) 

treatment for 24 h. C. The firing frequency was calculated considering the highest 

number of evoked APs ≥ 0 mV that could be generated during depolarizing current 

injection. The histogram shows that the treatment with OHP determined a 

progressive reduction of the APs frequency. This effect became significant in the 

cells incubated with OHP for 48 h. A further decrease has been observed in the F-11 

cells treated with cisplatin (CDDP) for 24 h. The average collected values were: 

6.52 ± 0.58 Hz in non-treated control cells (n=40), 4.7 ± 0.66 Hz in cells incubated 

with OHP for 24 h (n=24), 2.95 ± 0.60 Hz in cells treated with OHP for 48 h (n=19) 

and 2.03 ± 0.30 Hz in cells incubated with CDDP for 24 h (n=32). ** p< 0.01 for 

OHP 48 h vs CTRL; *** p<0.001 for CDDP 24 h vs CTRL (Mann-Whitney non-

parametric test).  

Another feature evaluated during our studies was the AP amplitude, 

calculated as the difference between the peak voltage reached by the 

AP and the VRest (Figure 4A). Treatment with OHP for 24 h did not 

alter the amplitude of APs while CDDP administration significantly 

increase the same parameter (Figure 4B).  

During data analysis, we also studied another parameter describing the 

AP, i.e. the duration. This feature was evaluated on the first AP 

evoked by injected threshold current. This choice was made in order 

to exclude the influence of the adaptation phenomenon, which may 

occur during trains of APs. In this condition, the duration was 

calculated as the spike width measured at intersection between the AP 

shape and the axis at 0 mV and was expressed in ms (Figure 4A). 

Figure 4C shows that both treatments with OHP did not produce any 

effect on the duration of the APs. In contrast, CDDP administration 

was able to increase this parameter.  

Moreover, we analyzed the effects of OHP treatment on the after-

hyperpolarization that is calculated as the lowest value reached by the 

Vm at the end of the AP repolarization. OHP treated cells showed a 
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shift of this feature towards more depolarized values compared to 

control (Figure 4D). Similarly, the incubation with CDDP produced 

the same effect on this feature. 

Finally, we measured the time course of the AP repolarization. This 

was described by the tau parameter (τ, expressed in ms) that was 

determined from single exponential fit on the voltage increase from 

the lowest value of the after-hyperpolarization to VRest. The function 

used during the fitting procedure was:  

        
  

      

Where A is the amplitude of the repolarization, τ is the time constant 

and C is the constant y-offset.  

Figure 4F shows that the incubation with OHP for 24 h decrease the 

average τ values. 
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Figure 4. Effects of platinum drugs on action potential (AP) characteristics. A. 

Graphical representation of a single AP. This figure shows how the AP features 

were calculated; red horizontal bar represents the AP duration while the vertical blue 

bar indicate the AP amplitude. B. OHP administration did not produce any effect on 

the AP amplitude. In contrast, CDDP administration induced an increase of the same 

parameter. The average values were: 93.92 ± 1.85 mV for control non-treated cells 

(n=40), 102.04 ± 3.75 mV in cells incubated with OHP for 24 h (n=24), 94.4 ± 3.1 

mV for OHP 48 h incubated cells (n=18), and 104.54 ± 3.17 mV for CDDP 

incubated cells (n=24). *P< 0.05 for CDDP vs CTRL (ANOVA, followed by the 

Tukey post hoc test). C. OHP did not affect the AP duration, whereas the incubation 

with CDDP induced a significant increase of the same feature. The observed mean 

values were: 8.35 ± 0.65 ms in control cells (n=40), 8.45 ± 0.71 ms in cells treated  
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with OHP for 24 h (n=24), 9.61 ± 0.77 ms for OHP 48 h treated cells (n=18) and 

15.5 ± 1.09 ms in CDDP treated cells (n=24). *** p<0.001 CDDP vs CTRL (Mann-

Whitney test). D. The incubation with platinum analogues induced a shift of 

membrane after-hyperpolarization potential towards more depolarized values. The 

mean observed values were: -59.83 ± 3.38 mV for CTRL cells (n=6), -46 ± 2.7 mV 

for 24 h OHP treated cells (n=6),  -41.25 ± 3.57 mV for 48 h OHP treated (n=5) and 

-45.2 ± 0.8 for CDDP treated cells (n=5). ** p< 0.01 for CTRL vs OHP 24 and 

CDDP, *p<0.05 OHP 48 h vs CTRL (ANOVA, followed by the Tukey post hoc 

test). E. The histogram shows that incubation with OHP reduce the value of the τ 

parameter. The average values were: 187.66 ± 17.15 ms for non-treated cells (n=6), 

129.33 ± 11.22 ms for OHP 24 h treated cells (n=6). * p< 0.05 for OHP 24 h cells vs 

CTRL (Student’s t-test).  
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3.1.2 OHP affected the gating properties of voltage-dependent 

sodium and potassium channels 

To better evaluate the effects produced by the incubation with OHP on 

the overall electrical activity of differentiated F-11 cells, we decided 

to investigate the electrophysiological aspects at the base of the 

variations observed on the VRest and on the spontaneous and induced 

APs. For this purpose we determined the effects produced by our 

compounds on the voltage-dependent sodium and potassium channels, 

which sustain the neuronal electrical activity. 

Effects of platinum analogues on the current densities of sodium 

and potassium delayed-rectifier 

Sodium and potassium currents were studied in voltage-clamp mode 

by applying the following protocol: starting from an holding potential 

of -60 mV, the cells were preconditioned at -100 mV for 500 ms and 

then tested with depolarizing steps with an increasing amplitude of 10 

mV (from -80 mV to +60 mV) and lasting 100 ms (figure 5A). 

The recorded currents had two principal components: the former, 

more rapid and inward, due to the voltage-dependent sodium channel 

opening, and the second, slower and outward, which was produced by 

the opening of voltage-dependent potassium channels and was 

consistent with delayed rectifier current profile (figure 5B). 
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Figure 5. Voltage-dependent sodium and potassium currents recorded in 

differentiated F-11 cells by patch-clamp technique in the whole-cell 

configuration. A. Graphical representation of the stimulation protocol applied to the 

cell in voltage-clamp mode. B. Representative trace obtained by the application of 

the protocol described in the above panel (sodium current, INa, and potassium 

current, IK).  

The protocol described above was reproduced on every tested cell 

during the administration of a saturating concentration of tetrodotoxin 

(TTX, 1 µM), a highly selective inhibitor of voltage-dependent 

sodium channels. We also used a lower concentration (0.3 µM) in 

order to reveal the possible presence of a TTX-resistant component of 

the voltage-dependent sodium current. By completely blocking the 

current flowing through voltage-dependent sodium channels it was 

possible to isolate the outward current resulting from the sole opening 

of voltage-dependent delayed rectifier potassium channels. During 

data analysis, the TTX-sensitive Na
+
 current was revealed by 

subtracting the K
+
 current from the total current. Finally, for each 

tested cell, the sodium and potassium current densities were calculated 

as the ratio between the peak INa current or the steady-state IK current 

and the measured membrane capacitance (pA/pF). Our data showed 

that treating our cultures with OHP for 24 h and 48 h significantly 



 

53 
 

increased the voltage-dependent sodium current density. On the 

contrary, the administration of CDDP for 24 h strongly reduced it 

(Figure 6). Data collected with the use of an external solution 

containing 1 µM TTX were in line with the one obtained using the 

lower concentration of this drug (TTX 0.3 µM).  

 

Figure 6. Effect of platinum compounds on voltage-dependent sodium current 

density. Whole-cell currents were elicited by the protocol shown in Figure 5A 

under control conditions and during oxaliplatin (OHP) or cisplatin (CDDP) cell 

treatment. Incubation with OHP determined an increase in sodium current densities. 

However, the incubation with 15 µM CDDP for 24 h produced a strong reduction of 

the investigated feature. The mean observed values were: 114 ± 10.21 pA/pF in non-

treated cells (n=37), 159.27 ± 18.98 pA/pF in the cells treated with OHP for 24 h 

(n=25), 153.63 ± 19.09 pA/pF in the cells treated for 48 h (n=20) and 59.68 ± 6.70 

pA/pF in the cells treated with CDDP for 24 h (n=24). ** p<0.01 for OHP 24 h vs 

CTRL; * p<0.05 for OHP 48 h vs CTRL; *** p<0.001 for CDDP 24 h vs CTRL ( 

Mann-Whitney test).  

Concerning the delayed rectifier potassium channels, our data show 

that treatment with platinum compounds determined a reduction of the 

current density which was statistically significant only in the cells 

treated with CDDP for 24 h (Figure 7).  
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Figure 7. Effects of platinum based antineoplastc drug on potassium current 

density. Oxaliplatin (OHP) application produced a progressive but not significant 

decrease of potassium current density. The 24 h long treatment with cisplatin 

(CDDP) determined a significant reduction of the same feature. The observed 

average values were: 181.42 ± 17.89 pA/pF in non-treated control cells (n=37), 

149.86 ± 17.25 pA/pF in the cells cultured 24 h in the presence of OHP (n=25), 

137.94 ± 13.77 pA/pF in the cells treated for 48 h with OHP (n=20) and 116.11 ± 

7.11 pA/pF in CDDP-treated cells (n=27). * p<0.05 for CDDP 24 h vs CTRL 

(Mann-Whitney test).  

Alteration produced by platinum drugs on ERG current density 

Since differentiated F-11 cells also express ERG (ether-à-go-go 

related gene) channels, our investigations were then focused on the 

possible effects of OHP on these channels.  

The ERG current density was studied in the presence of an external 

solution containing a high concentration of potassium ions (40 mM) in 

order to shift the potassium equilibrium potential Ek; in this way we 

were able to study the current flowing through ERG channels as 

inward tail current at -120 mV. Moreover the ERG single-channel 

conductance increases by raising the extracellular concentration of 

potassium ions [K
+
]o. Therefore, our experimental condition increased 

the recorded ERG currents. 
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This variation of the ionic composition of the experimental solution 

allowed us to amplify and isolate this component from the other 

potassium currents (delayed rectifier). The experiments were 

conducted in voltage-clamp mode using a stimulation protocol which 

started from a holding potential of -60 mV, followed by the 

application of preconditioning voltage steps with a duration of 15 

seconds and amplitudes from +20 mV to -80 mV, and ended with a 

test potential at -120 mV (Figure 8A). While membrane 

depolarization increases the fraction of inactivated ERG channels, the 

rapid transition to a very negative test potential removes the 

inactivation, generating a current (“tail current”) which is proportional 

to the initial depolarization. For instance, since the inactivated fraction 

is maximal at +20 mV, the transition to -120 mV produces the 

maximal observable tail current (Figure 8B). 

 

Figure 8. ERG current recorded from differentiated F-11 cells. A. Stimulation 

protocol in voltage-clamp mode used during our experiments in order to study ERG 

current (IERG) activation. B. Representative trace recorded using the protocol 

represented in the above panel. 
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In each tested cell, ERG current density was calculated as the ratio 

between the amplitude of the maximum peak current and the 

membrane capacitance (pA/pF). 

Data analysis showed that the incubation with OHP for 24 h 

significantly reduced ERG current density while the longer treatment 

(48 h) did not produce significant effects even though a decreasing 

tendency was observed. The administration of CDDP significantly 

reduced the same feature (Figure 9).  

 

Figure 9. Effects of platinum compounds on ERG current density. Whole-cell 

currents were elicited by voltage protocol shown in Figure 7A under control 

conditions and in the presence of oxaliplatin (OHP) or cisplatin (CDDP). The 

histogram shows that the administration of OHP and CDDP for 24 h produced a 

significant decrease of the ERG current density. On the contrary, the treatment with 

OHP for 48 h did not produce a significant effect. The mean values were: 42.44 ± 

9.18 pA/pF in non-treated cells (n=8), 22.96 ± 2.37 pA/pF in the cells incubated 

with OHP for 24 h (n=16), 26.90 ± 3.34 pA/pF in the cells treated with OHP for 48 

h (n=11) and 23.45 ± 2.84 pA/pF in the cells treated with CDDP for 24 h (n=14). * 

p<0.05 for OHP 24 h vs CTRL, * p<0.05 for CDDP vs CTRL (ANOVA, followed 

by the Tukey post hoc test).  
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3.1.3 Effects of platinum drugs on the biophysical properties of 

sodium and ERG potassium channels  

To better understand the causes of the observed variations in sodium 

and ERG current densities, we investigated the biophysical properties 

of these channels constructing the activation and inactivation curves 

for cells treated with OHP for 24 h.  

Effects of platinum analogues on voltage-dependent sodium channel 

activation and inactivation curves 

The activation curve is a function which describes the probability to 

find voltage-dependent channels in the open state in correspondence 

to a given Vm, at the steady-state. The activation of sodium channels 

was studied using the voltage protocol formerly described for the 

investigation of sodium and potassium current densities and using an 

internal solution containing 105 mM cesium fluoride and 27 mM 

cesium chloride (Figure 5A). Cesium ions present the same single 

positive charge of potassium ions but also a larger atomic diameter 

which prevents them from flowing through the selective pores of 

voltage-dependent potassium channels. For these reasons, the 

complete substitution of potassium ions with cesium ions did not alter 

the osmotic equilibrium of the tested cells and the overall 

electromotive force and, at the same time, this expedient abolished the 

ionic currents flowing through opened voltage-dependent potassium 

channels.  

Also in this case, the protocol was repeated in the presence of 1 µM 

TTX in order to block sodium currents. During data analysis, the two 

recorded traces were subtracted therefore revealing the current 

produced by the sole activation of the TTX-sensitive voltage-
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dependent sodium channels. The activation curve was built reporting 

the conductance values (g) of sodium channels normalized to the g 

obtained in response to a depolarizing voltage step of sufficient 

magnitude to elicit maximum peak Na
+
 current (gmax). 

The conductance values were calculated with the equation: 

  
 

        
 

Where I is the amplitude of the recorded current, Vm is the imposed 

membrane potential and ENa is the Nerst potential for sodium ions that 

was measured through the application of protocol in Figure 10A. The 

gmax value was calculated using the following equation: 

     
    

        
 

Data for each cell (Figure 10A) were fitted to a Boltzmann 

distribution equation of the following form: 

 

    
 

 

   
      

  

 

 

where gmax is the maximum g, V1/2 is the potential at which channel 

activation is half-maximal, and k is the slope of the curve. 

Collected data showed that 24 h treatment with OHP determined a 

significant (p=0.011) shift of voltage-dependent sodium channel 

activation curve towards more negative membrane potentials 

compared to non treated cells. The observed mean values for V1/2 were 

-21.91 ± 0.47 mV in control cells and -30.71 ± 1.7 mV in the cells 

incubated with OHP. The slope factors were 6.18 ± 0.41 mV and 4.70 
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± 0.72 mV respectively (Figure 10B) and were not significantly 

different. In contrast, CDDP administration induced a significant shift 

of voltage-dependent sodium channel activation curve towards more 

positive membrane potentials compared to control condition 

(p=0.009). The mean value for V1/2 of CDDP treated cells was -4.02 ± 

0.33 mV with a k slope factor of 6.85 ± 0.29 mV.  

 

Figure 10. Effects of platinum compounds on the activation curves of voltage-

dependent sodium channels. A. The panel represents on the left the stimulation 

protocol used during these experiments and, on the right, current traces recorded in 

control conditions or in presence of oxaliplatin (OHP) for 24 h. B. Activation curves 

of voltage-dependent sodium channels in a series of experiments conducted in 

control condition (in blue, n= 5) or in the presence of OHP for 24 h (in red, n=6) or 

CDDP (in green, n=4). OHP administration significantly shifted the activation curve 

of voltage-dependent sodium channels towards more negative values. On the other 

hand, the incubation with CDDP significantly shifted the activation curve of 

voltage-dependent sodium channels towards more positive values. The mean values 

for V1/2 were -21.91 ± 0.47 mV for non-treated cells, -30.71 ± 1.7 mV for OHP 
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treated cells and -4.02 ± 0.33 mV for cells incubated with CDDP. The slope factors 

were 6.18 ± 0.41 mV, 4.70 ± 0.72 mV and 6.85 ± 0.29 mV respectively. p<0.05 for 

OHP vs CTRL, p<0.01 for CDDP vs CTRL (ANOVA, followed by the Tukey post 

hoc test). 

To study the inactivation process of sodium channels we used a 

stimulation protocol which started from a holding potential of -80 mV, 

continued with the application of conditioning steps with an 

increasing amplitude of 15 mV (from -105 mV to 0 mV) and a 

duration of 600 ms and ended with a test at -10 mV lasting 65 ms. At -

105 mV, the inactivation is completely removed from voltage-

dependent sodium channels and, therefore, all the channels are 

available but in the closed state. From this Vm, a rapid transition to -

10 mV, the potential which elicits the activation of the highest 

percentage of channels, makes the channels open very quickly, thus 

producing the maximal current. As the conditioning potential moves 

to more positive values, the fraction of channels in the inactivated 

state progressively increases reducing the current produced at -10 mV. 

For this reason, since at 0 mV the voltage-dependent sodium channels 

are completely inactivated, the test at -10 mV does not produce any 

detectable current (Figure 11A and Figure 11B). 

The inactivation curve was calculated plotting the amplitude values of 

the recorded currents measured at the peak (I) and normalized on the 

amplitude of the maximal current (Imax) as a function of the imposed 

membrane potential. 

The values obtained by the average of 7 control cells and 8 cells in 24 

h OHP were interpolated by a Boltzmann function with equation: 
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where Imax is the maximum sodium current elicited after the most 

hyperpolarized preconditioning potential, the Vpre is the  

preconditioning potential, V1/2 is the potential at which inactivation is 

half-maximal, and k is the slope factor.  

The analysis of the collected data showed that treating the cultures 

with OHP for 24 h determined a slight shift of the inactivation curve 

for voltage-dependent sodium channels towards more negative values 

compared to non-treated control cells. In contrast CDDP treatment 

induced a shift of the inactivation curve towards more positive 

membrane potential values. The mean values of V1/2 were: -68.12 ± 

2.12 mV for non treated cells, -72.09 mV for cells incubated with 

OHP (p=0.005) and -58.21 ± 0.72 mV for CDDP treated cells (Figure 

11C). K values were: 5.12 ± 0.98, 5.25 ± 0.26 and 7.79 ± 0.61 mV 

respectively. 
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Figure 11. Effects of platinum-based drugs incubation on the inactivation 

curves of voltage-dependent sodium channels. A. Graphical representation of the 

stimulation protocol in voltage-clamp mode applied to study the inactivation process 

of voltage-gated sodium channels. B. Traces recorded in the presence or in the 

absence of TTX 1μM or 0.3 μM in control condition or after 24 h treatment with 

OHP. C. Inactivation curves of voltage-dependent sodium channels in a series of 

experiments conducted in the absence (in blue, n=7), in the presence of oxaliplatin 

(OHP) for 24 h (in red, n=8) or cisplatin (CDDP) for 24 h (in green, n=6). While 

CDDP treatment shift the inactivation curve towards more positive values, OHP 

administration for 24 h shifted the inactivation curve of voltage dependent sodium 

channels towards more negative values. The mean values of V1/2 were -68.12 ± 2.12 
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mV for control cells, -72.09 mV for OHP treated cells and -58.21 ± 072 mV for 

CDDP treated cells. K values were: 5.12 ± 0.98, 5.25 ± 0.26 and 7.79 ± 0.61 mV 

respectively. * p=0.005 for OHP vs CTRL  (ANOVA, followed by the Tukey post 

hoc test). 

Superimposing the activation and inactivation curves, the window 

current emerges from their intersection. This function describes the 

fraction of available channels at each Vm, at the steady-state: 

increasing the voltage makes the opening probability of the channels 

grow until the probability of inactivation prevails and so more and 

more channels inactivate until the complete abolition of the current.  

From our experiments emerged that the treatment with OHP or CDDP 

for 24 h produced a window current whose amplitude and width was 

more than doubled compared to control conditions (Figure 12).  

 

Figure 12. Effects of platinum analogues on the window current of voltage-

dependent sodium channels. Representation of the window current through the 

superimposition of activation and inactivation curves. The curves built on data 

collected in non treated cells are represented in blue, the red ones describe the 
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voltage-dependence observed in cells treated with oxaliplatin (OHP) while the green 

ones represents the curves built on data collected in presence of cisplatin (CDDP).  

Effects of platinum compounds on ERG potassium channel 

activation and inactivation curves 

To study the voltage-dependence of ERG potassium channel 

activation we applied the stimulation protocol described in figure 

13A. Also in this case, the experiments were performed using an 

external solution containing a high concentration of potassium (40 

mM). 

The curve was obtained by interpolating the values of the recorded 

peak currents (I, Figure 13A and Figure 13B) normalized on the 

amplitude of the maximal current observed (Imax) in relation to the 

applied membrane potential with a Boltzmann function: 

 

    
 

 

   
  

  
       

 

 

where Imax is the maximum ERG current elicited after the most 

depolarized preconditioning potential, Vpre is the preconditioning 

potential, V1/2 is the potential at which activation is half-maximal, and 

k is the slope factor. 

The half-activation point (V1/2) values were -32.22 ± 0.56 mV for the 

control and -26.08 ± 0.66 mV after the incubation for 24 h with OHP 

7.5µM; the slope factor were 5 ± 0.43 mV and 5 ± 0.56 mV 

respectively. Thus, OHP produced a depolarizing shift of the 

activation curve of ERG currents (p=0.02). In contrast, CDDP 

administration did not produce any effect (Figure 13C). 
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Figure 13. Voltage-dependence of ERG potassium channel activation in absence 

or presence of platinum drugs. A. Representative traces recorded using the 

protocol on the left in control conditions or in presence of oxaliplatin (OHP). B. 

Traces recorded in the presence or in the absence of WAY123.398 in control 

condition or after 24 h treatment with OHP. C. The blue curve represents data 

collected during control conditions (n=12), the red one shows the same property in 

cells after 24 h treatment with OHP (n=8) while the green one represent data 

collected in cells incubated with CDDP (n=6). The mean value of V1/2 were -32.22 ± 

0.56 mV for control cells, -26.08 ± 0.66 mV for cells treated with OHP and -33.72 ± 

0.55 mV after the incubation with CDDP. The slope factor were 5 ± 0.43 mV, 5 ± 

0.56 mV and 5.99 ± 0.39 mV respectively. p<0.02 for OHP vs CTRL (ANOVA, 

followed by the Tukey post hoc test). 



 

66 
 

To study the voltage-dependence of ERG channel inactivation we 

took advantage of a stimulation protocol during which, starting from a 

holding potential of 0 mV, applied voltage steps with duration of 184 

ms and amplitude from +20 mV to -140 mV (decrement of 20 mV). 

At +20 mv, ERG channels are in the inactive state and no current 

flows through them (Figure 14A). However, in a few cells we 

observed a residual outward current due to the opening of outward 

potassium channels. In order to better isolate ERG current, the above 

protocol was performed in the presence of 1 µM WAY123.398 

(Faravelli et al., 1996), a specific blocker of ERG channels at 

saturating concentration (Figure 14B). During data analysis, the traces 

recorded in these experimental conditions were subtracted to those 

collected in the absence of the blocker in order to isolate the WAY-

sensitive ERG current. As the imposed membrane potential 

hyperpolarizes, inactivation is removed. At -140 mV the rapid voltage 

transition produces the complete opening of the channels, and the 

favorable driving force induces the maximal current.  

From the recorded traces, ERG conductance was calculated with the 

equation:  

   
 

     
 

Where I is the amplitude of the recorded current, Vm is the imposed 

membrane potential and EK is the equilibrium potential for potassium 

ion. Data for each cell were fitted with a Boltzmann distribution 

equation of the following form: 
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where gmax is the maximum g, V1/2 is the potential at which channel 

activation is half-maximal, and k is the slope of the curve. 

Figure 14C shows that the incubation with OHP for 24 h determined 

a shift of the inactivation curve of ERG channels towards more 

hyperpolarized membrane potentials (p<0.001). The estimated average 

values for V1/2 were -56.46 ± 3.09 mV in control cells and -78.50 ± 

2.88 mV in treated cells, with a slope factor (k) of 12 or both curves.  

 

Figure 14. Voltage-dependence of ERG potassium channel inactivation under 

control conditions and in the presence of oxaliplatin (OHP). A. Graphical 

representation of the protocol in voltage-clamp mode used for the investigation of 

the voltage-dependence of ERG channel inactivation. B. Traces recorded in the 
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presence or in the absence of WAY123.398 in control condition or after 24 h 

treatment with OHP. C. OHP incubation caused a shift of the inactivation curve of 

ERG channels to more negative membrane potentials. The blue curve represents 

data collected during control conditions (n=7) while the red curve shows data 

collected in OHP treated cells (n=10). The average values of V1/2 were -56.46 ± 3.09 

mV in control cells and -78.50 ± 2.88 mV in treated cells, with a slope factor of 12 

for both curves. P<0.001 (ANOVA, followed by the Tukey post hoc test). 

Figure 15 shows the activation and inactivation curves in the absence 

(blue) and in presence of OHP treatment (red). As a consequence of 

the properties of ERG channel inactivation kinetics it was not possible 

to measure ERG current window.  

 

Figure 15. Effect of oxaliplatin (OHP) on the window current of ERG channels. 

Representation of the window current through the superimposition of activation and 

inactivation curves. The curves built on data collected in non treated cells are 

represented in blue while the red ones describe the properties observed in cells 

treated with OHP for 24 h.  

  



 

69 
 

3.2 Effects of OHP on primary cultures of embryonic rat DRG 

sensory neurons 

Since F-11 cells are somatic cell hybrid of rat embryonic DRGs and 

mouse neuroblastoma cell line N18TG-2, the experiments formerly 

described were reproduced on primary cultures of sensory neurons 

deriving from the dissociation of rat embryonic DRGs. This choice 

was motivated by the necessity to validate differentiated F-11 cell line 

as a model of sensory neurons for studying platinum-derivate effects. 

3.2.1 Effect of OHP on the electrical activity 

Influence of OHP treatment on VRest 

Embryonic sensory neurons were analyzed by patch-clamp after 36 

and 48 h of incubation with 7.5 μM OHP incubation. Figure 16 shows 

that both treatments determined a non-significant effect on  VRest. 

 

Figure 16. Effects of different oxaliplatin (OHP) incubation on membrane 

potential (VRest). OHP determined a progressive but non-significant 

hyperpolarization of VRest. The observed mean values were: -50.31 ± 1.73 mV in 

non-treated cells (n=16), -55.47 ± 2.07 mV in cells treated with OHP for 36 h (n=17) 

and -57.16 ± 2.77 mV in cells incubated with OHP for 48 h (n=12) (ANOVA, 

followed by the Tukey post hoc test).  
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Effect of OHP on induced APs 

Evoked APs were studied through the application of the stimulation 

protocol previously described (Figure 3A). In each tested cell, firing 

frequencies were calculated referring to the injected current step 

during which the maximal number of evoked APs was observed 

(Figure 17).  

 

Figure 17. Representative traces of the evoked electrical activity of embryonic DRG 

neurons recorded in control conditions or after 36 h treatment with OHP using the 

protocol described below the traces. 

Incubation with OHP for 36 h did not produce any major variation of 

the AP firing frequency. After 48 h, treated cells showed a non-

significant increase of the same feature (Figure 18). However, 

statistical analysis with χ
2
 test revealed for 48 h OHP a significant 

increase of the fraction of sensory neurons able to fire multiple evoked 

APs compared to the non-treated control cells (p< 0.033). 



 

71 
 

 

Figure 18. Effects of the incubation with oxaliplatin (OHP) on evoked firing 

frequency. The histogram shows that the administration of OHP for 48 h seemed to 

produce an increase of evoked APs firing frequency, which was not significant. The 

observed average values were: 2.46 ± 0.67 Hz in control cells (n=13), 2.12 ± 0.43 

Hz in cells treated with OHP for 36 h (n=16) and 4.66 ± 1.50 Hz in cells incubated 

with OHP for 48 h (n=12) (ANOVA, followed by the Tukey post hoc test).  

3.2.2 OHP administration affected voltage-dependent sodium and 

delayed rectifier potassium currents 

The effects of OHP on voltage-dependent sodium and potassium 

channels were studied by applying the formerly described stimulation 

protocol (Figure 5A). Collected data showed that treating the cells 

with OHP produced a progressive increase of the current density of 

the voltage-dependent sodium channels. (Figure 19 A-B).  



 

72 
 

 

Figure 19. Effects of oxaliplatin (OHP) on voltage-dependent sodium channels. 

A. Representative current traces recorded in absence or in presence of OHP for 36h. 

B. OHP determined an increase of sodium current densities in treated cells 

compared to controls. The observed mean values were: 267.14 ± 29.21 pA/pF in 

control cells (n=17), 411 ± 50.68 pA/pF in cells treated with OHP for 36 h (n=15) 

and 623.74 ± 67.23 pA/pF in cells incubated with OHP for 48 h (n=12). **p<0.01 

for OHP 36 h vs CTRL, ***p<0.001 for OHP 48 h vs CTRL (ANOVA, followed by 

the Tukey post hoc test).  

Since DRG neurons also express TTX-resistant sodium currents, we 

investigated the possible effects of OHP on these currents. The 

incubation with OHP did not induce any change of TTX-resistant 

sodium current densities and of their fraction respect to the total 

sodium current (Figure 20). The mean observed values (in 

percentage) were: 15.16 ± 7.06 % in control cells (n=10), 13.56 ± 8.05 
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% in OHP 36 h treated cells (n=10) and 6.37 ± 3.25 % in 48 h treated 

cells (n=8).  

 

Figure 20. Effects of different oxaliplatin (OHP) incubation on the TTX-

resistant sodium current densities. The histogram shows that the exposure to OHP 

for 36 or 48 h did not produced any effect on TTX-resistant sodium current densities 

compared to control conditions. The mean values observed were: 1638 ± 906 pA/pF 

for control cells (n=8), 1759 ± 927 pA/pF for cells treated with 36 h OHP (n=5) and 

986 ± 433 pA/pF for OHP treated cells for 48 h (n=4) (ANOVA, followed by the 

Tukey post hoc test).  

The sodium current inactivation kinetics were analyzed considering 

the trace of the first current elicited by the stimulation protocol 

described in figure 11. This trace was obtained by a voltage step at 0 

mV. The kinetic was described by the tau (τ, expressed in µs) 

parameter that was determined from single exponential fits of the 

current decay. The function used during the fitting procedure was:  

        
  

      

Where A is the amplitude of the repolarization, τ is the time constant 

and C is the constant y-offset.  
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Figure 21 shows that the incubation with OHP for 36 or 48 h did not 

affect this parameter. 

 

Figure 21. Effects of different oxaliplatin (OHP) incubation on voltage-

dependent sodium channel inactivation kinetics. OHP treatment did not induce 

any effect on the time constant describing the decay of the recorded currents. The 

mean values observed were: 566 ± 79 µs in control cells (n=8), 512 ± 45 µs in 36 h 

OHP treated cells (n=5) and 441 ± 62 µs in cell incubated with OHP for 48 h (n=4) 

(ANOVA, followed by the Tukey post hoc test).  

We then focused on the current densities of delayed-rectifier 

potassium channels. In this regard, our data showed that incubating 

the cells with OHP determined a significant increase of current 

densities (Figure 22). 
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Figure 22. Effects of oxaliplatin (OHP) on delayed-rectifier potassium current 

densities. OHP determined an increase in treated cells compared to controls. The 

mean observed values were: 393.50 ± 43.38 pA/pF in non treated cells (n=17), 

558.58 ± 54.19 pA/pF in cells treated for 36 h (n=15) and 799.08 ± 62.19 pA/pF in 

cells incubated with OHP for 48 h (n=12). *p<0.05 for OHP 36h vs CTRL, 

***p<0.001 for OHP 48 h vs CTRL (ANOVA, followed by the Tukey post hoc 

test).  
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3.3 Effects of OHP on primary cultures of adult rat DRG sensory 

neurons 

Finally, the effects of 7.5 µM OHP on cell electrical properties and on 

voltage-dependent sodium and potassium channels were tested in 

primary cultured sensory neurons derived from adult rat DRGs, after 7 

days in vitro (DIV).  

3.3.1 OHP administration did not alter the overall electrical 

activity 

Incubation with OHP for 24 h did not produce any significant 

variation of VRest (Figure 23). 

 

Figure 23. Influence of oxaliplatin (OHP) on membrane resting potential 

(VRest). The 24 h-long treatment with OHP did not affect the VRest of the tested cells. 

The mean values were: -50.62 ± 3.24 mV in control cells (n=8) and -45.44 ± 2.57 

mV in cells treated with OHP (n=9) (Student’s t-test).  

Also in this case, evoked APs were studied by means of the 

application of the stimulation protocol described below the traces and 

the firing frequencies were calculated referring to the injected current 

step during which the maximal number of APs was evoked. Figure 24 
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A-B shows that, after the treatment with OHP, we did not detect any 

significant variation of this parameter. 

 

Figure 24. Effects of oxaliplatin (OHP) on AP firing frequency. A. 

Representative traces of the evoked electrical activity of adult DRG neurons 

recorded in control conditions or during OHP treatment, using the protocol below 

the traces. B. OHP did not alter the AP firing frequency in tested cells. The mean 

observed values were: 1.25 ± 0.25 Hz in non treated cells (n=4) and 1 Hz in the cells 

incubated with OHP for 24 h (n=9). All OHP treated cells showed only one AP 

during the stimulation protocol (Student’s t-test). 

3.3.2 Effects of OHP on voltage-dependent sodium and potassium 

channels 

In order to evaluate possible alterations produced by OHP on voltage-

dependent sodium and potassium channels, we used the stimulation 

protocol described in figure 5A.  

Data showed that the incubation with OHP for 24 h increased the 

current density of voltage-dependent sodium channels. The mean 

values were: 139.63 ± 27.26 pA/pF in control cells (n=8) and 359.17 ± 

46.10 pA/pF in treated cells (n=9) (Figure 25).  
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Figure 25. Effects oxaliplatin (OHP) on voltage-dependent sodium channels. A. 

Representative traces recorded in absence or in presence of OHP for 24 h. B. OHP 

application determined a significant increase of the sodium current density 

compared to control cells. The average observed values were: 139.63 ± 27.26 pA/pF 

in control cells (n=8) and 359.17 ± 46.10 pA/pF in treated cells (n=9). *p<0.05 for 

OHP 24 h vs CTRL (Student’s t-test). 

Moreover, incubation with OHP did not induce any change in the 

TTX-resistant sodium current densities and in their fraction referred to 

the total sodium current (Figure 26). The mean values (in percentage) 

were: 33 ± 14.33 % in control cells (n=4), 5 ± 1 %  in cells treated 

with OHP for  24 h (n=7). 
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Figure 26. Effects of oxaliplatin (OHP) incubation on the TTX-resistant sodium 

current densities. OHP exposure for 24 h did not produce any effect on TTX-

resistant sodium current densities compared to control conditions. The mean values 

were: 713 ± 287 pA/pF for control non-treated cells (n=3), 473 ± 103 pA/pF for 

cells treated with OHP 24 h (n=6) (Student’s t-test).  

The sodium current inactivation kinetics were analyzed as previously 

described for embryonic DRG neurons. Figure 27 shows that OHP 

treatment did not produce any effect on τ values. 

 

Figure 27. Effects of different oxaliplatin (OHP) incubation on voltage-

dependent sodium channels inactivation kinetics. OHP treatment did not induce 

any effect on the time constant describing the decay of the recorded currents. The 
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mean values observed were: 780 ± 110 μs in control cells (n=2), 656.7 ± 145.8 μs in 

OHP treated cells (n=6) (Student’s t-test).  

An increasing trend was also observed on the current density of 

voltage-dependent potassium channels but, in this case, the effect did 

not reach the statistical significance. The mean values of current 

density were: 238 ± 39 pA/pF in control cells (n=8) and 302 ± 37 

pA/pF in cells treated with OHP for 24 h (n=9) (Figure 28). 

 

Figure 28. Effects of oxaliplatin (OHP) on delayed-rectifier potassium current 

densities. In treated cells, OHP produced a non-significant increase of the current 

density of voltage dependent potassium channels compared to controls. The mean 

values of current density were: 238 ± 39 pA/pF in control cells (n=8) and 302 ± 37 

pA/pF in cells treated with OHP for 24 h (n=9) (Student’s t-test). 
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3.4 Result summary 

All the obtained results are summarized in Table 5. 

In vitro model 

used 

[platinum] and 

timing 

Effects on cellular 

electrical activity 
Effects on ion channels 

F-11 

differentiated 

cells 

OHP 7.5 µM 

24h 

Depolarized VRest 

Depolarized AP 

afterhyperpolarization. 

↑ Na+ current density, 

↓ ERG current density, 

shift of Na+ activation 

curve towards more 

negative values, 

shift of Na+ inactivation 

curve towards more 

negative values, 

shift of ERG activation 

curve towards more 

negative values, 

shift of ERG inactivation 

curve towards more 

negative values 

OHP 7.5 µM 

48h 

Depolarized VRest 

↓ spontaneous electrical 

activity 

↓ evoked firing 

frequency 

Depolarized AP 

afterhyperpolarization. 

↑ Na+ current densities 

CDDP 15 µM 

↓ evoked firing 

frequency 

↑ AP amplitude 

↑ AP duration 

Depolarized AP 

afterhyperpolarization. 

↓ Na+ current density 

↓ K+ delayed rectifier 

current density 

↓ ERG current density 

Shift of Na+ activation 

curve towards more 

positive values 

Shift of Na+ inactivation 

curve towards more 

positive values 

Embryonic rat 

DRG sensory 

neurons 

OHP 7.5 µM 

36h 
- 

↑ Na+ current density 

↑ K+ delayed rectifier 

current density 

OHP 7.5 µM 

48h 

↑ fraction of sensory 

neurons able to fire 

multiple evoked APs 

↑ Na+ current density 

↑ K+ delayed rectifier 

current density 

Adult rat DRG 

sensory neurons 

OHP 7.5 µM 

24h 
- ↑ Na+ current density 

Table 5. Result summary. Summary of the effects observed after OHP or CDDP 

treatment described in this chapter. 
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4. DISCUSSION AND FUTURE PERSPECTIVES 

OHP is a third generation platinum-based compound used in 

combination with folinic acid (Leucovorin) and 5-fluorouracil 

(FOLFOX regimen), for first-line and adjuvant metastatic colorectal 

cancer therapy (Chau and Cunningham, 2003). OIPN represents one 

of  the most common adverse events associated with the use of OHP, 

which can reduce patients’ quality of life and lead to dose reduction or 

discontinuation of the treatment. OIPN has unique characteristics, in 

fact, it is associated with two different syndromes: an acute and cold-

induced transient syndrome occurring in almost all patients and a 

dose-limiting chronic sensory neuropathy (Grothey, 2003). It has been 

demonstrated that the incidence and severity of acute OIPN is 

predictive for the development of the chronic and cumulative sensory 

neuropathy (Argyriou et al., 2013a; Valesco et al., 2014). For this 

reason, understanding acute OIPN pathogenesis is essential in order to 

develop preventive strategies for chronic OIPN. 

Acute OIPN is described in literature as a channelopathy-like 

syndrome, in fact, needle electromyography examinations and motor 

nerve conduction studies reveal spontaneous high frequency 

discharges of motor fibres and repetitive compound motor action 

potentials (CMAPs) in response to a single electrical stimulus in the 

following 24-48 h after OHP infusion (Wilson et al., 2002; Lehky et 

al., 2004). Moreover, the results from nerve excitability testing 

demonstrate an increase of refractoriness in motor axons and a 

decrease of the same parameter in sensory axons (Krishnan et al., 

2005, 2006; Park et al., 2009). These findings, together with the 

results of recent pharmacogenomics studies that have identified 
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polymorphisms in genes encoding for voltage-dependent sodium 

channels (Argyriou et al., 2013b) related to the onset of acute OIPN, 

support the hypothesis of a major involvement of sodium channels in 

acute OIPN pathogenesis. 

Since early 2000, many in vitro studies have investigated the effects of 

this platinum based antineoplastic agent on voltage-dependent sodium 

and potassium channels, the main effectors of electrical neuronal 

activity. These researches focused on single aspects of the overall 

electrophysiological cellular response to OHP and were conducted on 

different preparations and cellular models using OHP applied 

extracellularly or intracellularly in concentrations ranging from 5 to 

500 μM. These concentrations are sometimes very far from the peak 

values observed in the blood of treated patients (i.e. 1.44 µg/ml, 

corresponding to 3.6 µM, after 2h infusion for a dose of 85 mg/m
2
 and 

2.59-3.22 µg/ml, corresponding to 6.8 – 8.11 µM, after 2h infusion for 

a dose of 130 mg/m
2
, Ehrsson et al., 2002; Graham et al., 2000). As a 

result, different effects have been reported involving sodium, 

potassium and calcium channels sometimes with discordant outcomes. 

For this reason, we decided to investigate the acute effects of an OHP 

concentration comparable to the one estimated in patients’ blood (7.5 

μM for 24 or 48 h) on the cellular electrical properties of 

differentiated F-11 cells. These are hybrids of rat embryonic dorsal 

root ganglia (DRG) and mouse neuroblastoma cell line N18TG-2, 

which represent a good cellular model of DRG neurons. Subsequently, 

the same set of experiments was performed on neuron primary 

cultures deriving from embryonic and adult DRG dissociation. 

Moreover, since clinical data show that CDDP administration does not 
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produce the acute symptoms of peripheral neurotoxicity described for 

the patients treated with OHP (Lehky et al., 2004), we used CDDP as 

reference compound to verify the exclusivity of the effects induced by 

OHP, as previously proposed by Grolleau and colleagues (2001).  

 

Data collected on differentiated F-11 cells indicate that, compared to 

controls, cells treated with OHP showed significantly depolarized 

VRest and after-hyperpolarization potentials that are consistent with the 

hyperexcitability effect reported in literature. In fact, cells showing a 

more depolarized VRest and a smaller after-hyperpolarization are more 

prone to generate APs in response to a stimulation and to give rise to 

bursts of APs. On the contrary, incubation with CDDP did not 

produce any alteration of VRest. However, both OHP and CDDP 

treatment induced a significant decrease in firing frequencies. 

Moreover, the incubation with OHP determined a reduction in the 

percentage of cells showing spontaneous electrical activity compared 

to control and CDDP treated cells.  

To understand which mechanisms were responsible for these changes 

in the cellular electrical activity we studied the effects of platinum 

compounds on voltage-dependent ion channels. As previously 

described by Adelsberger et al. (2000), prolonged OHP incubation 

caused an increase in sodium current density. 

Since differentiated F-11 cells express ERG (ether-à-go-go related 

gene) channels, we also investigated the possible effects of OHP on 

these channels. ERG is a voltage-dependent potassium channel, acting 

as a functional inward rectifier. It was first identified in a Drosophila 

melanogaster mutant and only years later an homolog was found in 
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humans, during a screening of an hippocampal cDNA library, and 

mapped to chromosome 7 (Warmke et Ganetzky, 1994). ERG 

channels are very important in the heart where they play a key role in 

the AP repolarization. Mutations in hERG genes are related to an 

hereditary disorder, the long QT syndrome (Curran et al., 1995). 

Moreover, ERG channels are involved in the release of insulin by 

human pancreatic β cells (Rosati et al., 2000), and members of its 

family are expressed in tumors of different histogenesis, where they 

regulate the neoplastic progression (Arcangeli et al., 2009). In the 

central nervous system (CNS) the ERG function is still debated (Shi et 

al.,1997; Saganich et al., 2001; Guasti et al., 2005; Bauer and 

Schwarz, 2018). The ERG potassium channel family is composed by 

three different isoforms. To date, there are no clues in literature about 

which isoforms are effectively expressed in F-11 cells. However, 

considering that this cell line is a hybrid of rat DRG neurons and a 

neuroblastoma cell line, we hypothesize that all the three isoforms of 

ERG channels (Shi et al., 1997) are expressed as suggested by the 

value of the V1/2 of the activation curves we obtained. Unfortunately, 

since there are no available blockers specific for the different ERG 

channel isoforms, we were not able to isolate the single currents and 

perform further investigations. 

Our data showed that OHP incubation decreased ERG potassium 

current density. In differentiated F-11 cells no effects on other 

potassium channels were observed.  

In the same experimental conditions, CDDP treatment decreased both 

voltage-dependent sodium and potassium current densities. 
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Based on these data, to better characterize the effects of these 

platinum-based antineoplastic agents on sodium and ERG potassium 

channels, F-11 cells were incubated with these compounds for 24h 

and the biophysical properties of activation and inactivation were 

investigated. According to previously reported results, the analysis of 

TTX-sensitive sodium currents indicated that OHP treatment induced 

a shift of both activation and inactivation curves towards more 

negative potentials and an increase in the current window (> 2.5 fold) 

(Adelsberger et al., 2000; Benoit et al., 2001). In contrast, cells treated 

with CDDP showed an opposite behavior represented by a shift of 

both activation and inactivation curves towards more positive 

potentials and a smaller increase in the current window. 

The analysis of the biophysical properties of ERG potassium channels 

showed that OHP treatment induced a shift of the activation curve 

towards more positive potentials and of the inactivation curve towards 

more negative potentials. The incubation with CDDP had no effect on 

ERG channel activation. 

These effects on both sodium and ERG potassium channels may 

explain the membrane depolarization and the change in the firing rate 

we recorded in OHP treated cells. In particular, the reduced firing rate 

could be more likely linked to the shift of the window current towards 

more negative membrane potentials rather than to the effect we 

observed on ERG channels. In fact, it has been described that the 

reduction of ERG channel activity by a selective inhibitor induced an 

increase in the firing frequency (Chiesa et al., 1997; Rosati et al., 

2000). However, as reported in literature, a compensatory increase of 

other potassium currents cannot be excluded (Pillozzi et al., 2018).  
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These results were partially confirmed in the set of experiments 

conducted on embryonic or adult rat DRG neuronal primary cultures. 

In fact, our data showed that OHP treatment had no effects on VRest 

and on the firing frequency even if an increase in the percentage of 

neurons able to generate multiple evoked APs was observed. The 

analysis of sodium and potassium current densities revealed their 

increase. Conversely from the article of Loligner et al. (2015) that 

linked cold-induced allodynia to the effects of OHP on sodium 

channel Nav1.9, we did not observed any alteration in TTX-resistant 

sodium current densities in treated cells compared to controls. 

Moreover, in these models we were not able to evaluate the effects of 

OHP on ERG potassium channels because no currents were recorded 

during the experiments. This suggests that ERG channels are not 

expressed in DRG neurons. 

Our work gives a general overview on the OHP effects on the 

electrical properties of the tested cells, evaluating not only its 

influence on the VRest and APs but also on the voltage-dependent 

sodium and potassium channel properties. Moreover, all the 

experiments were conducted using an OHP concentration that best 

represents the one reached in the plasma of patients after the drug 

infusion. The increase in the number of cells able to fire multiple 

spontaneous APs we observed in the experiments conducted on DRG 

primary cultures seems to be in line with the hyperexcitability 

phenomena reported in patients in the following 24-48 h after OHP 

infusion. On the other hand, data collected on differentiated F-11 cells 

seem to reproduce an intermediate condition between the acute and 
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the chronic OHP toxicity in which an initial phase of hyperexcitability 

is followed by a state of hypoexcitability. 

In conclusion, data collected on DRG primary neurons indicate that 

differentiated F-11 cells may represent a good cellular model for the 

study of the effects of platinum-based compounds on voltage-

dependent sodium channels. In fact, the effects we recorded on 

voltage-dependent potassium channels might be discordant owing to 

the different channel subtypes expressed by differentiated F-11 cells 

and DRG neurons. 

Future perspectives 

Further developments of this study will encompass three main 

experimental strategies on different biological substrates in order to 

maximize the translational impact. 

We will first evaluate the effects of CDDP on embryonic or adult rat 

DRG neuron primary cultures. In this way, we will be able to compare 

the influence of these platinum compounds on the cellular electrical 

activity also in these in vitro models. Since DRG neurons are the main 

target of platinum analogues and CDDP administration is not linked to 

the development of acute toxicity, this approach may represent a key 

step in the understanding of the mechanisms underlying acute OIPN.  

We will then study the effects of platinum compounds on neurons 

derived from induced pluripotent stem cells (IPSC). As this 

technology allows the culturing of human derived sensory neurons 

overcoming the problem of sample harvesting, they may represent the 

ideal in vitro model to investigate the patophysiology of OIPN. 
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Thus, in case of promising results, we will study the effects of 

pharmacological strategies in order to find potential drugs with 

protective/reverting activity. For this purpose, we will focus on the 

study of the effects of Ca/Mg administration and on voltage-

dependent sodium channel modulators. In fact, literature data indicate 

that supplemental Ca/Mg infusions may reduce OHP neurotoxicity but 

more investigations are needed to fully confirm the efficacy of this 

pharmacological approach (De Monaco et al., 2014). Based on the 

results of this in vitro screening we will test the effects of promising 

drugs in an in vivo model of OIPN. 

Lastly, further studies could be focused on the evaluation of the 

effects of OHP on differentiated DRG neurons derived from IPSC of 

patients carrying sodium channels polymorphisms known to be 

associated to a major incidence and severity of OIPN.  
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