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Abstract 
 

Oxaliplatin is a platinum-based anticancer drug with treatment-limiting neurotoxicity. The role of 

the organic cation/carnitine transporters (OCTNs) in the transport and neurotoxicity of oxaliplatin 

is currently unknown.  

The expression and functional activities of OCTNs and organic cation transporters (OCTs) in rat 

dorsal root ganglion (DRG) tissue and cultures were determined using RT-PCR, Western blotting, 

and uptake of prototypical substrates including [3H]ergothioneine (OCTN1), [3H]L-carnitine 

(OCTN2), [3H]MPP+ (OCTs), and [14C]TEA+ (OCTNs/OCTs). Cellular [14C]oxaliplatin uptake, platinum 

accumulation, and sensitivity to oxaliplatin were determined using liquid scintillation counting, 

ICP-MS, and cytotoxicity assays in HEK293 cells over-expressing OCTNs and DRG neurons cultured 

from Wistar rats, C57BL wild type and Octn1 knockout mice. Daily oral administration of 

ergothioneine or acetyl-L-carnitine was investigated in a Wistar rat model of oxaliplatin 

neurotoxicity in vivo. 

OCTN1 and OCTN2 showed readily detectable mRNA expression levels and functional activities in 

rat DRG neurons, whereas the expression and activity of OCTs was low or absent. HEK293 cells 

over-expressing rOctn1, rOctn2, hOCTN1 and hOCTN2 demonstrated increased uptake and 

sensitivity to oxaliplatin compared with empty vector-transfected controls. Oxaliplatin growth 

inhibition was reduced by ergothioneine in HEK293 cells over-expressing rOctn1 and hOCTN1, and 

by L-carnitine in HEK293 cells over-expressing rOctn2. Oxaliplatin exposure decreased OCTN1-

mediated ergothioneine uptake and OCTN2-mediated L-carnitine uptake.  

Oxaliplatin uptake, by cultured rat DRG neurons, was dependent on exposure concentration, time, 

temperature, and was inhibited by ergothioneine more so than by L-carnitine or MPP+. 

Oxaliplatin-induced loss of DRG neuronal viability was inhibited by ergothioneine, but not by L-

carnitine or MPP+. Daily oral administration of ergothioneine or acetyl-L-carnitine, an acetylated 

derivative of L-carnitine, was tolerated by oxaliplatin-treated Wistar rats. Trends towards 

protection against oxaliplatin-induced DRG neuronal cell body and nucleolus atrophy were found 

for ergothioneine. DRG neurons from C57BL Octn1 knockout mice showed lower neuronal 

accumulation of oxaliplatin compared with those from wild type mice.  

In conclusion, OCTN1 and OCTN2 both transport oxaliplatin and have functional activities in rat 

DRG neurons. OCTN1-mediated transport of oxaliplatin appeared to contribute to its neuronal 
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accumulation and neurotoxicity. Targeting OCTN1 for the purpose of reducing oxaliplatin 

neurotoxicity appeared tolerable, promising and requires further investigation. 
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CHAPTER 1. General Introduction 
 

1.1 Overview 
Chemotherapy is a major treatment approach used to improve the survival or quality of life of 

patients with cancer.  The therapy utilises chemical agents to target cancer cells; these can be 

given as single agent, or in combination with other chemotherapeutic agents, radiotherapy, or 

surgery. In principle, the majority of chemotherapeutic agents act by impairing cell division and 

targeting rapidly dividing cells such as cancer cells throughout the body. However, the cytotoxic 

nature of these drugs inevitably damages normal tissues, causes longstanding symptoms and 

deficits, and compromises patient benefit. Currently, more than 100 chemotherapeutic agents are 

in clinical use, and the majority of these can be classified into alkylating agents, antimetabolites, 

anthracyclines, alkaloids, topoisomerase inhibitors, and platinum-based drugs. 

Platinum-based drugs are among the most active anticancer agents successfully used as single 

agent or in combination therapy in the treatment of a broad spectrum of human malignancies, 

including bladder, colorectal, gastric, head and neck, lung, ovarian, and testicular cancer (Rixe et 

al., 1996; Lebwohl and Canetta, 1998; Raymond et al., 1998a; Go and Adjei, 1999; Ardizzoni et al., 

2007). It is widely accepted that the major target of platinum-based drugs is nuclear DNA, and 

that their cytotoxic effect is largely dependent on the extent of interstrand and intrastrand cross-

links. The formation of platinum-DNA adducts activates various signal transduction pathways in 

DNA replication and transcription, DNA damage recognition and repair, interferes with critical 

steps in the cell cycle progression, and induces cell growth arrest and apoptosis. The cellular 

effects of these platinum-drugs and the ultimate fate of the target cells are defined by the extent 

of adduct formation, the cellular response to these cytotoxic lesions, and the rate of cellular repair 

(Zwelling and Kohn, 1979; Raymond et al., 1998b; Di Francesco et al., 2002; Siddik, 2003; Brabec 

and Kasparkova, 2005). 

Cisplatin, carboplatin, and oxaliplatin are first-, second-, and third-generation platinum 

compounds that have been approved and are routinely used in clinical practice. These cytotoxic 

agents differ in their chemical structure, spectrum of resistance, toxicity profiles, and formation of 

platinum-DNA adducts (Figure 1.1) (Di Francesco et al., 2002). Cisplatin has been recognised for its 

anti-tumour activity since the 1960s and is currently used in the treatment of bladder, cervical, 

non-small cell lung, ovarian, head and neck, and testicular cancer. However, its efficacy 
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Figure 1.1 The chemical structures of platinum-based chemotherapeutic agents currently 

used in clinical practice. (a) Cisplatin, first-generation; (b) carboplatin, second-generation; and (c) 

oxaliplatin, third-generation. 
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is compromised by treatment-limiting toxicities to the kidneys, the nervous system and 

gastrointestinal tract, as well as acquired drug resistance (Zwelling and Kohn, 1979; Siddik, 2003). 

Carboplatin is a more stable and less toxic analogue of cisplatin, although its rate and extent of 

platinum-DNA adduct formation is lower than cisplatin. Currently, carboplatin administered in 

combination therapy is used for the first-line treatment of ovarian and lung cancer. However, the 

cross resistance of carboplatin with cisplatin limits its application in cisplatin-refractory tumours 

(Rixe et al., 1996; Ardizzoni et al., 2007). In contrast, oxaliplatin, a newer cisplatin analogue, has 

exhibited greater efficacy in tumours resistant to cisplatin or carboplatin (Raymond et al., 1998b; 

Raymond et al., 2002; Grothey and Goldberg, 2004). Its clinical use, toxicities, mechanism of 

action, and pharmacokinetics will be discussed in section 1.2. 

Platinum-based drugs are highly polar and cannot readily diffuse across cell membranes. 

Traditionally, passive diffusion through the lipid bilayer was considered to be the major route of 

cellular uptake and distribution of these compounds. However, in the recent years, the concept of 

carrier-mediated and active uptake of many drugs by membrane transporters has become more 

recognised (Nakanishi, 2007; Hall et al., 2008; Burger et al., 2011). Membrane transporters 

facilitate cellular transport of membrane-impermeable compounds, and are important in the 

uptake of nutrients such as sugars, amino acids, nucleosides, and inorganic ions, as well as 

extrusion of drugs and xenobiotics to sustain cell function and survival (Nakanishi, 2007). 

Certainly, it is agreed that both facilitated or active transport and passive diffusion may be 

relevant systems for the cellular uptake of platinum-based drugs, despite compelling evidence for 

a more prominent role of carrier-mediated uptake rapidly increasing in the literature (Hall et al., 

2008; Burger et al., 2011). Moreover, consideration of the drug uptake or efflux systems in the 

liver, kidney, and intestine is becoming imperative because of their potential impact on drug 

disposition and susceptibility to platinum-based chemotherapy (Terada and Inui, 2007). For these 

reasons, membrane transporters of platinum compounds are considered to, at least in part, 

predict platinum sensitivity or resistance of tumours, alter pharmacokinetic parameters, and 

determine the severity of treatment-limiting toxicities. 

This chapter attempts to summarise current understanding of the treatment-limiting 

neurotoxicity associated with oxaliplatin and other platinum-based drugs, review candidate 

membrane transporters for oxaliplatin, and to present the aims of this thesis. 
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1.2 Oxaliplatin 
Oxaliplatin is a third generation platinum-based drug that has shown significant activity in tumour 

types resistant to the first- and second-generation platinum compounds, cisplatin and carboplatin 

(Raymond et al., 2002). The chemical structure of oxaliplatin consists of a central platinum atom 

bonded to a hydrolysable oxalate ligand and a non-hydrolysable trans-l isomer of 

diaminocyclohexane (DACH) carrier ligand that is preserved in the final cytotoxic metabolites. The 

DACH carrier ligand in oxaliplatin differs from that of the cis-diammine stable carrier ligand in 

cisplatin and carboplatin, and for this reason, oxaliplatin is thought to belong to a distinct class of 

cytotoxic drugs, with differential intracellular targets, mechanisms of action and resistance to that 

of cisplatin or carboplatin (Raymond et al., 1998b). 

 Clinical use 1.2.1
To date, oxaliplatin is a cytotoxic agent active against colorectal cancer that is resistant to both 

cisplatin and carboplatin (Grothey and Goldberg, 2004). Oxaliplatin-based combination 

chemotherapy is currently used for the first-line palliative treatment of metastatic colorectal 

cancer and as adjuvant chemotherapy following surgical resection of locally advanced colorectal 

cancer (de Gramont et al., 2000; André et al., 2004; Cassidy et al., 2004). Addition of oxaliplatin to 

standard fluoropyrimidine chemotherapy for the treatment of metastatic colorectal cancer 

improves objective response rates and patient survival, and further reduces risks of colorectal 

cancer recurrence as adjuvant chemotherapy (de Gramont et al., 2000; André et al., 2004). 

Oxaliplatin has since played an important role in several combination chemotherapy regimens for 

the standard treatment of advanced metastatic colorectal cancer, including FOLFOX (oxaliplatin 

with 5-fluorouracil, and folinic acid), XELOX (oxaliplatin with capecitabine), and FOLFOXIRI 

(oxaliplatin with 5-fluorouracil, folinic acid, and irinotecan) (de Gramont et al., 2000; Cassidy et al., 

2004; Falcone et al., 2007). More recently, oxaliplatin-based chemotherapy has also emerged as 

an important treatment for pancreatic and stomach cancers (Cunningham et al., 2008; Conroy et 

al., 2011). FOLFIRINOX (oxaliplatin with 5-fluorouracil, folinic acid, and irinotecan) was shown to 

improve the median overall survival of patients with advanced pancreatic cancer by 65% 

compared with standard treatment (Conroy et al., 2011). 

 Mechanism of action 1.2.2
Similar to cisplatin and carboplatin, oxaliplatin exerts cytotoxic effects primarily through DNA 

damage (Raymond et al., 1998b). Oxaliplatin induces the formation of platinum-DNA adducts at 

the N7 position of guanines, resulting in G-G or G-A intrastrand cross-links. The predominant 

effect of these DNA lesions is the inhibition of DNA replication and transcription, and consequent 
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cell cycle arrest and apoptosis. Interstrand cross-links formed by oxaliplatin constitute a minor 

proportion of the total DNA adducts (Saris et al., 1996; Raymond et al., 1998b; Woynarowski et 

al., 2000).  

Interestingly, although DNA adduct formation in vitro appears reduced and less rapid with 

oxaliplatin than cisplatin, oxaliplatin forms a similar type of DNA adduct at similar sites in DNA to 

those of cisplatin (Raymond et al., 1998a; Woynarowski et al., 1998; Di Francesco et al., 2002). 

The slower rate of DNA platination may be related to greater constraint on the N-Pt-N bond angle 

for the DACH-Pt-DNA adduct of oxaliplatin than the cis-diammine-Pt-DNA adduct of cisplatin. 

Furthermore, DACH-Pt adducts are bulkier and more hydrophobic than cis-diammine-Pt adducts. 

This is thought to contribute to the slower reactivity yet more efficient inhibition of DNA synthesis 

and enhanced cytotoxicity of oxaliplatin compared with cisplatin (Page et al., 1990; Mamenta et 

al., 1994; Rixe et al., 1996; Saris et al., 1996; Woynarowski et al., 1998; Woynarowski et al., 2000). 

Oxaliplatin presents a clinical advantage over cisplatin because of its preferential safety profile 

and anti-tumour activity in cisplatin-resistant tumours. The latter aspect represents the most 

striking difference between oxaliplatin and cisplatin, despite similarity in their mechanisms of 

action (Raymond et al., 1998a; Di Francesco et al., 2002). Unlike cisplatin, the cyclohexane group 

of the DACH ligand in oxaliplatin adducts is understood to evade detection by the recognition 

proteins of the mismatch repair pathway because of particular conformational distortions in the 

DNA regions (Gibbons et al., 1990; Schmidt and Chaney, 1993; Scheeff et al., 1999). Moreover, it 

has been proposed that the bulky and hydrophobic DACH ligand of oxaliplatin contributes to the 

differential replicative bypass and binding of damage recognition proteins on the DNA lesions. The 

current hypothesis of a damage recognition system able to selectively differentiate oxaliplatin 

from cisplatin is consistent with oxaliplatin-bound DNA as a poor substrate for mismatch repair 

enzymes and polymerases in the replication bypass of platinated DNA. In this way, oxaliplatin 

confers less cross resistance and enhanced cytotoxic activity compared with cisplatin, and 

contributes to a higher efficiency of DNA synthesis inhibition, despite induction of fewer DNA 

lesions, than cisplatin at equimolar concentrations (Gibbons et al., 1990; Schmidt and Chaney, 

1993).  

 Pharmacokinetics 1.2.3
In clinical use, oxaliplatin is administered intravenously and undergoes rapid non-enzymatic 

transformation to several reactive intermediates. The biotransformation of oxaliplatin is based on 

its chemical properties, with a chemically inert non-leaving DACH ligand, and a hydrolysable 

bidentate oxalate moiety to confer water solubility. Under physiological conditions, the oxalate 
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group of oxaliplatin is replaced by chloride ions and water, forming transient platinum containing 

species monoaqua-1,2-DACH-monochloroplatinum, 1,2-DACH platinum dichloride, and 1,2-DACH 

diaqua platinum (Mauldin et al., 1988; Raymond et al., 1998a; Di Francesco et al., 2002). These 

reactive platinum complexes can irreversibly bind to erythrocytes and plasma proteins, although 

these species are considered pharmacologically inactive. In contrast, non-protein bound drug and 

biotransformation species are thought to contribute to the cytotoxic effects of oxaliplatin (Luo et 

al., 1998). Oxaliplatin treatment is administered every 2 to 3 weeks for up to 12 cycles for 

adjuvant use, or until disease progression or unacceptable toxicity in advanced disease. Peak 

platinum exposure (Cmax) in plasma ultrafiltrate following 2 h infusion of oxaliplatin was 1.21 

µg/mL at 130 mg/m2 every 3 weeks on cycle 5, and 0.681 µg/mL at 85 mg/m2 every 2 weeks on 

cycle 3 (Graham et al., 2000). Platinum exposure (AUC) in plasma ultrafiltrate following 2 h 

infusion of oxaliplatin on cycle 1 was 11.9 µg.h/mL at 130 mg/m2 every 3 weeks, and 4.25 µg.h/mL 

at 85 mg/m2 every 2 weeks (Graham et al., 2000). The pharmacokinetics of unbound platinum in 

plasma ultrafiltrate following oxaliplatin administration was triphasic, characterised by short initial 

α and β distribution phases of 0.28 and 16.3 h, respectively, followed by a long terminal 

elimination phase of 273 h (Graham et al., 2000). The volume of distribution of platinum from 

plasma ultrafiltrate ranges from 349 to 812 L. The majority of platinum containing species are 

rapidly cleared from plasma by equal contribution of tissue binding and renal elimination. 

Estimated clearance of ultrafilterable platinum ranges from 9.34 to 10.1 L/h at 130 mg/m2 to 18.5 

L/h at 85 mg/m2. No significant accumulation of platinum is found in plasma ultrafiltrate following 

multiple dosing at 130 mg/m2 every 3 weeks or 85 mg/m2 every 2 weeks (Graham et al., 2000). 

 Clinical toxicities 1.2.4
The most common adverse events associated with oxaliplatin chemotherapy are gastrointestinal, 

haematological and neurological toxicities (Raymond et al., 1998a). Oxaliplatin-induced 

gastrointestinal and haematological symptoms include nausea, vomiting, diarrhoea, neutropenia, 

and thrombocytopenia, but are generally mild in severity and resolve following treatment 

discontinuation (Mathe et al., 1986; Extra et al., 1990). These adverse effects of oxaliplatin 

increase in combination with other chemotherapies, including FOLFOX. In contrast to cisplatin, 

oxaliplatin is not known to cause significant nephro- or ototoxicity (Raymond et al., 1998a; 

Hartmann and Lipp, 2003). However, oxaliplatin induces a severe dose-limiting toxicity in the 

peripheral nervous system that will be discussed later in section 1.3 (Extra et al., 1990; Raymond 

et al., 1998a; Argyriou et al., 2011; Weickhardt et al., 2011). 
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1.3 Oxaliplatin-induced neurotoxicity 
Peripheral sensory neurotoxicity is the treatment-limiting adverse effect of oxaliplatin-based 

chemotherapy and is related to the total cumulative dose (Grothey, 2003). Objective evidence of 

oxaliplatin-induced neurotoxicity is present in the majority of the patients receiving oxaliplatin 

treatment. Neurotoxicity typically develops during the period of treatment, but the onset of 

symptoms and signs may progress for 2 – 6 months following cessation of treatment, and 

recovery is often incomplete. The earliest signs of neurotoxicity include decreased vibratory 

sensitivity in the toes, loss of ankle jerks, numbness or tingling sensation in fingers and toes. 

Symptoms and signs worsen with prolonged treatment, including the development of loss of deep 

tendon reflexes and impairment in proximal vibratory sensitivity. Pain and temperature sensation, 

and proprioception are less severely affected by oxaliplatin (Argyriou et al., 2011; Weickhardt et 

al., 2011). 

 Clinical features 1.3.1
Oxaliplatin-induced peripheral sensory neurotoxicity presents as two distinct clinical forms; acute 

and chronic. Acute oxaliplatin neurotoxicity may occur during the initial infusion and may be 

precipitated or exacerbated by exposure to cold temperature or objects. Symptoms and signs 

often begin with paresthesias and dysesthesias of the hands, feet and perioral region, and may 

also include muscular hyperactivity including jaw tightness, cramps and fasciculations (Argyriou et 

al., 2008). Typically, symptoms will resolve spontaneously within hours to days, but often return 

upon subsequent oxaliplatin administration. This acute neurotoxicity is related to oxaliplatin dose 

and is reversible. The mechanism of action of acute oxaliplatin neurotoxicity is not completely 

elucidated, but one hypothesis is the transient dysfunction of nodal axonal voltage-gated sodium 

channels and interference with their kinetics following the chelation of calcium and magnesium 

ions by oxalate, a metabolic by product of oxaliplatin (Adelsberger et al., 2000; Grolleau et al., 

2001; Gamelin et al., 2007). 

In contrast, chronic oxaliplatin peripheral sensory neurotoxicity is cumulative with repeated 

oxaliplatin treatment (Grothey, 2005; Weickhardt et al., 2011). It causes long-standing 

neurological symptoms and deficits, which most commonly manifest as glove and stocking 

paresthesias and dysesthesias, loss of peripheral tendon reflexes, vibration sensation and 

proprioception, and sensory ataxia (Grothey, 2003). Symptoms and signs of chronic neurotoxicity 

are partially reversible in approximately 80% of patients, and completely resolved in 

approximately 40% of patients 6 – 8 months post-treatment cessation (Argyriou et al., 2008). 

However, in up to 35% of patients, chronic neurotoxicity persists 5 – 6 years following treatment 
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discontinuation (Pietrangeli et al., 2006; Brouwers et al., 2009). This chronic neurotoxicity impairs 

sensory functions more so than motor functions. A significant reduction in sensory nerve 

conduction velocity, but not motor nerve conduction velocity, is reported in patients on 

oxaliplatin-based chemotherapy and in animal models of chronic oxaliplatin-induced neurotoxicity 

(Thompson et al., 1984; Cavaletti et al., 1992; Screnci et al., 2000; Cavaletti et al., 2001; Lehky et 

al., 2004). Chronic oxaliplatin-induced peripheral sensory neurotoxicity is a major reason for the 

withdrawal, reduction, delay, and omission of oxaliplatin-based chemotherapy (Gamelin et al., 

2004; Green et al., 2005). 

 Mechanisms of neurotoxicity 1.3.2
At present, the mechanisms of chronic oxaliplatin-induced peripheral sensory neurotoxicity is not 

fully understood, although it is generally accepted that the primary damage takes place in sensory 

neuronal cell bodies of the dorsal root ganglia (DRG) (Thompson et al., 1984; Gregg et al., 1992; 

Cavaletti et al., 1998; Holmes et al., 1998; Krarup-Hansen et al., 1999; Screnci et al., 2000; 

Cavaletti et al., 2001; McKeage et al., 2001; Windebank and Grisold, 2008). The DRG lies within 

the peripheral nervous system, and unlike the brain and spinal cord, it lacks protection by the 

blood-brain barrier. Oxaliplatin and other platinum-based drugs have poor penetration through 

the blood-brain barrier, but have the propensity to enter the DRG and peripheral nerves. Platinum 

accumulation and extensive DNA platination within the DRG tissue are considered major 

determinants of the severity of neurotoxicity (McDonald et al., 2005; Ta et al., 2006). Indeed, 

levels of tissue platinum is higher in the DRG than the brain or spinal cord (Screnci et al., 2000; 

McKeage et al., 2001). At the cellular level, significant morphological changes in DRG neurons 

following oxaliplatin treatment have been well characterised, including DRG neuronal cell body 

and nucleolus atrophy (Cavaletti et al., 1998; Holmes et al., 1998; Luo et al., 1998; Krarup-Hansen 

et al., 1999; Cavaletti et al., 2001; McKeage et al., 2001; Jamieson et al., 2005). 

The symptoms of chronic oxaliplatin neurotoxicity are characteristic of damage to the sensory 

neurons of the DRG. Primary sensory neurons contained in the DRG convey sensory information 

from peripheral tissues to the brain and spinal cord. In addition, the size of neuronal cell bodies in 

the DRG positively correlates to sensory nerve conduction velocity (Harper and Lawson, 1985). 

Together, oxaliplatin-induced DRG neuronal cell body and nucleolus atrophy, and reduction in 

sensory nerve conduction velocity are in accordance with the development of sensory 

dysfunctions in patients.  

DRG neurons are differentiated post-mitotic cells, unlike the usual targets of oxaliplatin and other 

platinum-based drugs, which primarily exert their cytotoxic effects by inhibition of DNA 
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replication and induction of cell cycle arrest (Argyriou et al., 2011). Several putative mechanisms 

have been proposed for the underlying cause of oxaliplatin neurotoxicity. Firstly, platinum-DNA 

adducts that distort the tertiary structure of DNA promote changes in cell cycle kinetics, resulting 

in an attempt of DRG neurons to re-enter the cell cycle, and subsequent induction of apoptosis 

(Gill and Windebank, 1998; McDonald et al., 2005; Ta et al., 2006). A second hypothesis describes 

a role of oxidative stress and mitochondrial dysfunction in DRG neuronal apoptosis, where 

neurotoxicity may be modulated by a reduction in the activity of enzymes in DNA base excision, 

repair of oxidative damage, and redox regulations (Zhang et al., 2007; Jiang et al., 2008). In 

addition, neurotoxicity may involve apoptosis mediated by enhanced activity of p53 and 

mitochondrial release of cytochrome c pathways (McDonald and Windebank, 2002).  

The biological processes responsible for platinum accumulation in DRG neurons are unclear. It was 

previously thought that oxaliplatin and other platinum-based drugs enter cells of the DRG through 

passive diffusion (Wang and Lippard, 2005). However, more recently, there is increasing evidence 

to suggest a major involvement of drug transporters in the cellular uptake and toxicity of 

oxaliplatin and other platinum-based drugs. Candidate membrane transporters have since been 

identified on the basis of their ability to transport platinum complexes in other cell types, such as 

P-glycoprotein, multidrug resistance associated proteins, copper transporters, and organic cation 

transporters (Hall et al., 2008; Ceresa and Cavaletti, 2011). 

 Treatment of oxaliplatin neurotoxicity 1.3.3
Currently there is no effective treatment for the prevention or amelioration of oxaliplatin-induced 

neurotoxicity. Extensive efforts to test various compounds for the management of this adverse 

event in both preclinical and clinical settings have proven unsuccessful thus far. Inadequate 

understanding of the mechanisms of neurotoxicity may be a large contributing factor to a lack of 

efficacious treatment to target the underlying cause. The overall goal of a neuroprotective 

treatment is to improve the quality of life for patients on oxaliplatin-based chemotherapy and to 

maximise the potential of oxaliplatin treatment for achieving tumour cure or control by reducing 

the incidence or severity of neurotoxicity without compromising its anti-tumour efficacy.  

 Calcium and magnesium infusions 1.3.3.1

Calcium and magnesium infusions given prior to and post-oxaliplatin treatment alleviated 

symptoms and signs of oxaliplatin acute and chronic neurotoxicity. The hypothesis that the 

chelation of calcium and magnesium ions by oxalate affects the functioning of ion channels at the 

neural plasma membrane and the neuromuscular synapsis provided the rationale for the 

supplementation of calcium and magnesium ions to ameliorate neurotoxicity (Gamelin et al., 
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2007). Moreover, magnesium supplementation has been previously proven beneficial in the 

prevention of hypomagnesaemia associated with cisplatin therapy (Lajer and Daugaard, 1999). 

Several independent clinical studies reported the feasibility of calcium and magnesium infusions 

as a safe neuroprotective strategy for oxaliplatin neurotoxicity. The incidence of peripheral 

sensory neurotoxicity reduced from 45% in patients who did not receive the infusions to 20% in 

patients who received the infusions, despite comparable tumour response rate in both groups 

(Gamelin et al., 2004; Gamelin et al., 2007). However, a large phase III trial showed a reduction in 

tumour response rate following infusion of calcium and magnesium, which prompted an early 

termination of the study (Hochster et al., 2007). Since then, further reports have confirmed a lack 

of interference with tumour response rate by calcium and magnesium intravenous 

supplementation (Gamelin et al., 2008; Ishibashi et al., 2010; Grothey et al., 2011).  Nonetheless, 

the use of calcium and magnesium for the reduction of oxaliplatin-induced neurotoxicity remains 

controversial and warrants further investigation. 

 Anticonvulsants 1.3.3.2

In light of the hypothesis that oxaliplatin-induced neurotoxicity may be due to its effects on 

sodium channels, the rationale is clear for therapeutic and preventative approaches using 

anticonvulsants that act by inhibiting sodium channels in a voltage-dependent manner. 

Carbamazepine 

Carbamazepine is typically used for the treatment of seizure disorders and neuropathic pain. 

Previous phase II studies to evaluate the effects of carbamazepine on oxaliplatin-induced 

neurotoxicity have been inconclusive. This is largely because of the small number of patients, the 

lack of statistical power of the studies, and the inconsistency in dosing regimen of carbamazepine 

between different studies (Lersch et al., 2002; Wilson et al., 2002; von Delius et al., 2007).  

Gabapentin 

Gabapentin is an antiepileptic drug that is also used to alleviate neuropathic pain. This agent is 

well tolerated in patients and has a higher therapeutic index than carbamazepine. Several clinical 

studies have attempted to evaluate the potential of gabapentin to prevent or ameliorate 

oxaliplatin-induced neurotoxicity. However, evidence from these studies did not support a role of 

gabapentin in reducing the incidence or severity of oxaliplatin-induced neurotoxicity (Mitchell et 

al., 2006; Rao et al., 2007; Tsavaris et al., 2008). Moreover, a recent preclinical study 

demonstrated that gabapentin is a substrate of the organic cation/carnitine transporter OCTN1 

(Urban et al., 2008). 
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 Amifostine 1.3.3.3

Amifostine, a cytoprotective adjuvant used with cancer chemotherapy and radiotherapy to 

therapeutically reduce the incidence of neutropenia-related fever and infection, is associated with 

DNA binding chemotherapeutic agents. There is also some evidence to suggest that amifostine 

may be useful in protecting against cumulative cisplatin-induced neurotoxicity, ototoxicity and 

nephrotoxicity (Foster-Nora and Siden, 1997; Moore et al., 2003; Hilpert et al., 2005; Marcu, 

2009). The putative mechanism of neuroprotection is through the in vivo biotransformation of 

amifostine into an active thiol metabolite that binds to cisplatin metabolites and scavenges free 

radicals. The potential of amifostine as a treatment for oxaliplatin-induced neurotoxicity was 

investigated by several independent clinical studies. Amifostine given subcutaneously was well 

tolerated in patients on oxaliplatin-based chemotherapy, and significantly reduced oxaliplatin-

induced neurotoxicity without compromising the anti-tumour efficacy of oxaliplatin. The 

occurrence and severity of neurotoxicity, and the frequency of neurotoxicity-related regimen 

change were significantly lower in the amifostine group than the placebo group (Penz et al., 2001; 

Koukourakis et al., 2003). 

 Xaliproden 1.3.3.4

Xaliproden is a non-peptide neurotrophic and neuroprotective agent proposed for use in the 

treatment of several neurodegenerative diseases. It is a synthetic 5-hydroxyindole acetic acid 

receptor antagonist that has been shown to reduce in vitro neuronal damage following oxaliplatin 

treatment (Cassidy et al., 2006). In one clinical study, xaliproden was found to significantly reduce 

the severity of oxaliplatin-induced neurotoxicity without affecting patient response rates, 

although it did not reduce the incidence of developing neurotoxicity (Cassidy et al., 2006). A phase 

III trial is ongoing in an attempt to confirm these findings and to investigate xaliproden as a 

treatment for oxaliplatin-induce neurotoxicity after the cessation of oxaliplatin-based 

chemotherapy. 

 Org 2766 1.3.3.5

Org 2766 is a neurotrophic peptide that has shown protection against cisplatin-induced 

neurotoxicity without affecting the anti-tumour response of cisplatin in animal models. Its 

mechanism of neuroprotection is not yet understood, but functional, pharmacological, and 

morphological evidence suggests that Org 2766 exerts its effects in the early stages of peripheral 

nerve regeneration (de Koning et al., 1987; van der Hoop et al., 1988; Terheggen et al., 1989; 

Hamers et al., 1993; van der Hoop et al., 1994). The success of Org 2766 treatment for cisplatin-

induced neurotoxicity led to its clinical evaluation in several randomised trials. However, these 
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studies were not able to consistently demonstrate an improvement in cisplatin-induced 

neurotoxicity in patients given Org 2766 compared with placebo, although many of these trials 

were limited by small number of participants and non-validated scales for the evaluation of 

neurological symptoms (van der Hoop et al., 1990; Hovestadt et al., 1992; van Gerven et al., 

1994). A further clinical study reported that the administration of Org 2766 did not provide 

protection from or delay of the onset of cisplatin-induced neurotoxicity, but instead, further 

increased the rate of change and degree of neurotoxicity with respect to placebo  (Roberts et al., 

1997). These clinical findings suggest that Org 2766 may not be effective as a treatment of 

cisplatin- or oxaliplatin-induced neurotoxicity. 

 Antioxidants 1.3.3.6

α-Lipoic acid 

α-Lipoic acid is an antioxidative nutritional supplement that has shown beneficial effects in 

diabetic polyneuropathy. In vitro, α-lipoic acid was found to protect DRG neurons from cisplatin-

induced neurotoxicity through its antioxidant and mitochondrial regulatory functions (Melli et al., 

2008). In a small trial, α-lipoic acid was given to patients with pre-existing oxaliplatin-induced 

neurotoxicity, and a moderate improvement in neurologic symptoms was observed following 3 

and 12 weeks of α-lipoic acid treatment (Gedlicka et al., 2002). However, no further studies have 

been conducted to investigate the potential of α-lipoic acid as a treatment for oxaliplatin-induced 

neurotoxicity. 

Oral glutamine 

Glutamine is a naturally occurring, non-essential amino acid that plays a role in a variety of 

biochemical functions including protein synthesis and cellular energy. In animal models, it has 

been found to reduce several chemotherapy-induced adverse effects, and it also up-regulates 

nerve growth factors (Savarese et al., 2003; Amara, 2008). In clinical setting, oral glutamine was 

shown to lower the incidence of oxaliplatin-induced neurotoxicity and its interference with daily 

activities, and frequency of oxaliplatin dose reduction, despite no significant difference in the 

efficacy of chemotherapy between patients given glutamine and patients given placebo (Wang et 

al., 2007). 

Reduced glutathione 

Glutathione is one of the most important natural antioxidants and detoxifiers in the human body. 

In several clinical studies, glutathione has proven to be a promising drug for the amelioration or 

prevention of oxaliplatin-induced neurotoxicity (Cascinu et al., 2002; Milla et al., 2009). The 
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incidence and severity of neurotoxicity in patients given glutathione infusions was significantly 

reduced compared with patients who received placebo, despite no difference in the activity of 

oxaliplatin between the two arms. Based on findings from an animal study, the putative 

neuroprotective mechanism of glutathione involves the inhibition of accumulating platinum 

metabolites in the DRG (Hamers et al., 1993). Further clinical studies are required to confirm the 

safety and usefulness of glutathione as a neuroprotection strategy against oxaliplatin-induced 

neurotoxicity. 

N-acetylcysteine 

N-acetylcysteine is the acetylated form of L-cysteine, which plays a role in the sulfation cycle that 

is important in cellular detoxification. Cysteine also assists in the synthesis of glutathione. Patients 

given N-acetylcysteine supplementation showed an increase in whole blood concentrations of 

glutathione that is useful for reducing initial accumulation of platinum adducts and clinical 

oxaliplatin-induced neurotoxicity (Cascinu et al., 2002). Oral N-acetylcysteine has proven 

favourable in the treatment of oxaliplatin-induced neurotoxicity without compromising the anti-

tumour efficacy of oxaliplatin-based chemotherapy (Lin et al., 2006). 

Vitamin E 

It was suggested that vitamin E levels are low in patients who develop cisplatin-induced 

neurotoxicity. Pilot clinical studies demonstrated that vitamin E given prior to and post-cisplatin 

therapy significantly reduced the incidence of neurotoxicity and improved neurophysiological 

parameters. However, one of these studies did not use a placebo, but instead, compared vitamin 

E treatment group with an open-label control group (Pace et al., 2003; Argyriou et al., 2005; Pace 

et al., 2010). Based on these findings, a more recent randomised trial set out to investigate the 

effects of vitamin E on neurotoxicity induced by oxaliplatin, cisplatin, or carboplatin in a larger 

number of patients. Overall, vitamin E was well tolerated, but there was no significant difference 

between the treatment and placebo groups in the incidence of neurotoxicity, time to onset of 

neurotoxicity, or frequency of dose reduction related to neurotoxicity (Kottschade et al., 2011). 

Because of the conflicting results, there is no conclusive evidence to date that vitamin E is 

effective in the prevention or amelioration of neurotoxicity induced by oxaliplatin or cisplatin. 

Acetyl-L-carnitine 

Acetyl-L-carnitine (ALC) is an acetylated derivative of L-carnitine, which has an important role in 

intermediary metabolism. The mechanism of neuroprotection by ALC is unclear, but it has been 

shown to exhibit neuroprotective and neurotrophic actions, antioxidant activities, positive actions 

on mitochondrial metabolism, and stabilisation of intracellular membranes (De Grandis, 2007). In 
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animal models, ALC promoted the recovery of nerve conduction velocity that is reduced in 

peripheral sensory neurotoxicity induced by oxaliplatin and cisplatin, without affecting the anti-

tumour activity of oxaliplatin and cisplatin (Pisano et al., 2003; Ghirardi et al., 2005a; Ghirardi et 

al., 2005b). Moreover, prophylactic ALC treatment provided a significant partial reduction in the 

severity of both hyperalgesia and mechanical allodynia induced by oxaliplatin (Xiao et al., 2012). In 

clinical setting, ALC has proven its efficacy and favourable tolerability in the treatment of cisplatin-

induced neurotoxicity. Symptomatic improvement, reduction in the severity of neurotoxicity, and 

amelioration of sensory conduction amplitude and velocity were reported in patients who 

received ALC (Bianchi et al., 2005; Maestri et al., 2005). Although the present studies support the 

use of ALC in patients with persisting neurotoxicity, larger clinical trials are required to confirm the 

effectiveness of ALC as a neuroprotective strategy and to better understand its mechanism of 

neuroprotection. 

 Experimental models of oxaliplatin neurotoxicity 1.3.4
Whole animal and cell-based models of oxaliplatin-induced neurotoxicity are powerful tools used 

to further the understanding of the underlying mechanisms of pathogenesis, and to evaluate 

potential preventative or ameliorative strategies for peripheral sensory neurotoxicity induced by 

oxaliplatin. Whole animal in vivo models complement cell-based in vitro models in several ways. 

The use of animal models allows for investigation of the effect of chronic oxaliplatin treatment on 

DRG and peripheral nerves in a whole body system, much like that in patients receiving 

oxaliplatin-based chemotherapy. However, in vivo animal studies are often limited by the lengthy 

oxaliplatin treatment period required to induce neurotoxicity. Furthermore, the size of neurotoxic 

effects of oxaliplatin is small relative to background variation so large numbers of animals per 

experimental group are required to show a significant difference. In contrast, primary culture of 

DRG neurons is an approach to study cellular and molecular processes underlying oxaliplatin-

induced neurotoxicity in a more isolated context, and offers an advantage over whole animal 

experiments because of its reduced complexity. In vitro studies also allow ease of experimental 

manipulation, such as precise control of time and concentration of drug exposure (Melli and Hoke, 

2009). 

 Rat 1.3.4.1

In vivo 

Rat models of oxaliplatin-induced neurotoxicity have been used extensively in the study of 

peripheral sensory neurotoxicity induced by oxaliplatin, including both the Wistar and Sprague 

Dawley strains. The rat presents similar morphological and functional deficits to humans following 
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chronic oxaliplatin treatment. Firstly, oxaliplatin induces a reduction in sensory nerve conduction 

amplitude and velocity in rats following chronic oxaliplatin administration, similar to that in 

patients given oxaliplatin-based chemotherapy (Cavaletti et al., 2001; Lehky et al., 2004; Jamieson 

et al., 2005; Burakgazi et al., 2011; Hsu et al., 2011; Xiao et al., 2012). Secondly, chronic oxaliplatin 

treatment causes selective platinum accumulation within the DRG tissue and atrophy of DRG 

neuronal cell body and nucleolus, which are evident post-mortem in both humans and rat models 

of oxaliplatin-induced neurotoxicity (Screnci et al., 1997; Holmes et al., 1998; Screnci et al., 2000; 

Cavaletti et al., 2001; Pisano et al., 2003; Ghirardi et al., 2005a; Ghirardi et al., 2005b; Jamieson et 

al., 2005; Ling et al., 2007a; Jamieson et al., 2009; Liu et al., 2009; Sakurai et al., 2009). Moreover, 

the pharmacokinetics of oxaliplatin in humans and rats are comparable (Luo et al., 1999; Graham 

et al., 2000; Shord et al., 2002; Hanada et al., 2010). 

More recently, behavioural and immunohistochemical endpoints have also been employed to 

assess oxaliplatin-induced neurotoxicity. In particular, cold hyperalgesia and mechanical allodynia 

was found in rats following repeated administration of oxaliplatin, much like hypersensitivity to 

cold in patients with acute oxaliplatin neurotoxicity (Ling et al., 2007a; Ling et al., 2007b; Joseph 

and Levine, 2009; Sakurai et al., 2009; Kawashiri et al., 2011; Xiao et al., 2012). Protein markers of 

DRG neuronal injury in oxaliplatin neurotoxicity are also studied post-mortem by 

immunohistochemistry. In the rat lumbar dorsal horn of the spinal cord, the immunoreactivity of 

substance P, a neuropeptide classically released following hyperalgesia and allodynia, was 

markedly increased following a single oxaliplatin administration (Ling et al., 2007b). Loss of 

phosphorylated neurofilament heavy subunit (pNF-H) and copper transporter 1 (CTR1) protein 

expression following chronic oxaliplatin treatment in rats has been described in an attempt to 

identify DRG neuronal sub-population targeted by oxaliplatin (Jamieson et al., 2009; Liu et al., 

2009).  

The evaluation of these various morphological, functional, behavioural, and immunohistochemical 

endpoints follows an induction of oxaliplatin-induced neurotoxicity in rat models in vivo. Typically, 

rats are given oxaliplatin via the intraperitoneal (i.p.) route because of the ease of administration 

compared with the intravenous (i.v.) route and the high concentration achievable at the 

peritoneal surface with lower systemic exposure. The i.p. route has proven similar plasma 

platinum AUCs and tissue platinum distribution to the i.v. route in rats (Los et al., 1990; Pestieau 

et al., 2001). Morphological and functional characteristics of oxaliplatin-induced neurotoxicity 

typically appear following a period of 4 – 8 week treatment where oxaliplatin is given 1 – 3 times 
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per week at doses of 2 – 4 mg/kg (Cavaletti et al., 1992; Holmes et al., 1998; Cavaletti et al., 2001; 

Ghirardi et al., 2005a; Jamieson et al., 2005; Jamieson et al., 2009). 

Despite the usefulness of an in vivo rat model of oxaliplatin neurotoxicity with validated 

morphological and functional endpoints to assess neurotoxicity, there are clear limitations in the 

use of this animal model. Currently, the rat model lacks genetic manipulation techniques available 

in many mouse models, and is inadequate for parallel studies of the anti-tumour 

chemotherapeutic activity and neurotoxicity of oxaliplatin as most cancer models are developed 

in mice (Zambrowicz et al., 1998; Nord et al., 2006). 

In vitro 

Primary culture of rat DRG neurons is an alternative approach to study neurotoxicity induced by 

oxaliplatin and other platinum-based drugs (Konings et al., 1994; Malgrange et al., 1994; 

Windebank et al., 1994; Scott et al., 1995; Gill and Windebank, 1998; Luo et al., 1999; Ta et al., 

2006; Melli et al., 2008; Anand et al., 2010; Scuteri et al., 2010). Dissociated DRG tissue cultures 

contain a heterogeneous mixture of DRG neurons and non-neuronal cells including fibroblasts and 

Schwann cells that forms a support network for the neurons (Delree et al., 1989). DRG neuronal 

culture following oxaliplatin treatment in vitro shares similar characteristics of oxaliplatin-induced 

neurotoxicity as DRG tissue following chronic oxaliplatin administration in rats in vivo. Oxaliplatin 

was found to induce apoptosis of DRG neurons in vitro and in vivo, as well as concentration-

dependent reduction in length and density of neurite extensions (Luo et al., 1999; Ta et al., 2006; 

Anand et al., 2010). Moreover, the severity of neurotoxicity of oxaliplatin found to be lower than 

that for cisplatin in vivo was reproducible in DRG neuronal cultures in vitro (Holmes et al., 1998; 

Luo et al., 1999). 

 Mouse 1.3.4.2

The use of mouse models is becoming increasingly important in the study of platinum-induced 

neurotoxicity. Although the mouse has not been the conventional animal model in the study of 

neurotoxicity induced by oxaliplatin and other platinum drugs, it does confer several advantages 

over the rat. The current availability of genetic manipulation techniques in many mouse models 

facilitates the study of a gene or protein of interest in the role of oxaliplatin-induced neurotoxicity 

(DeGorter and Kim, 2011). Moreover, cancer models are well developed in mouse models, and 

allows for parallel studies of the anti-tumour activity and neurotoxicity of oxaliplatin that are 

important for identifying potential treatments of oxaliplatin-induced neurotoxicity (Zambrowicz et 

al., 1998; Nord et al., 2006). 
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In vivo 

A number of studies have attempted to characterise oxaliplatin-induced neurotoxicity in 

CB57BL/6J and BALB/c mice. Chronic oxaliplatin treatment was found to induce significant 

mechanical allodynia and cold hyperalgesia in hind paws of mice by behavioural analyses including 

cold plate, von Frey, radiant heat, tail immersion, grip strength and exploratory behaviour (Ta et 

al., 2009; Descoeur et al., 2011; Knowlton et al., 2011; Nassini et al., 2011; Renn et al., 2011). 

Morphological and functional endpoints of oxaliplatin-induced neurotoxicity characterised in 

patients and rat models have also been reproducible in mice. Significant reductions in nerve 

conduction velocity and action potential amplitude in addition to neuronal atrophy and multi-

nucleolated DRG neurons with eccentric nucleoli have been reported in mice following chronic 

oxaliplatin treatment (Renn et al., 2011). Moreover, oxaliplatin-treated mouse models are 

becoming increasingly used to evaluate potential therapeutic compounds for the treatment of 

oxaliplatin-induced neurotoxicity (Knowlton et al., 2011; Nassini et al., 2011; Ushio et al., 2012). 

Gene knockout in mice has been used to study the potential role a gene or protein of interest in 

oxaliplatin-induced neurotoxicity or other adverse events (Descoeur et al., 2011; Knowlton et al., 

2011; Li et al., 2011; Nassini et al., 2011).  

In vitro 

There is limited characterisation of oxaliplatin-induced neurotoxicity in cultured DRG neurons 

derived from mice thus far. One study has described that oxaliplatin contributes to mechanical 

and cold hypersensitivity in oxaliplatin-induced neurotoxicity by activation of a cation channel in 

response to oxidative stress and cold temperature in mouse DRG neurons in vitro, consistent with 

findings from a parallel in vivo mouse study (Nassini et al., 2011). 

 

1.4 Dorsal root ganglion neurons 
The dorsal root ganglion (DRG) belongs to the peripheral nervous system and lies along the 

vertebral column adjacent to the spine. A typical DRG consists of connective tissue element of the 

peripheral nervous system that contains neuronal cell bodies, proximal process of their axons, 

Schwann cell sheaths, and satellite cells. DRG neurons are of the pseudo-unipolar type that 

extends an axon to innervate a sensory receptor in peripheral tissues, and another to convey 

sensory information via the dorsal root of the spinal cord to the central nervous system. Unlike 

neurons of the central nervous system, an action potential in DRG neurons may initiate in the 

distal process in the periphery, bypass the neuronal cell body, and continue to propagate along 

the proximal process until it reaches the synaptic terminal in the dorsal horn of the spinal cord. 
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The sensory afferents from the DRG facilitate conduction of nerve impulses from a range of 

peripheral stimuli including, touch, proprioception, temperature, pain, and pressure (Lieberman, 

1976).  

 Classification 1.4.1
The classification of sub-populations of DRG neurons is arbitrary at large, but attempts have been 

made to differentiate neuronal cell types that have similar physiological roles, based on size, 

function, and cytochemical properties. In the past, DRG neuronal population was separated into 

two classes; large light cells and small dark cells, based on qualitative analysis of ultrastructural 

differences. Large light cells have translucent cytoplasmic organelles, numerous neurofilament 

bundles, low affinity for toluidine blue dye, and are typically 35 – 50 µm in diameter. In contrast, 

small dark cells have an abundance of ribosomes, dense granular endoplasmic reticulum that has 

high affinity for toluidine blue dye, and are typically 9 – 35 µm in diameter (Lieberman, 1976; Kai-

Kai, 1989; Carr and Nagy, 1993). Distribution of DRG neuronal cell body size in the two classes is 

found to overlap in the rat and the mouse (Lawson, 1979; Lawson et al., 1984). In addition, these 

two subtypes of DRG neurons are also different in their functional characteristics. Large light 

neurons have heavily myelinated large diameter axonal processes (Aα and Aβ fibres) with fast 

conduction velocity that relay touch, proprioception, and vibration information. In comparison, 

small dark neurons have unmyelinated small diameter axonal process (C fibres) with slow 

conduction velocity that relay temperature and pain information (Harper and Lawson, 1985; Perl, 

1992). 

Large and small DRG neurons also display distinct neurochemical properties. Certain proteins, 

enzymes, and neuronal markers are present in both small and large DRG neurons, whereas others 

may be present in a more restricted size distribution (Carr and Nagy, 1993). For example, 

microtuble-associated protein 2 (MAP2) is a widely used neuronal marker that is non-selectively 

expressed by most of the DRG neuronal population (Weclewicz et al., 1993). In contrast, 

substance P, a neuropeptide linked to pain, is selectively expressed by small- and intermediate-

sized DRG neurons, although the reported expression frequency varies from 10 to 30% in rats 

(Hokfelt et al., 1976; Ju et al., 1987; Jamieson et al., 2005). Phosphorylated neurofilament heavy 

subunit (pNF-H) and parvalbumin are major structural constituents of cellular cytoskeleton, and 

calcium-binding protein, respectively, predominantly expressed in a subset of larger DRG neurons, 

approximately 15 – 30% of the total DRG neuronal population (Lawson et al., 1984; Kai-Kai, 1989; 

Perry et al., 1991; Carr and Nagy, 1993; Jamieson et al., 2005). 
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 Selective action of oxaliplatin on DRG neuronal sub-1.4.2

populations 
Chronic oxaliplatin treatment in rats in vivo causes a significant reduction in the frequency of large 

DRG neurons relative to the total DRG neuronal population (Jamieson et al., 2005). Further 

evidence arises from neurochemical markers selective for large-sized DRG neurons, such as pNF-H 

and parvalbumin. Chronic administration of oxaliplatin was found to reduce the frequency of pNF-

H expression in DRG neurons, and the size of the remaining immunoreactive neurons. DRG 

neurons expressing parvalbumin were also evident of cell body atrophy following chronic 

oxaliplatin treatment, although the frequency of immunoreactivity in the total DRG neuronal 

population remains unchanged. In contrast, substance P, which is almost exclusively expressed in 

small-sized DRG neurons, was not affected by oxaliplatin treatment in its frequency of expression 

and the size of immunoreactive neurons (Jamieson et al., 2005; Jamieson et al., 2009). Certainly, it 

is plausible that large-sized DRG neurons are selectively targeted by oxaliplatin considering it is 

the proprioception and vibration sensation information transmitted by this sub-population of 

neurons that are compromised in oxaliplatin-induced neurotoxicity (Harper and Lawson, 1985; 

Perl, 1992). 

 Expression of platinum drug transporters 1.4.3
More recent evidence suggests a role of membrane transporters for platinum compounds in 

modulating the severity of neurotoxicity induced by oxaliplatin and other platinum-based drugs. 

However, information on the expression of potential platinum transporters in the DRG and its 

association with platinum drug-induced neurotoxicity is limited. Several membrane transporters 

found in DRG neurons include P-glycoprotein (P-gp) also known as multidrug resistance protein 1 

(MDR1), multidrug resistance associated proteins (MRP), copper transporters (CTR), and organic 

cation transporters (OCT) (Ceresa and Cavaletti, 2011). 

 P-glycoprotein 1.4.3.1

P-gp belongs to the ATP binding cassette (ABC) superfamily which consists of efflux proteins 

responsible for cellular export of substrates. Gene expression and transport activity of P-gp have 

been demonstrated in rat DRG tissue (Balayssac et al., 2006). Classical evidence suggests a role of 

P-gp in development of cisplatin resistance. Cisplatin is not a substrate of P-gp, but the expression 

of both mdr1a and mdr1b isoforms of P-gp encoding gene is significantly higher in the DRG of 

cisplatin-treated rats with respect to controls. In the same study, cellular accumulation of P-gp 

substrate was significantly reduced in the DRG of cisplatin-treated animals with respect to 

controls (Balayssac et al., 2006). These findings suggest that cisplatin modulates P-gp expression 
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and transport activity without direct contribution to its cellular uptake, presenting a potential 

mechanism of cellular resistance to cisplatin. It has been proposed that cisplatin activates the 

pregnane X receptor which stimulates the transcription of P-gp and results in induction of P-gp 

gene and protein expression (Ohga et al., 1998; Xu et al., 2005).  

 Multidrug resistance associated proteins 1.4.3.2

MRP is also a part of the ABC superfamily. Thus far, only MRP1 and MRP2 have been studied in 

relation to chemotherapy-induced neurotoxicity. Gene expression of MRP1 and MRP2 has also 

been demonstrated in rat DRG tissue (Balayssac et al., 2006). Interestingly, it was shown that the 

efflux activity of MRP2 in healthy rats was lower in the peripheral nervous system than the central 

nervous system. Cisplatin is a substrate of MRP2, but the expression of MRP2 is unchanged by 

cisplatin treatment. In contrast, the expression of MRP1 is significantly higher in the DRG of 

cisplatin-treated animals compared with controls, but this apparent induction of gene expression 

was to a less extent than P-gp (Schinkel and Jonker, 2003; Balayssac et al., 2006). Modulation of 

MRP transporter activity is thought to be a consequence of the induction of interleukin-6 gene 

expression, although an up-regulation of many multidrug resistance genes often follows acute 

stress conditions, such as oxidative stress (Sukhai and Piquette-Miller, 2000; Felix and Barrand, 

2002; Lee et al., 2004).  

 Copper transporters 1.4.3.3

Copper transporters belong to the solute carrier (SLC) superfamily, and comprises of an influx 

transporter CTR1 and two efflux transporters ATP7a and ATP7b. Recently, a distinct pattern of 

expression of copper transporters has been described in rat DRG tissue.  CTR1 was localised to 

plasma membranes and cytoplasmic vesicular structures of predominantly large-sized DRG 

neurons, whereas ATP7a was localised to cytoplasms of predominantly small-sized DRG neurons. 

ATP7b was not detectable in the DRG (Liu et al., 2009; Ip et al., 2010). CTR1 is a major high affinity 

copper influx transporter with a high capacity to transport cisplatin, but its ability to mediate 

oxaliplatin transport remains controversial (Ishida et al., 2002; Lin et al., 2002; Samimi et al., 

2004a; Holzer et al., 2006; Larson et al., 2009). ATP7a and ATP7b are thought to mediate cellular 

efflux of oxaliplatin and other platinum-based drugs and therefore confer a role in cellular 

resistance, although these findings have also been somewhat inconsistent (Komatsu et al., 2000; 

Katano et al., 2003; Samimi et al., 2004b; Yoshizawa et al., 2007; Safaei et al., 2008; Rabik et al., 

2009). Oxaliplatin treatment was found to induce significant atrophy in CTR1-expressing rat DRG 

neurons more so than CTR1-negative neurons (Liu et al., 2009). In contrast, oxaliplatin did not 

change the size profile of ATP7a-immunoreactive DRG neurons (Ip et al., 2010). The essentially 
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non-overlapping distribution of CTR1 and ATP7a within the rat DRG may reflect differential 

cuproenzyme requirement of distinct subtypes of DRG neurons, and contribute to the neuronal 

transport and neurotoxicity of oxaliplatin. 

 Organic cation transporters 1.4.3.4

OCTs also belong to the SLC superfamily, and comprises of five bidirectional but predominantly 

influx transporters; OCT1, OCT2, OCT3, OCTN1 and OCTN2. Gene expression of OCTN1 and 

OCTN2, but not OCT3 in rat DRG tissue has been reported by one study (Kristufek et al., 2002). 

Substantial evidence suggests the involvement of OCTs cisplatin-induced nephrotoxicity and 

ototoxicity, but the role of OCTs in the neurotoxicity of oxaliplatin or other platinum-based drugs 

has not been considered before (Ciarimboli et al., 2005b; Ciarimboli et al., 2010). OCTs and their 

roles in neuronal transport and toxicity of platinum-based drugs will be further discussed in 

sections 1.5 and 1.6. 

 

1.5 Organic cation transporters  
OCTs belong to the solute carrier (SLC) 22A family of membrane transporters that consists of five 

members; OCT1 (SLC22A1), OCT2 (SLC22A2), OCT3 (SLC22A3), OCTN1 (SLC22A4), and OCTN2 

(SLC22A5). These transporters are highly conserved across mammalian species (Ciarimboli, 2008). 

The term “OCTs” often refers to OCT1, OCT2, and OCT3 which are electrogenic, sodium-

independent cation transporters; whereas “organic cation/carnitine transporters” (OCTN) is used 

when referring to OCTN1 and OCTN2 which are electroneutral, sodium-dependent co-

transporters of carnitine and organic cations. These transporters are polyspecific for translocating 

various structurally diverse endogenous and exogenous organic cations, such as monoamine 

neurotransmitters, metabolites, hormones, drugs and xenobiotics. OCTs are considered to have a 

pivotal role in the absorption and excretion of impermeable organic cations because of their 

widespread tissue expression throughout the body thought to allow for differential control of 

organic cation transport in individual organs (Koepsell et al., 2007; Ciarimboli, 2008). 

 Cloning and molecular characterisation 1.5.1
The first member of the SLC22A transporter family was isolated and identified by expression 

cloning from rat kidney, and was designated rat (r) Oct1 (rSlc22a1) (Gründemann et al., 1994). In 

this study, rOct1 was found to exhibit functional characteristics similar to those of the previously 

described organic cation transport process in the basolateral membrane of renal proximal tubules 

and hepatocytes (Gründemann et al., 1994). Mammalian orthologues of OCT1 have since been 
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cloned from human, rat, mouse, and rabbit (Schweifer and Barlow, 1996; Gorboulev et al., 1997; 

Zhang et al., 1997b; Terashita et al., 1998). The second member of the SLC22A transporter family 

was isolated by homology screening from rat kidney, and was designated rOct2 (rSlc22a2) (Okuda 

et al., 1996). OCT2 was later cloned from human, mouse, rabbit, and pig (Gorboulev et al., 1997; 

Gründemann et al., 1997; Mooslehner and Allen, 1999; Zhang et al., 2002). The third member of 

the SLC22A transporter family, OCT3 (SLC22A3) was independently cloned and identified as the 

extraneuronal monoamine transporter in a human kidney carcinoma cell line, rat placenta and 

brain, and from the mouse (Gründemann et al., 1998b; Kekuda et al., 1998; Wu et al., 1998a; 

Verhaagh et al., 1999). The fourth and fifth members of the SLC22A transporter family have been 

cloned from human, rat and mouse, and were designated OCTN1 (SLC22A4) and OCTN2 (SLC22A5) 

(Tamai et al., 1997; Schomig et al., 1998; Sekine et al., 1998; Wu et al., 1998b; Tamai et al., 2000; 

Wu et al., 2000). 

The organic cation transporting proteins contain between 543 and 557 amino acids. Members of 

the OCTs family share a similar predicted membrane topology consisting of 12 α-helical 

transmembrane domains with intracellular amino- and carboxy-terminuses, a large extracellular 

loop with potential glycosylation sites between the first and second transmembrane domains, and 

an intracellular loop with multiple putative phosphorylation sites between the sixth and seventh 

transmembrane domains (Figure 1.2) (Ciarimboli, 2008). OCT1 and OCT2 share approximately 70% 

amino acid homology, and approximately 50% homology with OCT3 (Gorboulev et al., 1997; 

Zhang et al., 1997b; Gründemann et al., 1998b). OCTN1 and OCTN2 share 77% homology and 31 – 

37% homology with OCT1–3 (Tamai et al., 1997; Wu et al., 1998b). Sequence homologies are also 

highly conserved between mammalian species. Human, rat and mouse homologues of OCT gene 

share at least 80% homology (Table 1.1). 

Consensus sites for N-glycosylation in the extracellular loop at amino acid positions 71, 96, and 

112 are thought to be highly conserved in mammalian homologues of OCT2, except for rOct2, 

which does not have a glycosylation site at position 112 (Pelis et al., 2006). Putative 

phosphorylation sites between transmembrane domains 6 and 7 are thought to play a role in the 

short term modulation of transporter activity (Koepsell et al., 2007; Ciarimboli, 2008). An 

alternative splice variant of rOct1, designated rOct1a, has been cloned from rat kidney. rOct1a 

shares 92% homology with rOct1, but lacks the first 2 transmembrane domains and the 3 

potential glycosylation sites in the first extracellular loop of rOct1. However, rOct1a exhibits 

similar
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Figure 1.2 Predicted membrane topology of members of the SLC22A transporter family. 

OCTs are characterised by 12 α-helical transmembrane domains with intracellular N- and C-

terminuses, a large extracellular loop between the first and second transmembrane domains, and 

an intracellular loop between the sixth and seventh transmembrane domains. Putative 

glycosylation sites (Ψ) and phosphorylation sites () are located in the extracellular space and 

cytosol, respectively. Adapted from Ciarimboli, 2008.  
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Table 1.1 Sequence homology (%) for OCT1 (SLC22A1), OCT2 (SLC22A2), OCT3 (SLC22A3), 

OCTN1 (SLC22A4) and OCTN2 (SLC22A5) between human, rat and mouse homologues. 

OCT1 (SLC22A1) Rat Mouse 
Human 80 80 

Rat ― 95 
Mouse ― ― 

   
OCT2 (SLC22A2) Rat Mouse 

Human 82 83 
Rat ― 91 

Mouse ― ― 

   
OCT3 (SLC22A3) Rat Mouse 

Human 86 86 
Rat ― 89 

Mouse ― ― 

   
OCTN1 (SLC22A4) Rat Mouse 

Human 86 87 
Rat ― 93 

Mouse ― ― 

   
OCTN2 (SLC22A5) Rat Mouse 

Human 86 87 
Rat ― 92 

Mouse ― ― 
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functional characteristics to rOct1, suggesting that the first 2 transmembrane domains or the 

potential glycosylation sites may not be critical for the transport function of rOct1 (Zhang et al., 

1997a). Several studies have indicated that the large extracellular loop may be pivotal for the 

oligomerisation of OCT1 and OCT2 which increase membrane targeting, without affecting 

substrate affinities (Keller et al., 2011; Brast et al., 2012). It is currently not known whether the 

OCTNs OCTN1 and OCTN2 function as monomers or oligomers, but they have been shown to 

contain an ATP/GTP binding motif in the second intracellular loop (Tamai et al., 1997; Wu et al., 

1998b). In addition, the OCTNs OCTN1 and OCTN2 have been shown to contain an ATP/GTP 

binding motif in the second intracellular loop (Tamai et al., 1997; Wu et al., 1998b). 

 Tissue distribution and subcellular localisation 1.5.2

 OCT1 1.5.2.1

In humans, OCT1 expression is most abundant in the liver (Gorboulev et al., 1997). In rodents, 

Oct1 has strong expression in the liver, kidney, and intestines. Other tissues with detectable OCT1 

expression in human and rodent include spleen, trachea, lung, bladder, skeletal muscle, heart, 

brain, mammary gland, and epithelial cells (Gorboulev et al., 1997; Zhang et al., 1997b; Karbach et 

al., 2000; Alcorn et al., 2002; Hayer-Zillgen et al., 2002; Slitt et al., 2002; Choudhuri et al., 2003; 

Lips et al., 2005; Muller et al., 2005; Alnouti et al., 2006; Lips et al., 2007). At the subcellular level, 

hOCT1, rOct1, and mOct1 expression have been localised to the luminal membrane of ciliated 

epithelia cells in the trachea and bronchial tissue (Lips et al., 2005; Kummer et al., 2006). rOct1 

protein has been located to the basolateral membrane of epithelial cells in the S1 and S2 

segments of proximal tubules in the kidney, and sinusoidal membrane of hepatocytes in the liver. 

mOct1 expression in the small intestine was located to the basolateral membrane of enterocytes 

(Meyer-Wentrup et al., 1998; Urakami et al., 1998; Karbach et al., 2000). 

 OCT2 1.5.2.2

In humans, OCT2 is most abundant in the kidney. In rodents, Oct2 has strong expression in both 

the liver and kidney. Expression of Oct2 is also detectable in various other tissues including small 

intestine, lung, skin, brain, and choroid plexus (Okuda et al., 1996; Gorboulev et al., 1997; Busch 

et al., 1998; Sweet et al., 2001; Motohashi et al., 2002; Slitt et al., 2002; Choudhuri et al., 2003; 

Lips et al., 2005; Alnouti et al., 2006).  In human kidney, OCT2 expression was found in all three 

segments of proximal tubules, whereas in rat kidney, Oct2 was present in S2 and S3, but not S1 

segments (Karbach et al., 2000; Sugawara-Yokoo et al., 2000). Similar to OCT1, hOCT2 protein 

expression has been localised to the basolateral membrane of proximal tubules in the kidney and 

small intestine, and apical membrane of ciliated cells in the trachea and bronchi (Karbach et al., 
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2000; Sugawara-Yokoo et al., 2000; Motohashi et al., 2002; Lips et al., 2005). In rat brain, 

subcellular localisation of rOct2 was found in the apical membrane in epithelial cells of choroid 

plexus (Sweet et al., 2001).  

 OCT3 1.5.2.3

OCT3 has a broad tissue expression in both humans and rodents. In humans, OCT3 is most 

abundant in the placenta, heart, skeletal muscle, and liver. In rodents, Oct3 expression is strong in 

the placenta, moderate in the intestine, heart, and brain, and low in the liver and kidney (Kekuda 

et al., 1998; Wu et al., 1998a). In rodents, Oct3 has strong expression in the heart, uterus, 

placenta, and ovary. In contrast to Oct1 and Oct2, Oct3 expression is evident in the central 

nervous system, including superior cervical ganglion neurons, astrocytes and neuronal population 

of cerebellum, hippocampus, and retina (Streich et al., 1996; Gründemann et al., 1998b; Wu et al., 

1998a; Rajan et al., 2000; Kristufek et al., 2002). Expression of Oct3 is also detectable in various 

other tissues including the trachea, lung, adrenal glands, bladder, blood vessels, and mammary 

gland (Verhaagh et al., 1999; Sweet et al., 2001; Kristufek et al., 2002; Slitt et al., 2002; Inazu et al., 

2003; Shang et al., 2003; Haag et al., 2004; Sata et al., 2005; Alnouti et al., 2006; Kummer et al., 

2006). At the subcellular level, hOCT3 protein was localised to the basolateral membrane of the 

trophoblast in the placenta, luminal membranes of epithelial cells of bronchi, and brush border 

membrane of enterocytes in the small intestine (Lips et al., 2005; Muller et al., 2005; Sata et al., 

2005). In rat brain, marked Oct3 expression was found in the hippocampus, cerebellum, cerebral 

cortex regions, area postrema and the subfornical organ (Wu et al., 1998a; Vialou et al., 2004). At 

the subcellular level, Oct3 gene and protein expression was localised to the ependymal and glial-

like cells in the dorsomedial hypothalamus, and cerebellar granule neurons, but not cerebellar 

astrocytes (Shang et al., 2003; Gasser et al., 2006). In mouse brain, greater expression of mOct3 

was also found in the circumventricular organs (Vialou et al., 2004). 

 OCTN1 1.5.2.4

In humans, OCTN1 expression is less ubiquitous than OCT3. hOCTN1 is most abundant in 

erythrocytes, bone marrow, monocytes, kidney, trachea, small intestine, cerebellum, and lung. Its 

expression is much less in the heart, skeletal muscle, and skin (Tamai et al., 1997; Tokuhiro et al., 

2003; Gründemann et al., 2005; Grigat et al., 2007). In rodents, Octn1 has strongest expression in 

the kidney, but is also detectable in many other tissues including the liver, intestine, lung, Sertoli 

cells, skeletal muscle, heart, and brain (Wu et al., 2000; Alnouti et al., 2006; Koepsell et al., 2007; 

Lamhonwah et al., 2008; Gründemann, 2011). The tissue expression profile of OCTN1 appears to 

indicate marked species difference. Octn1 is abundant in the rat liver, but is relatively low or 
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absent in the human liver (Wu et al., 2000; Nikodemus et al., 2011). In bone marrow, OCTN1 

mRNA was found in CD68+ macrophages, CD43+ T cells, and CD14+ mononuclear cells (Tokuhiro et 

al., 2003; Peltekova et al., 2004). At a subcellular level, Octn1 protein expression has been 

localised to the apical membrane of proximal tubular epithelial cells in mouse kidney (Tamai et al., 

2004). In HEK293 over-expressing cells, expression of Octn1 was also localised to plasma 

membranes (Kawasaki et al., 2004; Sugiura et al., 2006). OCTN1 expression has also been localised 

to mitochondrial membranes in mouse heart as well as several transfected mammalian cell lines 

(Lamhonwah and Tein, 2006). 

 OCTN2 1.5.2.5

OCTN2 expression has a ubiquitous tissue distribution. In humans, OCTN2 is most abundant in the 

kidney, skeletal muscles, heart, and placenta (Tamai et al., 1998; Grube et al., 2006). Its 

expression has also been determined in various other tissues including the pancreas, liver, lung, 

brain, small intestine, uterus, thymus, and adrenal glands (Koepsell et al., 2007). Evidence also 

suggests the expression of OCTN2 in the brain (Wagner et al., 2000). In rodents, Octn2 has the 

strongest expression in the kidney and small intestine. Octn2 expression was also detectable in 

astrocytes and superior ganglion neurons (Kristufek et al., 2002; Inazu et al., 2003). At the 

subcellular level, Octn2 protein has been localised to the apical membrane of proximal tubular 

epithelial cells in rat and mouse kidney (Tamai et al., 2001). In mouse, Octn2 protein expression 

was found in the microvilli of absorptive epithelial cells in the small intestine, and the apical 

membrane of principal cells in the epididymal duct (Kato et al., 2006; Yakushiji et al., 2006). 

 Functional properties and substrate specificities 1.5.3

 OCTs 1.5.3.1

The substrate specificity of OCTs (OCT1, OCT2, and OCT3) are largely overlapping. Their substrates 

are typically organic cations with one or two positive charges, or weak bases that are positively 

charged at physiological pH. The relative molecular mass of compounds transported by the OCTs 

are below 500 mass units (Schmitt and Koepsell, 2005). OCTs translocate substrates down an 

electrogenic gradient, where net charge moves across the plasma membrane and alters 

membrane potential. Electrogenicity of transport has been demonstrated for rat homologues 

rOct1, rOct2, rOct3, and human homologues hOCT1 and hOCT2 (Gründemann et al., 1994; Busch 

et al., 1996b; Gorboulev et al., 1997; Nagel et al., 1997; Busch et al., 1998; Kekuda et al., 1998; 

Okuda et al., 1999; Dresser et al., 2000; Arndt et al., 2001). These transporters are able to 

facilitate cation transport across the plasma membrane in either direction. In addition to influx, 

cation efflux by the OCTs has also been demonstrated (Nagel et al., 1997; Busch et al., 1998; 
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Kekuda et al., 1998; Lips et al., 2005). OCTs operate independently of extracellular sodium (Busch 

et al., 1996b; Gorboulev et al., 1997; Kekuda et al., 1998; Keller et al., 2005). 

Commonly used model substrates to evaluate the transport activity of OCT1, OCT2 and OCT3 

include MPP+, a prototypical neurotoxin, and TEA+, a quaternary ammonium cation (Koepsell et 

al., 2007; Ciarimboli, 2008). 

OCT1 

In addition to the transport of prototypical substrates TEA+ and MPP+, OCT1 facilitates cellular 

uptake of a variety of endogenous substrates, including choline, acetylcholine, catecholamines 

dopamine and histamine, and serotonin (Busch et al., 1996b; Nagel et al., 1997; Zhang et al., 

1997b; Gründemann et al., 1998b; Wu et al., 1998a; Zhang et al., 1998; Lips et al., 2005). OCT1 

also transports exogenous compounds such as the anticancer drug imatinib, the 

antihyperglycaemic metformin, histamine H2 receptor antagonists cimetidine and ranitidine, 

antivirals acyclovir and ganciclovir, and nucleosides (Gründemann et al., 1999; Chen and Nelson, 

2000; Takeda et al., 2002; Wang et al., 2002; Thomas et al., 2004a; Hu et al., 2008; Wang et al., 

2008a). More recently, it has been suggested that OCT1 mediates cellular uptake of the platinum-

based drugs cisplatin and oxaliplatin, although these findings remain controversial (Briz et al., 

2002; Ciarimboli et al., 2005b; Yonezawa et al., 2006; Zhang et al., 2006; Lovejoy et al., 2008). 

OCT2 

In addition to the transport of prototypical substrates TEA+ and MPP+, OCT2 facilitates cellular 

uptake of a variety of endogenous substrates, including histamine, acetylcholine, catecholamines, 

monoamine neurotransmitters, guanidine, creatinine, and agmatine (Okuda et al., 1996; 

Gorboulev et al., 1997; Busch et al., 1998; Gründemann et al., 1998a; Gründemann et al., 1999; 

Gründemann et al., 2003; Ogasawara et al., 2006). OCT2 also transports exogenous compounds 

such as the histamine H2 receptor antagonists cimetidine, famotidine and rantidine, the NMDA 

receptor antagonists amantadine and memantine, biguanides, and nucleosides (Busch et al., 

1998; Gründemann et al., 1999; Barendt and Wright, 2002; Kimura et al., 2005a; Kimura et al., 

2005b; Muller et al., 2005; Suhre et al., 2005; Tahara et al., 2005; Amphoux et al., 2006). More 

recently, compelling evidence has shown OCT2 to mediate cellular uptake of the platinum-based 

drugs cisplatin and oxaliplatin (Ciarimboli et al., 2005b; Yonezawa et al., 2006; Zhang et al., 2006; 

Yokoo et al., 2007; Burger et al., 2010; Ciarimboli et al., 2010). 
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OCT3 

OCT3 is able to transport both TEA+ and MPP+, although MPP+ is a better OCT3 substrate than 

TEA+. OCT3 also facilitates cellular uptake of a variety of endogenous substrates, including 

agmatine, histamine, dopamine, and monoamine neurotransmitters (Busch et al., 1996a; 

Gründemann et al., 1998b; Wu et al., 1998a; Gründemann et al., 1999; Gründemann et al., 2003; 

Amphoux et al., 2006). OCT3 has also been found to transport exogenous compounds including 

several antiarrhythmic drugs (Hasannejad et al., 2004). There is also some evidence to suggest the 

involvement of OCT3 in the cellular uptake of platinum-based drugs cisplatin and oxaliplatin, 

although these findings have been inconsistent (Yonezawa et al., 2005; Yonezawa et al., 2006; 

Zhang et al., 2006). 

 OCTNs 1.5.3.2

In contrast to the OCTs (OCT1, OCT2, and OCT3), OCTNs (OCTN1 and OCTN2) are able to 

translocate carnitine in addition to organic cations independent of an electrogenic gradient. 

Depending on the substrate, OCTN1 and OCTN2 mediate both sodium-dependent and sodium-

independent cellular uptake in either direction across the plasma membrane. The OCTNs appear 

to have higher specificity for their substrates but less substrate selectivity than OCT1–3 (Koepsell 

et al., 2007).  

OCTNs are also able to transport TEA+, although TEA+ has greater affinity for the OCTs (OCT1–3) 

than the OCTNs (OCTN1–2).  Unlike OCT1–3, OCTN1 and OCTN2 are not known to transport MPP+ 

(Koepsell et al., 2007). 

OCTN1 

OCTN1 is also known as the ergothioneine transporter (ETT) because of its ability to transport 

ergothioneine with high affinity (Gründemann et al., 2005; Cheah and Halliwell, 2011; 

Gründemann, 2011). Ergothioneine is a naturally occurring zwitterion with antioxidant actions, 

although its precise physiological purpose is unclear. Transport of ergothioneine relies on the 

sodium gradient across the plasma membrane, which provides a strong driving force for the 

cellular uptake of ergothioneine. Because of low intracellular sodium concentration, OCTN1 does 

not facilitate the efflux of ergothioneine (Gründemann et al., 2005). The zwitterion stachydrine is 

another endogenous substrate of OCTN1 with lower affinity to OCTN1 than ergothioneine, but its 

cellular uptake is inhibited by extracellular sodium (Gründemann et al., 2005). More recently, 

OCTN1 has been shown to mediate the uptake of the anticonvulsant gabapentin and anticancer 

drugs doxorubicin and mitoxantrone (Okabe et al., 2008; Urban et al., 2008). OCTN1 also 

transports the prototypical cation TEA+ in a sodium-independent manner, but at up to 100-fold 
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lower affinity than OCT1–3 (Tamai et al., 1997; Yabuuchi et al., 1999). Interestingly, OCTN1 has a 

very low affinity for carnitine despite its high sequence homology with the high affinity carnitine 

transporter OCTN2 (Tamai et al., 1998; Tamai et al., 2000). 

OCTN2 

OCTN2 is a sodium-dependent high affinity transporter for endogenous compounds L-carnitine 

and acetyl-L-carnitine (Ohashi et al., 1999; Wagner et al., 2000). Carnitine is a naturally occurring 

zwitterion important in fatty acid oxidation and the generation of metabolic energy. Evidence 

suggests that the transport of L-carnitine by OCTN2 is electrogenic and stereospecific, where 

sodium and carnitine are co-transported across the plasma membrane (Ohashi et al., 1999; 

Wagner et al., 2000; Tamai et al., 2001; Inano et al., 2004). OCTN2 also facilitates high affinity, 

sodium-dependent uptake of the zwitterionic β-lactam antibiotic cephaloridine (Yabuuchi et al., 

1999; Ganapathy et al., 2000).  In addition, OCTN2 transports the prototypical cation TEA+ in a 

sodium-independent manner, but at lower affinity than the OCTs. Interestingly, OCTN2 appears to 

incorporate distinct binding sites for TEA+ and L-carnitine since several mutations of OCTN2 have 

been shown to inhibit the transport of L-carnitine but not that of TEA+. Furthermore, intracellular 

TEA+ was found to trans-stimulate L-carnitine uptake, while extracellular L-carnitine was found to 

trans-stimulate TEA+ efflux, suggesting that OCTN2 transport may involve L-carnitine/TEA+ 

exchange mechanism  (Seth et al., 1999; Ohashi et al., 2001; Ohashi et al., 2002).  

 Regulation of expression 1.5.4
Short and long term regulation of OCTs and OCTNs are complex and may involve several levels 

including transcription, message stability, translation, and post-translational modification. Long 

term adaptions may include the change in transporter expression under pathological conditions. 

 OCT1 1.5.4.1

Transport activity of OCT1 was stimulated by activators of tyrosine kinase and protein kinases A, C 

and G (Mehrens et al., 2000; Schlatter et al., 2002; Ciarimboli et al., 2005a). Moreover, the 

promoter of hOCT1 contains two DNA response elements for the hepatocyte nuclear factor-4α 

(HNF-4α) and the interaction of these response elements with HNF-4α is thought to activate 

transcription of hOCT1 (Saborowski et al., 2006). Similarly, the promoter of mOct1 contains a 

peroxisome proliferator agonist receptor (PPAR) response element which was found to modulate 

the transcription of mOct1 (Nie et al., 2005). 

Changes in OCT1 expression or function have been described in several pathological conditions. 

Hepatic mRNA and protein expression of Oct1 have been shown to be down-regulated in a rat 
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model of obstructive cholestasis (Denk et al., 2004). In addition, reduced Oct1 function was 

apparent in a rat model of diabetes, possibly a consequence of a post-translational modification 

of the Oct1 protein (Thomas et al., 2003; Grover et al., 2004; Thomas et al., 2004b). 

 OCT2 1.5.4.2

OCT2 expression is gender dependent and regulated by steroid hormones. Oct2 mRNA and 

protein expression and transport activity were found to be significantly higher in kidneys from 

male than female rats (Bowman and Hook, 1972; Urakami et al., 1999). Interestingly, female rats 

given testosterone showed enhanced renal expression of Oct2, whereas male rats given estradiol 

showed reduced renal expression of Oct2 (Urakami et al., 2000). In support of these findings, a 2-

fold increase in Oct2 mRNA expression was apparent in MDCK cells following exposure to 

testosterone (Shu et al., 2001). Recently, it has been suggested that the promoter region of Oct2 

contains putative androgen receptor elements that may modulate the transcriptional regulation 

of Oct2 (Asaka et al., 2006). 

OCT2 expression may be down-regulated under pathological conditions. In a rat model of chronic 

renal failure, Oct2 protein was found to be reduced and this was considered secondary to the 

apparent decrease in testosterone concentration in this pathological setting (Ji et al., 2002). Renal 

mRNA and protein levels of Oct2 were found to be lower in a rat model of diabetes (Grover et al., 

2002; Thomas et al., 2003; Grover et al., 2004; Thomas et al., 2004b). Similarly, Oct2 mRNA and 

protein expression was also found to be down-regulated in hyperuricemic rats (Habu et al., 2003).  

 OCT3 1.5.4.3

Cation transport by OCT3 was found to be stimulated by the calcium calmodulin pathway (Martel 

et al., 2001). It was also shown that the C-terminus of OCT3 interacted with the PDZ domain 

protein IKEPP that is expressed in the kidney and intestine (Kato et al., 2004). Drug-induced down-

regulation of Oct3 expression was described in rats following methamphetamine treatment 

(Kitaichi et al., 2003). In transgenic mice deficient in sodium-serotonin co-transporter SERT, up-

regulation of Oct3 expression was reported (Chen et al., 2001; Schmitt et al., 2003). 

 OCTN1 1.5.4.4

OCTN1 transcription can be altered by the RUNX1 transcription factor and TNF-α in vitro (Tokuhiro 

et al., 2003). RUNX1 binds to a consensus sequence in the first intron of the OCTN1 gene and 

functions to activate or repress transcription through its interaction with cofactors. RUNX1 

appears to inhibit transcription of the OCTN1 gene, whereas TNF-α appears to increase 

transcription of the OCTN1 gene (Tokuhiro et al., 2003). Moreover, it has been shown that the 
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targeting of OCTN1 to the brush border membrane of enterocytes is regulated by PDZ domain 

proteins (Kato et al., 2004). OCTN1 was also found to be up-regulated in liver regeneration 

following 2/3 hepatectomy in rats (Dransfeld et al., 2005). 

 OCTN2 1.5.4.5

Similar to OCTN1, PDZ family members also interact with OCTN2 to stimulate transport. It has 

been shown that the 4 N-terminal amino acids of OCTN2 bind to the PDZ domain of PDZK1 that is 

located at the brush border membrane (Kato et al., 2005). Up-regulation of OCTN2 was also 

apparent in liver regeneration following 2/3 hepatectomy in rats (Dransfeld et al., 2005). 

 Genetic polymorphisms and functional significance 1.5.5
Genetic variation in drug transporter genes has been extensively studied as a molecular basis for 

inter-individual variability in response to drugs because of increasing evidence of drug 

transporters as pharmacokinetic and pharmacodynamics determinants. Numerous 

polymorphisms of OCTs have been reported in the recent years. At present, genetic 

polymorphisms of OCT1, OCT2, or OCT3 are not known to be associated with human pathologies. 

Mutations in OCTN2 gene have been identified to cause primary systemic carnitine deficiency. 

There is also increasing evidence to suggest a correlation between mutations in OCTN1 and 

OCTN2 genes and autoimmune diseases (Koepsell et al., 2007). The most commonly reported 

single nucleotide polymorphisms (SNPs) of the OCTs and OCTNs have been summarised in Table 

1.2. 

 OCT1 1.5.5.1

The OCT1 gene has been sequenced for SNPs from 667 individuals of various ethnic backgrounds 

(Kerb et al., 2002; Shu et al., 2003; Takeuchi et al., 2003; Itoda et al., 2004; Sakata et al., 2004). 

OCT1 was found to have 18 SNPs that result in single amino acid substitutions or the deletion of 

an amino acid. For 6 of these mutations (including Arg61Cys, Cys88Arg, Gly220Val, Pro341Leu, 

Gly401Ser, and Gly465Arg), OCT1 transport activities were lower than that of the wild type OCT1. 

In contrast, the mutation Ser14Phe exhibited enhanced OCT1 transport activity compared with 

wild type. Ser14Phe and another variant (420del) were shown to have reduced transport and 

altered pharmacokinetics of the antihyperglycaemic metformin (Takeuchi et al., 2003; Sakata et 

al., 2004; Shu et al., 2007; Shu et al., 2008). OCT1 variant patients were less responsive to 

metformin, suggesting that OCT1 may be a promising candidate gene for the prediction of patient 

response to metformin (Shu et al., 2007). More recently, OCT1 expression and transport activity 

was shown to be associated with patient response to imatinib, a tyrosine kinase inhibitor used in 

the treatment of chronic myeloid leukaemia (White et al., 2007; Wang et al., 2008a). A study 
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described a significant contribution of Phe160Leu variant in the loss of response to imatinib or 

treatment failure (Kim et al., 2009), although further studies are required to confirm this finding. 

 OCT2 1.5.5.2

The OCT2 gene has been sequenced for SNPs from 366 individuals of various ethnic backgrounds. 

OCT2 was found to have 10 variants that involved amino acid changes (Leabman et al., 2002; 

Fukushima-Uesaka et al., 2004; Fujita et al., 2006). One variant was a single nucleotide insertion 

that led to a premature stop codon at amino acid position 48, and loss of OCT2 transport function. 

Four of the nonsynonymous variants (including Ala270Ser, Met165Ile, Arg400Cys, and Lys432Gln) 

had functional OCT2 transport activity with no apparent functional difference compared with wild 

type OCT2. Mutants Met165Ile and Arg400Cys were found to have lower maximal transport 

capacity (Vmax). Other OCT2 variants had apparent differential substrate selectivity. Lys432Gln 

showed a greater affinity for MPP+, whereas Arg400Cys and Lys432Gln had reduced affinity for 

TEA+. Ala270Ser, a common OCT2 variant with an allele frequency of 12.7% among ethnically 

diverse groups, exhibited greater affinity to TEA+ (Leabman et al., 2002; Fujita et al., 2006). More 

recently, Ala270Ser polymorphism has been associated with reduced cisplatin-induced 

nephrotoxicity (Filipski et al., 2009). 

 OCT3 1.5.5.3

Compared with OCT1 and OCT2, OCT3 appears to have fewer known genetic variants. At present, 

mutations that lead to amino acid change have not been identified in OCT3 gene, although six 

single nucleotide substitutions and one deletion were found in the core promoter, exons and 

flanking intron sequences, and the 3’-untranslated region. The functional consequences of these 

variants are currently unknown (Lazar et al., 2003). Recently, genome-wide association studies 

have confirmed two SNPs in the OCT3 gene (rs2048327 and rs9364554) as potential risk factors 

for prostate cancer and coronary artery disease (Eeles et al., 2008; Tregouet et al., 2009). 

 OCTN1 1.5.5.4

Polymorphisms in the OCTN1 gene, which is localised in the 5q31 cytokine gene cluster, are 

associated with susceptibility to chronic inflammatory diseases such as Crohn’s disease, 

rheumatoid arthritis, ulcerative colitis, and type I diabetes mellitus (Rioux et al., 2001; Tokuhiro et 

al., 2003; Peltekova et al., 2004; Fisher et al., 2006; Palmieri et al., 2006; Russell et al., 2006; 

Santiago et al., 2006; Waller et al., 2006; Lin et al., 2010). L503F, a common OCTN1 variant that 

involves an exchange of leucine in position 503 by phenylalanine, has been associated with 
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Table 1.2 Allele frequency of commonly reported genetic variants of organic cation transporters OCT1 – 3 and organic cation/carnitine transporters OCTN1 – 

2 and their effect on functional transport activity. rs#, reference single nucleotide polymorphism (SNP) number; ↑, increased functional transport activity; ↓, 

reduced functional transport activity; N.D, not determined. 

  
rs# 

Allele frequency (%) 
Effect on 

functional 
activity 

References 
  

European-
American/Caucasian 

African-
American 

Asian 

OCT1 
(SLC22A1) 

Ser14Phe 34447885 N.D 3.1 N.D ↑ (Shu et al., 2003; Nies et al., 2009) 

Arg61Cys 12208357 7.2 - 9.7 0 N.D ↓ (Kerb et al., 2002; Shu et al., 2003; Nies et al., 2009) 

Gly220Val 36103319 0 0.5 N.D ↓ (Shu et al., 2003; Nies et al., 2009) 

Pro341Leu 2282143 0 - 1.7 8.2 2.2 - 17 ↓ (Shu et al., 2003; Itoda et al., 2004; Kang et al., 2007; 
Nies et al., 2009) 

Gly401Ser 34130495 1.0 - 3.2 0.7 N.D ↓ (Kerb et al., 2002; Shu et al., 2003; Nies et al., 2009) 

Gly465Arg 34059508 1.5 - 4.3 0 N.D ↓ (Kerb et al., 2002; Shu et al., 2003; Nies et al., 2009) 

OCT2 
(SLC22A2) 

Ala270Ser 316019 8.7 - 16 11 11 - 17 ↓ (Leabman et al., 2002; Fukushima-Uesaka et al., 2004; 
Wang et al., 2008b; Nies et al., 2009) 

Met165Ile 8177507 0 1 0 ↓ (Leabman et al., 2002; Fukushima-Uesaka et al., 2004) 

Arg400Cys 8177516 0 1.5 0 ↓ (Leabman et al., 2002; Fukushima-Uesaka et al., 2004) 

Lys432Gln 8177517 0 1 0 ↓ (Leabman et al., 2002; Fukushima-Uesaka et al., 2004) 

OCT3 
(SLC22A3) 

Arg120Arg 668871 48 N.D 73 N.D (Lazar et al., 2003; Kang et al., 2007) 

Ala411Ala 2292334 34 - 36 N.D 50 N.D (Lazar et al., 2003; Kang et al., 2007; Nies et al., 2009) 

OCTN1 
(SLC22A4) 

Leu503Phe 1050152 39 - 41 4 0.1 ↑ (Barton et al., 2004; Yamazaki et al., 2004) 

OCTN2 
(SLC22A5) 

-207G 2631367 39 - 42 2 0 ↑ (Peltekova et al., 2004; Yamazaki et al., 2004) 
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Crohn’s disease, familial and sporadic inflammatory bowel disease (Peltekova et al., 2004; Lin et 

al., 2010). At the functional level, the L503F variant has altered substrate specificity with 

enhanced affinity for OCTN1 substrate TEA+ (Taubert et al., 2005; Urban et al., 2007). 

Interestingly, the L503F variant shares an epitope with Campylobacter jejuni and Mycobacterium 

paratuberculosis, which have been implicated in the pathogenesis of Crohn’s disease (Lamhonwah 

et al., 2005). It has been speculated that susceptibility to autoimmune diseases may depend on 

intracellular concentrations of OCTN1 substrates that may influence lipid metabolism, such as 

ergothioneine or carnitine (Taubert et al., 2005; Vermeire and Rutgeerts, 2005; Taubert et al., 

2006). Moreover, the OCTN1 gene has been shown to contribute to the pharmacokinetic variation 

of gabapentin. The L503F variant that has reduced gabapentin transport activity also has a lower 

active tubular secretion of gabapentin than the reference allele (Urban et al., 2008). Recently, a 

study has shown a role of OCTN1 in modulating the severity of chronic inflammation associated 

with sporadic colorectal cancer that is related to ulcerative colitis. The 1672T variant of OCTN1 

has significant correlation with ulcerative colitis and cases with cancer progression, as well as the 

development of sporadic colorectal cancer in early age (Martini et al., 2012). 

 OCTN2 1.5.5.5

Genetic variations in OCTN2 gene that result in low expression or impaired function of OCTN2 

lead to primary systemic carnitine deficiency (PSCD), an autosomal recessive disorder of 

mitochondrial fatty acid oxidation (Koizumi et al., 1999; Tang et al., 1999; Wang et al., 1999; 

Lahjouji et al., 2001). The lack of active renal reabsorption of carnitine in PSCD interferes with fuel 

metabolism because intracellular carnitine is essential for the transfer of fatty acids from the 

cytosol into mitochondria. Early symptoms of PSCD include acute hypoketotic hypoglycemia, Reye 

syndrome (encephalopathy with hyperammonaemia), and sudden infant death. Later 

manifestations include cardiomyopathy and progressive skeletal weakness (Stanley et al., 1991). 

Eight amino acid sequence variants of OCTN2 have been identified (Urban et al., 2006). OCTN2 

variants Phe17Leu, Leu144Phe, and Pro549Ser exhibited functional differences from the reference 

allele. The L-carnitine transport (Vmax) of the Phe17Leu variant was significantly reduced by 

approximately 2-fold relative to the reference OCTN2. In contrast, -207G allele results in 

enhanced L-carnitine transport with respect to the -207C/C homozygotes (Urban et al., 2006). 

Given that OCTN1 and OCTN2 genes cluster in close proximity on the chromosomal region 5q31, 

OCTN2, together with OCTN1, also appear to play a role in susceptibility to autoimmune diseases 

including Crohn’s disease, rheumatoid arthritis, and ulcerative colitis. (Peltekova et al., 2004; 

Palmieri et al., 2006; Russell et al., 2006).  
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 Knockout mouse models 1.5.6
Knockout mouse models are invaluable tools for studying the physiological and pharmacokinetic 

role of transporters in vivo. Single knockout mice for Oct1, Oct2, and Oct3, as well as double 

knockout mice for Oct1 and Oct2 have been established (Jonker et al., 2001; Zwart et al., 2001; 

Jonker et al., 2003; Shu et al., 2007; Wultsch et al., 2009). These strains are viable, fertile, and 

display no apparent phenotypical abnormalities or physiological defects. Knockout mice for Octn2 

have also been generated and are also known as juvenile visceral steatosis mice (Koizumi et al., 

1988; Hashimoto et al., 1998; Lu et al., 1998; Yokogawa et al., 1999). Furthermore, Octn1 

knockout mice have also been recently established (Kato et al., 2010; Sugiura et al., 2010). Tissue 

distribution and disposition of endogenous or exogenous substrates has been reported to differ 

significantly between wild type and knockout mouse strains. 

 Oct1 knockout mice 1.5.6.1

Following an intravenous injection of TEA+, hepatic accumulation and intestinal excretion of TEA+ 

reduced by 4- to 6-fold and 2-fold, respectively, in Oct1 knockout mice compared with the wild 

type strain (Jonker et al., 2001). In contrast, urinary excretion of TEA+ was enhanced in Oct1 

knockout mice, suggesting a critical role of Oct1 for TEA+ excretion in the liver, and a 

compensatory upregulation of TEA+ excretion in the kidney in the absence of Oct1. Similarly, 

concentrations of the neurotoxin MPP+ and the antihyperglycaemic drug metformin in the liver 

and small intestine were also lower in Oct1 knockout than wild type mice (Wang et al., 2002; Shu 

et al., 2007). 

 Oct2 knockout mice 1.5.6.2

Targeted disruption of Oct2 had no apparent effect on the pharmacokinetics of TEA+. Liver and 

kidney concentrations of TEA+, as well as urinary and intestinal excretion of TEA+ were similar in 

Oct2 knockout and wild type mice (Jonker et al., 2003). In mouse kidney, Oct1 is expressed in 

addition to Oct2, and because these transporters have largely overlapping substrate specificities, 

renal Oct1 expression is thought to be sufficient for the secretion of many organic cations (Alnouti 

et al., 2006). Therefore, Oct1/Oct2 double knockout mice have been developed to study the renal 

secretion of organic cations (Jonker et al., 2003). 

 Oct1/Oct2 double knockout mice 1.5.6.3

In Oct1/Oct2 double knockout mice, renal tubular secretion of TEA+ was abolished. The 

elimination of TEA+ was limited to glomerular filtration, and as a result, plasma concentration of 

TEA+ was higher in Oct1/Oct2 double knockout than wild type mice (Jonker et al., 2003). 
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 Oct3 knockout mice 1.5.6.4

Steady state levels of the monoamines noradrenaline and dopamine did not differ between 

several tissues from the Oct3 knockout and wild type mice. In comparison, the accumulation of 

MPP+ was considerably different between the two strains (Zwart et al., 2001). Following an 

intravenous injection of MPP+, MPP+ levels were significantly lower in the heart, but not in the 

small intestine, liver, kidney, brain, or placenta of Oct3 knockout mice compared with 

corresponding tissues in wild type mice. Moreover, MPP+ levels in embryos from pregnant Oct3 

knockout mice were 3-fold lower than in wild type mice, whereas MPP+ levels in the placenta was 

similar between the two strains. These findings suggest a prominent role of Oct3 in the heart and 

embryonic tissues, whereas the lack of Oct3 in other tissues may be well compensated by Oct1 or 

Oct2 given the large overlapping substrate selectivity. In addition, Oct3 may also have implications 

in central nervous function. Oct3 knockout mice were found to ingest more hypertonic saline 

under thirst and salt appetite conditions than wild type, suggesting a role of Oct3 in the regulation 

of salt intake and osmolarity (Vialou et al., 2004). More recently, a putative role of Oct3 in the 

regulation of fear and anxiety has been described (Vialou et al., 2008; Wultsch et al., 2009). 

 Octn1 knockout mice 1.5.6.5

Octn1 knockout mice are viable and develop normally without apparent gross phenotypic 

abnormalities (Kato et al., 2010). However, Octn1 knockout mice are infertile so these 

homozygous mutant mice were generated from mating of two heterozygous mice.  Metabolome 

analysis of blood and several organs in Octn1 knockout mice revealed complete deficiency of 

Octn1 model substrate ergothioneine in the heart, liver, small intestine, kidney, and erythrocytes. 

Following oral administration of ergothioneine, Octn1 knockout mice had greatly reduced 

distribution to the small intestine and renal reabsorption of ergothioneine compared with wild 

type mice (Kato et al., 2010). In contrast, plasma concentration of ergothioneine was higher in 

Octn1 knockout than wild type mice, but this may be attributable to efficient hepatic uptake of 

ergothioneine (Sugiura et al., 2010). Moreover, Octn1 knockout mice were found to be more 

susceptible to intestinal inflammation, suggesting an important role of Octn1 in the maintenance 

of systemic and intestinal exposure to ergothioneine, and protection against intestinal tissue 

injuries (Kato et al., 2010). 

 Juvenile visceral steatosis (jvs) mice 1.5.6.6

Jvs mice contain a loss-of-function mutation of Octn2 that causes symptoms similar to primary 

systemic carnitine deficiency in humans. These mice are characterised by cardiac hypertrophy, 

microvesicular fatty infiltration of the liver and kidney, hypoglycaemia, hyperammonaemia, and 

death before weaning (Koizumi et al., 1988; Hayakawa et al., 1990; Tomomura et al., 1992; 
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Horiuchi et al., 1993). Daily administration of L-carnitine post-birth was essential for the survival 

of jvs mice (Kuwajima et al., 1991). In jvs mice, severe lipid deposition and abnormal mitochondria 

were found in the heart, liver, skeletal muscle, and kidney, as well as significantly reduced 

carnitine levels in the liver (Kaido et al., 1997; Nakajima et al., 1997; Ohashi et al., 2001). 

Impairment of carnitine transport was also documented in fibroblasts and kidney of jvs mice 

(Horiuchi et al., 1994; Kuwajima et al., 1996). Jvs mice may also suffer from obstruction of the 

distal part of the epididymis, which leads to infertility (Toshimori et al., 1999). 

 

1.6 Evidence for organic cation transporters in cellular 

transport of platinum drugs 
In the recent years, compelling evidence has rapidly increased in the literature for a role of OCTs 

in determining the cellular uptake, sensitivity and/or resistance of platinum-based drugs, and the 

severity of platinum drug-induced toxicities (Burger et al., 2011; Ceresa and Cavaletti, 2011). 

However, evidence for a contribution of OCTNs in conferring the cellular uptake and/or 

cytotoxicity of platinum-based drugs is still limited thus far, and whether these transporters are 

also important in the cellular transport of platinum compounds remains unclear. 

  Platinum accumulation and cytotoxicity 1.6.1
A large body of published work exists in support of the involvement of the OCTs in mediating the 

cellular transport and cytotoxicity of platinum-based drugs cisplatin and oxaliplatin. Many studies 

using genetic manipulation of multiple cell lines have together shown that the over-expression of 

OCTs enhance the cellular uptake and/or cytotoxicity of platinum-based drugs, or have provided 

indirect evidence of platinum-based drugs affecting the transport of model substrates (Table 1.3). 

 Cisplatin 1.6.1.1

The earliest studies which suggested a role of the OCTs in facilitating the cellular transport of 

platinum-based drugs was the observation that organic cationic compounds such as cimetidine, 

ranitidine, quinidine, quinine, and cyanine were able to reduce renal accumulation and toxicity in 

vivo (Osman and Litterst, 1983; Bird et al., 1984; Nelson et al., 1984; Klein et al., 1991). Earlier in 

vitro studies also demonstrated in several kidney cell models that their cisplatin accumulation was 

saturable, time- and temperature-dependent, consistent with carrier-mediated transport, and 

was significantly reduced in the presence of prototypical OCT substrates TEA+, cimetidine, 
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Table 1.3 Evidence for a role of the organic cation transporters in mediating the cellular 

accumulation or toxicity of platinum-based drugs cisplatin, carboplatin and oxaliplatin.1  

    Cell Transporter 
homologue OCT1 OCT2 OCT3 OCTN1 OCTN2 

CISPLATIN         
Pan et al. 1999 NIH3T3 Rat N.D + N.D N.D N.D 

Briz et al. 2002 Xenopus 
oocyte Rat - - N.D N.D N.D 

Yonezawa et al. 2005 HEK293 Rat - + N.D N.D N.D 
Ciarimboli et al. 2005 HEK293 Human - + N.D N.D N.D 
Yonezawa et al. 2006 HEK293 Human + + - - - 

Zhang et al. 2006 HEK293                         
MDCK Human + - - N.D N.D 

Yokoo et al. 2007 HEK293 Rat - + - N.D N.D 
Filipski et al. 2008 Flp In 293 Human N.D + N.D N.D N.D 

Tanihara et al. 2009 HEK293 Human 
Rat + + N.D N.D N.D 

Shnitsar et al. 2009 CHO Human N.D N.D - N.D N.D 
Burger et al. 2010 HEK293 Human N.D + N.D N.D N.D 

Franke et al. 2010 Flp In 293 
HEK293 Human N.D + N.D N.D N.D 

Lancaster et al. 2010 HEK293 Human 
Mouse N.D N.D N.D N.D - 

Nakamura et al. 2010 HEK293 Mouse + + N.D N.D N.D 

Li et al. 2011 HEK293 Human 
Mouse + N.D N.D N.D N.D 

Li et al. 2012 HEK293 Human N.D N.D - N.D N.D 
CARBOPLATIN                 
Yonezawa et al. 2006 HEK293 Human - - - - - 

Zhang et al. 2006 HEK293                 
MDCK Human + - - N.D N.D 

Yokoo et al. 2007 HEK293 Rat - - - N.D N.D 
Burger et al. 2010 HEK293 Human N.D - N.D N.D N.D 
OXALIPLATIN                 
Yonezawa et al. 2006 HEK293 Human - + + - - 

Zhang et al. 2006 HEK293              
MDCK Human + + - N.D N.D 

Lovejoy et al. 2006 MDCK Human + + N.D N.D N.D 
Yokoo et al. 2007 HEK293 Rat - + + N.D N.D 
Yokoo et al. 2008 SW480 Human N.D N.D + N.D N.D 
Burger et al. 2010 HEK293 Human N.D + N.D N.D N.D 

Li et al. 2011 HEK293 Human 
Mouse + N.D N.D N.D N.D 

 

                                                           
1 +, Transport determined; -, not transported; N.D, not determined; NIH3T3, mouse embryonic fibroblasts; 
HEK, human embryonic kidney; MDCK, Madin Darby canine kidney; SW480, human colon adenocarcinoma. 
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quinidine, or verapamil (Nelson et al., 1984; Harada et al., 1998; Endo et al., 2000; Kolb et al., 

2003). Moreover, it was shown that cimetidine reduced cisplatin-induced decrease in 

transepithelial electrical resistance in Madin-Darby canine kidney (MDCK) cells, further 

substantiating the involvement of the OCTs in the cellular transport and toxicity of cisplatin 

(Ludwig et al., 2004). 

The first study to make use of transfection of the OCTs also demonstrated that cisplatin 

competitively inhibits TEA+ uptake by rOct2 over-expressing mouse embryonic fibroblast NIH3T3 

cells (Pan et al., 1999). Consistent with this finding, further studies using over-expressing human 

embryonic kidney (HEK) 293 cells found that the over-expression of rOct2, but not rOct1, 

significantly enhanced cisplatin-induced platinum accumulation and cytotoxicity (Yonezawa et al., 

2005; Yokoo et al., 2007). Moreover, concomitant incubations with cimetidine or corticosterone 

reduced cisplatin uptake and cytotoxicity in HEK293 cells over-expressing rOct2 (HEK/rOct2) 

(Yonezawa et al., 2005). Tanihara et al. (2009) also found an increase in cisplatin accumulation 

and cytotoxicity by the over-expression of rOct2 more so than rOct1. 

In contrast, the first study to use transfection of human OCTs reported that hOCT1 and hOCT2 did 

not appear to mediate cisplatin uptake, despite evidence of their contribution to the transport of 

bile acid-cisplatin derivatives. Platinum accumulation as determined by flameless atomic 

absorption spectrophotometry (FAAS) was similar in control, OCT1- and OCT2-over-expressing 

xenopus oocytes following 60 min incubation with cisplatin (Briz et al., 2002). Since then, a 

number of reports have emerged on the role of hOCT1 and/or hOCT2 in the transport and/or 

cytotoxicity of cisplatin. Cisplatin was shown to reduce the uptake of a fluorescent OCT substrate 

ASP+ in a concentration-dependent manner by HEK/hOCT2 cells and freshly isolated proximal 

tubules from human kidney (Ciarimboli et al., 2005b). In addition, the over-expression of hOCT2 

significantly increased cisplatin-induced platinum accumulation and apoptosis, the latter of which 

was greatly reduced by concurrent incubation with cimetidine (Ciarimboli et al., 2005b). These 

findings have been supported by an independent study that documented the over-expression of 

hOCT2, but not hOCT1 or hOCT3 to increase the sensitivity to cisplatin by 2-fold (Zhang et al., 

2006). Interestingly, in the same study, the over-expression of hOCT1, but not hOCT2 or hOCT3 

significantly enhanced cisplatin accumulation by 1.5-fold (Zhang et al., 2006). 

In the same year, Yonezawa and colleagues were the first to describe a lack of involvement of the 

OCTNs hOCTN1 and hOCTN2 in cisplatin uptake and cytotoxicity (Yonezawa et al., 2006). In 

HEK/hOCTN1 and HEK/hOCTN2 cells, cisplatin-induced platinum accumulation and cytotoxicity 

were similar to corresponding HEK/Mock control cells. This study further demonstrated that the 
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transport and cytotoxicity of cisplatin was mediated by hOCT2 to a greater extent than hOCT1, but 

not by hOCT3, confirming previous studies. Furthermore, cisplatin-induced cytotoxicity in 

HEK/hOCT2 cells was reduced by cimetidine in a concentration-dependent manner. Likewise in 

HEK/rOct2 cells, cisplatin was able to reduce TEA+ uptake by HEK/hOCT1, HEK/hOCT2 and 

HEK/hOCT3 cells in a concentration-dependent manner (Yonezawa et al., 2006). Similar finding of 

the inhibition of TEA+ uptake by cisplatin in FLP/hOCT2 cells in a concentration-dependent manner 

was reported by Filipski and colleagues. Cisplatin uptake by FLP/hOCT2 cells was also saturable 

and cisplatin-induced platinum accumulation and platinum-DNA adduct formation was 

significantly increased by the over-expression of hOCT2 (Filipski et al., 2008). Tanihara et al. (2009) 

confirmed previous findings where an increase in cisplatin accumulation and cytotoxicity was 

apparent in cells over-expressing hOCT2 more so than hOCT1. A more recent study demonstrated 

at least a 3-fold increase in platinum accumulation following cisplatin exposure by the over-

expression of hOCT2 in both HEK293 and 293Flp In cell systems (Franke et al., 2010). In contrast, 

Burger and colleagues concluded that the contribution of hOCT2 over-expression to cisplatin 

accumulation and cytotoxicity was limited, approximately 1.3-fold and 1.8-fold compared with 

control for platinum accumulation and cytotoxicity, respectively (Burger et al., 2010).  

In mouse homologues of OCTs, cisplatin transport by Oct1 and Oct2 have also been confirmed. 

Nakamura et al. (2010) reported a significant increase in cellular platinum accumulation following 

cisplatin exposure by the over-expression of mOct1 and mOct2 to a similar extent, by 

approximately 6-fold. In addition, in support of previous findings in human homologues of the 

OCTNs, mOctn2 was also shown not to transport cisplatin (Lancaster et al., 2010). Platinum 

accumulation was not changed by the over-expression of mOctn2, although carnitine uptake was 

significantly reduced by cisplatin in HEK/mOctn2 cells. Interestingly, parallel examination of 

hOCTN2 in the same study showed a trend towards higher cisplatin accumulation by the over-

expression of hOCTN2 than mOctn2, although this did not reach statistical significance with 

respect to control. In contrast, cisplatin did not inhibit carnitine uptake by HEK/hOCTN2 cells 

(Lancaster et al., 2010). 

In line with previous findings, Li et al. (2011) reported a significant role of OCT1 in cisplatin 

transport. Platinum accumulation analyses revealed a significant increase by the over-expression 

of hOCT1 and mOct1, by approximately 31- and 53-fold, respectively, following cellular exposure 

to cisplatin (Li et al., 2011). In the same study, an in vivo role of OCT1 in mediating the 

pharmacokinetics of cisplatin was also evident. Plasma concentration following an intravenous 

dose of cisplatin (8 mg/kg) was significantly higher in wild type than Oct1 knockout mice, whereas 
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levels of platinum in tissues including the liver, intestine and heart were greatly reduced in wild 

type than Oct1 knockout mice (Li et al., 2011). 

More recently, Li and colleagues were the first to propose a contribution of OCT3 in cellular 

accumulation and cytotoxicity of cisplatin. Using cisplatin-sensitive cervical adenocarcinoma KB-3-

1 cells, this study demonstrated that the over-expression of hOCT3 enhanced platinum 

accumulation and cisplatin cytotoxicity by at least 1.5-fold. However, in the same study, the 

effects of hOCT3 over-expression on platinum accumulation or cisplatin cytotoxicity could not be 

reproduced in a different cell line, HEK293 cells, suggesting a potential difference in OCT3 function 

in different cell lines (Li et al., 2012). 

To date, cellular transport and cytotoxicity of cisplatin may be attributed to functional OCT1 

and/or OCT2, more so than OCT3 (Table 1.3). Majority of the studies thus far have derived 

evidence of OCT2 mediating cisplatin-induced platinum accumulation and/or cytotoxicity (Pan et 

al., 1999; Ludwig et al., 2004; Ciarimboli et al., 2005b; Yonezawa et al., 2005; Yonezawa et al., 

2006; Yokoo et al., 2007; Filipski et al., 2009; Tanihara et al., 2009; Burger et al., 2010; Nakamura 

et al., 2010). These findings have laregly shown the lack of involvement of OCT3 in mediating 

cisplatin uptake and cytotoxicity (Yonezawa et al., 2006; Zhang et al., 2006; Yokoo et al., 2007; 

Shnitsar et al., 2009; Li et al., 2012). A limited number of studies have also demonstrated that 

OCTNs may not mediate cisplatin transport (Yonezawa et al., 2006; Lancaster et al., 2010). 

Conversely, the contribution of OCT1 in the uptake or cytotoxicity of cisplatin remains 

controversial, although the evidence for a role of OCT1 in transporting cisplatin is limited (Briz et 

al., 2002; Ciarimboli et al., 2005b; Yonezawa et al., 2005; Yonezawa et al., 2006; Zhang et al., 

2006; Yokoo et al., 2007; Tanihara et al., 2009; Nakamura et al., 2010). 

 Carboplatin 1.6.1.2

The first evidence of a potential role of the OCTs in carboplatin uptake and cytotoxicity emerged 

from the observation that carboplatin was able to induce a reduction in transepithelial electrical 

resistance in MDCK cells, which can be inhibited by cimetidine, although the extent of these 

effects was smaller with carboplatin than cisplatin (Ludwig et al., 2004).  

Zhang and colleagues were the first to use transfected cells to investigate the contribution of the 

OCTs in the cellular uptake and cytotoxicity of carboplatin (Zhang et al., 2006). In this study, the 

over-expression of hOCT1 and hOCT2, but not hOCT3 was found to significantly increase platinum 

accumulation by approximately 2-fold following carboplatin exposure, although this did not 

translate to enhanced sensitivity to carboplatin. These findings were somewhat consistent with an 
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independent study carried out in the same year where the over-expression of hOCT1, hOCT2 or 

hOCT3 did not affect carboplatin-induced platinum accumulation or cytotoxicity (Yonezawa et al., 

2006). In addition, this study also documented the lack of contribution of hOCTN1 and hOCTN2 to 

carboplatin-induced cytotoxicity. A more recent study also described the lack of effect on 

carboplatin accumulation by the over-expression of hOCT2, confirming previous findings that 

carboplatin may not be transported by hOCT2 (Burger et al., 2010). Likewise, rat homologues of 

OCTs have also been characterised for their lack of carboplatin transport. Platinum accumulation 

following carboplatin incubation was similar between HEK/rOct1, HEK/rOct2, HEK/rOct3, and 

HEK/Mock control cells (Yokoo et al., 2007). 

In summary, there is limited evidence thus far for a role of OCTs in the transport and/or 

cytotoxicity of carboplatin (Table 1.3). However, these current findings have consistently shown a 

lack of involvement of OCT1, OCT2 and OCT3 in mediating carboplatin uptake and cytotoxicity 

(Yonezawa et al., 2006; Zhang et al., 2006; Yokoo et al., 2007; Burger et al., 2010). 

 Oxaliplatin 1.6.1.3

Similar to cisplatin and carboplatin, one of the earliest studies of a potential role of the OCTs in 

mediating oxaliplatin uptake and cytotoxicity emerged from the observation that oxaliplatin was 

able to induce a reduction in transepithelial electrical resistance in MDCK cells, which can be 

inhibited by cimetidine, although the extent of these effects was smaller with oxaliplatin than 

cisplatin (Ludwig et al., 2004).  

Since then, a number of studies have documented the OCTs as potential candidate membrane 

transporters of oxaliplatin. One of the most promising results demonstrating the involvement of 

the OCTs in the uptake and cytotoxicity of oxaliplatin was presented by Zhang and colleagues 

(Zhang et al., 2006). In this study, the over-expression of hOCT1 and hOCT2 significantly enhanced 

sensitivity to oxaliplatin by at least 6- and 50-fold, respectively, whereas the over-expression of 

hOCT3 had no apparent effect on oxaliplatin cytotoxicity. Correspondingly, platinum accumulation 

following oxaliplatin exposure was increased by 6- and 24-fold in cells over-expressing hOCT1 and 

hOCT2, respectively, whereas platinum accumulation was also unchanged by hOCT3 over-

expression. Oxaliplatin-induced cytotoxicity and platinum accumulation in HEK/hOCT1 and 

HEK/hOCT2 cells were both significantly inhibited by OCT inhibitors disopyramide and cimetidine, 

respectively. Moreover, oxaliplatin exposure induced a significant increase in hOCT1 and hOCT2 

over-expressing cells by approximately 4- and 30-fold, respectively, compared with corresponding 

controls (Zhang et al., 2006). These findings were confirmed by an independent study that 

reported a 5- and 23-fold increase in sensitivity to oxaliplatin by the over-expression of hOCT1 and 
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hOCT2, respectively (Lovejoy et al., 2008). Together these findings propose that the OCTs are 

determinants of oxaliplatin cytotoxicity.  

Yonezawa and colleagues also demonstrated the increase in platinum accumulation and 

cytotoxicity following oxaliplatin exposure by the over-expression of hOCT2. In contrast to 

previous findings, this study found a significant contribution of hOCT3, but not hOCT1, to 

oxaliplatin-induced platinum accumulation and cytotoxicity, although to a less extent than hOCT2. 

Interestingly, oxaliplatin inhibited TEA+ uptake by HEK/hOCT3, but not HEK/hOCT1 or HEK/hOCT2, 

in a concentration-dependent manner. Moreover, this study was the first to indicate the lack of 

involvement of the OCTNs hOCTN1 and hOCTN2 in oxaliplatin uptake (Yonezawa et al., 2006). 

Using human colorectal cancer-derived cell line SW480, Yokoo and colleagues also demonstrated 

the contribution of hOCT3 in the transport of oxaliplatin. Oxaliplatin-induced platinum 

accumulation and cytotoxicity was significantly increased by the over-expression of hOCT3. 

Moreover, this study revealed that the cellular platinum accumulation level following oxaliplatin 

exposure increased with increasing amount of hOCT3 cDNA transfected (Yokoo et al., 2008). 

A more recent study confirmed previous findings of hOCT2 as a major determinant of oxaliplatin 

transport and cytotoxicity (Burger et al., 2010). hOCT2-mediated accumulation of oxaliplatin was 

found to be time- and concentration-dependent. Burger and colleagues also determined a striking 

29-fold increase in platinum accumulation following a 2 h exposure to oxaliplatin by the over-

expression of hOCT2, compared to 1.3-fold increase with cisplatin under the same conditions 

(Burger et al., 2010). hOCT2-mediated cellular platinum accumulation following oxaliplatin 

exposure was significantly reduced by prototypical OCT substrates TEA+, MPP+ and cimetidine. 

Moreover, the over-expression of hOCT2 enhanced sensitivity to oxaliplatin by 12-fold, in contrast 

to 2-fold with cisplatin, denoting the significant contribution of hOCT2 in mediating oxaliplatin 

uptake and cytotoxicity. 

The role of rat homologues of the OCTs in oxaliplatin transport have been investigated by one 

study so far. In this study, platinum accumulation following oxaliplatin exposure was significantly 

increased by the over-expression of rOct2 and rOct3 to a similar extent, but not by rOct1 (Yokoo 

et al., 2007). This finding is in support of some previous results obtained from human homologues 

of these transporters (Yonezawa et al., 2006; Yokoo et al., 2007; Yokoo et al., 2008; Burger et al., 

2010). 

In line with previous findings, Li et al. (2011) also reported a significant role of OCT1 in oxaliplatin 

transport. Platinum accumulation analyses showed a significant increase by the over-expression 
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of hOCT1 and mOct1, by approximately 3- and 8-fold, respectively, following cellular exposure to 

oxaliplatin, although these levels are at least 10-fold lower compared with cisplatin results 

obtained from the same study (Li et al., 2011). In the same study, however, OCT1 did not appear 

to mediate the pharmacokinetics of oxaliplatin in vivo. Plasma concentration and tissue levels of 

platinum, as well as pharmacokinetic parameters following an intravenous dose of oxaliplatin (8 

mg/kg) were not different between wild type and Oct1 knockout mice (Li et al., 2011). 

To date, cellular transport and cytotoxicity of oxaliplatin has been attributed to functional OCT1, 

OCT2 and OCT3 (Table 1.3). All of the studies thus far have together provided strong evidence of 

OCT2 as a critical determinant of oxaliplatin uptake and/or cytotoxicity in preclinical models 

(Yonezawa et al., 2006; Zhang et al., 2006; Yokoo et al., 2007; Burger et al., 2010; Nakamura et al., 

2010). Three of four studies have consistently demonstrated the involvement of OCT3 in 

mediating oxaliplatin uptake and/or cytotoxicity, whereas the role of OCT1 in oxaliplatin transport 

remains controversial (Yonezawa et al., 2006; Zhang et al., 2006; Yokoo et al., 2007; Lovejoy et al., 

2008; Yokoo et al., 2008; Li et al., 2011). 

 Expression of organic cation transporters and sensitivity to 1.6.2

platinum-based drugs 
In addition to direct evidence of the OCTs mediating the cellular uptake and cytotoxicity of 

platinum-based drugs, there is also an abundance of clinical association between the expression 

of OCTs and the sensitivity or chemoresistance to platinum-based drugs (Burger et al., 2011). 

 Tumour tissue 1.6.2.1

Zhang and colleagues were the first to characterise the expression of OCT1 and OCT2 in colorectal 

cancer cell lines and tissue samples because these transporters were found to be major 

determinants of oxaliplatin uptake and cytotoxicity. All the normal colon tissues (n = 4) and colon 

tumour samples (n = 20) expressed variable levels of OCT1 mRNA, whereas OCT2 was readily 

detectable in 11 of 20 colon tumour samples, but none in normal colon tissues (Zhang et al., 

2006). These findings suggested a role of OCT2 in tumour uptake of platinum-based drugs in 

colorectal cancer, and that the tumour expression of OCTs may be exploited as a marker for 

selecting specific platinum-based drug in individual patients. 

In contrast, Filipski and colleagues identified one non-synonymous SNP (Ala270Ser) in a cisplatin-

treated patient population, but none of the pharmacokinetic variables studied were significantly 

associated with the presence or absence of this allele. This finding suggested that OCT2 

expression alone may not substantially explain interindividual pharmacokinetic variability of 
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cisplatin (Filipski et al., 2008). In support of these results was the observation that the peak 

concentration of cisplatin, total area under the concentration-time curve (AUC) of cisplatin, and 

the unbound fraction of cisplatin were similar in wild type and Oct1/2 double knockout mice 

(Filipski et al., 2009). Furthermore, OCT2 expression was found in several kidney tumours, but not 

in breast, colon, liver, lung, ovarian, prostate, and thyroid tumours (Filipski et al., 2009). The latter 

findings reported by Filipski et al. were confirmed by a later study that also demonstrated low 

OCT2 mRNA expression in clinical ovarian cancer specimen, and the lack of clinical correlation of 

tumour OCT2 expression with cisplatin or carboplatin treatment outcome (Burger et al., 2010). 

In 2008, Yokoo and colleagues found that the mRNA expression level of hOCT3 was significantly 

higher by 10-fold in colon tumour samples than normal colon tissue in six Japanese patients 

(Yokoo et al., 2008). In addition, the level of hOCT3 mRNA in cancerous tissue was also 

significantly higher in the rectum and stomach (Yokoo et al., 2008). This study concluded that 

OCT3 expression in tumour tissues may be a determinant of the sensitivity and potential 

selectivity of oxaliplatin treatment against colorectal cancer. 

 Cancer cell lines 1.6.2.2

In contrast to colon tumour tissues, colorectal cancer-derived cell lines LS180, DLD, SW620, 

HCT116, HT29, and RKO did not express OCT2 mRNA, although OCT1 expression was detectable in 

all six cell lines (Zhang et al., 2006). Consistent with the finding that OCT1 conferred greater 

cellular uptake and cytotoxicity of oxaliplatin than cisplatin, oxaliplatin was found to be more 

active in these colorectal cell lines than cisplatin, and cimetidine was also shown to provide better 

protection against the cytotoxicity of oxaliplatin than cisplatin (Zhang et al., 2006). In line with 

previous observations, several independent studies also reported low or absent OCT2 mRNA 

expression in most cell lines of the NCI60 human tumour panel, although several ovarian cancer 

cell lines were readily detectable for OCT2 expression (Filipski et al., 2009; Burger et al., 2010; 

Ciarimboli et al., 2010). 

In contrast, a study set out to investigate potential factors affecting the sensitivity to platinum-

based drugs in human colorectal cancer cell lines detected differential mRNA levels of hOCT1, 

hOCT2 and hOCT3 in the seven cell lines examined. These cell lines were the most responsive to 

cisplatin and oxaliplatin, and less responsive to carboplatin. Correlation analyses revealed that the 

cytotoxicity of cisplatin, but not carboplatin or oxaliplatin, was positively and significantly 

associated with the level of hOCT2 expression (Kitada et al., 2008). 
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Moreover, Yokoo and colleagues detected a significantly higher mRNA expression of hOCT3 than 

the other OCTs in colorectal cancer cell lines (Yokoo et al., 2008). In cell lines with a higher hOCT3 

expression, such as T84 and SW837, platinum accumulation and oxaliplatin cytotoxicity were 

significantly greater than that of cell lines with lower hOCT3 expression, such as SW480, HCT116, 

and Lovo. In contrast, platinum accumulation following cisplatin exposure was not different 

between these six colorectal cancer cell lines, suggesting hOCT3-mediated uptake of oxaliplatin, 

but not cisplatin, contributes to its cytotoxicity (Yokoo et al., 2008). In support of these findings, Li 

et al. characterised a cisplatin-resistant cell line KB-CP20 and a cisplatin-sensitive cell line KB-3-1 

derived from cervical adenocarcinoma HeLa cell line. In this study, KB-CP20 cells were found to 

express 200-fold lower mRNA levels of OCT3 than KB-3-1 and conferred reduced cisplatin 

cytotoxicity (Li et al., 2012). Together these findings suggested a contribution of OCT3 expression 

in mediating the cytotoxicity and/or resistance of platinum-based drugs. 

 Expression of organic cation transporters and platinum drug-1.6.3

induced toxicities 
In the recent years, a role of transporter expression and transport activity in platinum drug-

induced toxicities has also been considered. A number of studies have reported a potential 

correlation between OCT2 expression and cisplatin-induced dose-limiting toxicities (Burger et al., 

2011).  

 Nephrotoxicity 1.6.3.1

Nephrotoxicity is a dose-limiting toxicity associated with cisplatin, but not oxaliplatin or 

carboplatin which may result in acute or chronic renal failure. The molecular mechanism of 

nephrotoxicity is poorly understood, and renal protective strategies thus far are only partially 

effective (Pabla and Dong, 2008). Recent research has shed light on a role of OCT2 in cisplatin-

induced nephrotoxicity (Burger et al., 2011). 

Yonezawa and colleagues were the first to characterise renal OCT2 expression as a major 

determinant of cisplatin-induced tubular toxicity in rats in vivo study (Yonezawa et al., 2005). In 

this study, the pharmacokinetics of cisplatin in male and female rats was compared because of 

higher renal OCT2 expression in males than females. As anticipated, renal clearance of cisplatin 

was greater in male than female rats, while hepatic clearance was similar between the genders. In 

addition, glomerular filtration rate and liver function were unchanged, but N-acetyl-β-D-

glucosaminidase (NAG) activity and urine volume were significantly greater in cisplatin-treated 

rats compared with control. Moreover, cisplatin-induced increase in NAG activity was reduced by 

castration of male rats (Yonezawa et al., 2005). This finding was consistent in clinical observation 
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where the median renal clearance of cisplatin in male patients was found to be significantly higher 

than in female patients (Filipski et al., 2008). 

In another study, cisplatin treatment in mice was found to induce necrosis of renal proximal 

tubules and elevation of plasma blood urea nitrogen (BUN) and renal kidney injury molecule-1 

mRNA expression (Aleksunes et al., 2008). In addition, mRNA expression of Oct2, but not Oct1 or 

Oct3 reduced by 30% in cisplatin-treated mice compared to control. Similar findings were 

reported in rats by an independent study where Oct2 mRNA and protein expression, as well as 

functional transport activity as determined by TEA+ uptake were significantly reduced in cisplatin-

treated animals (Morisaki et al., 2008). Down-regulation of transporter expression following 

cisplatin treatment is likely to represent an adaptation to reduce the intracellular accumulation, 

prevent the reabsorption, and enhance the urinary excretion of cisplatin. 

More direct evidence of OCT2 expression in mediating cisplatin-induced nephrotoxicity was 

derived from comparative studies in Oct1/2 double knockout and wild type mice. Filipski and 

colleagues demonstrated that the deletion of Oct1 and Oct2 in mice significantly impaired the 

urinary excretion of cisplatin despite no apparent effect on plasma levels (Filipski et al., 2009). 

More importantly, Oct1/Oct2-deficient mice were protected from severe cisplatin-induced renal 

tubular damage. The same study also characterised an association of a non-synonymous SNP in 

the OCT2 gene, rs316019 with low or absent cisplatin-induced increase in serum creatinine level, 

a marker of acute nephrotoxicity (Filipski et al., 2009). Ciarimboli et al. further demonstrated in 

patients with cancer that cisplatin induces an acute elevation of serum creatinine, consistent with 

the inhibition of an elimination pathway involving OCT2 by cisplatin (Ciarimboli et al., 2012). 

Taken together, preclinical and clinical evidence presented in this study highlight the importance 

of OCT2 in renal handling and toxicity of cisplatin. 

Ciarimboli et al. (2010) also described a lack of cisplatin-induced nephrotoxicity in Oct1/Oct2 

double knockout mice. Cisplatin treatment was found to increase BUN concentration, urine, 

protein, and glucose excretion in wild type mice, but not in Oct1/Oct2-deficient mice. Concurrent 

treatment with cimetidine in wild type mice provided partial renal protection by reducing 

cisplatin-induced increase in BUN concentration, but not the other endpoints of nephrotoxicity. 

Post-mortem examination revealed that in Oct1/Oct2 double knockout mice, cisplatin 

accumulation in the kidney and cisplatin-induced apoptosis in the renal cortico-medullary junction 

were also significantly lower compared with wild type mice (Ciarimboli et al., 2010). 
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A more recent study confirmed previous findings that the renal secretion of cisplatin was 

abolished in Oct1/Oct2-deficient mice (Franke et al., 2010; Lancaster et al., 2010; Ciarimboli et al., 

2012). In this study, concurrent treatment with cimetidine in wild type mice was found to inhibit 

cisplatin-induced increase in NAG activity to a similar extent to that observed in Oct1/2 double 

knockout mice, suggesting that cimetidine is able to completely inhibit Oct1/Oct2-mediated 

cisplatin uptake in renal proximal tubular cells, and reduce cisplatin-induced nephrotoxicity 

(Franke et al., 2010). Moreover, cisplatin treatment was found to increase the urinary excretion of 

carnitine and acety-L-carnitine, as well as down-regulate Octn2 gene in wild type mice but not 

Oct1/2-deficient mice, suggesting a potential indirect interaction between cisplatin and Octn2 

transporter (Lancaster et al., 2010). 

Interestingly, in support of recent findings in mice, the observation that cisplatin, carboplatin and 

oxaliplatin increase the urinary excretion of carnitine has been previously described in patients 

with cancer by several independent studies (Heuberger et al., 1998; Mancinelli et al., 2007; 

Haschke et al., 2010). During cisplatin treatment, total carnitine concentration in plasma increased 

by approximately 30%, while urinary excretion of total carnitine increased by 10-fold in patients. 

In contrast, patients treated with radiotherapy showed no significant increase in renal carnitine 

excretion (Heuberger et al., 1998). Urinary excretion and renal clearance of L-carnitine and acetyl-

L-carnitine were also found to be substantially higher during carboplatin chemotherapy, whereas 

plasma carnitine concentrations, plasma levels and urinary excretion of glucose, phosphate, BUN, 

and creatinine clearance were unchanged (Mancinelli et al., 2007). Similarly, renal excretion of 

acylcarnitine was also found to be significantly increased by 4- to 10-fold in patients during 

treatment with cisplatin, carboplatin, or oxaliplatin (Haschke et al., 2010). Renal excretion of renal 

proximal tubular markers was also increased by platinum drugs, consistent with proximal tubular 

damage. Moreover, cisplatin was associated with a time- and concentration-dependent decrease 

of OCTN2 mRNA and protein levels in 293-EBNA cells, although OCTN2 transport activity in L6 cells 

was unchanged by cisplatin, carboplatin, or oxaliplatin (Haschke et al., 2010). Collectively, these 

findings suggested that cisplatin and other platinum-based drugs most likely inhibit carnitine 

reabsorption in the proximal tubules, and may interact with OCTN2 downstream of OCTN2 gene. 

 Ototoxicity 1.6.3.2

Ototoxicity is a dose-limiting toxicity associated with cisplatin, but not oxaliplatin or carboplatin 

which results in permanent damage to the cochlea of the ears and high frequency sensori-neural 

hearing loss (Skinner, 2004). The mechanism of ototoxicity is poorly understood, but recently 

Ciarimboli and colleagues have identified a role of OCT2 in cisplatin-induced ototoxicity (Ramirez-
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Camacho et al., 2008; Ciarimboli et al., 2010). In this study, ototoxicity of cisplatin, as determined 

by the auditory brainstem response (ABR) to evaluate hearing function, was abolished in Oct1/2 

double knockout mice (Ciarimboli et al., 2010). Moreover, cisplatin-induced ABR threshold shift at 

the higher frequencies was reverted back to normal by concurrent treatment with cimetidine. This 

study was also the first to characterise a strong expression of Oct2 in cochlea of wild type mice, 

but not in Oct1/2 double knockout mice. Oct2 protein expression was localised to the apical pole 

of outer hair cells, entire cell of inner hair cells, and stria vascularis cells of the cochlea in wild type 

mice (Ciarimboli et al., 2010). These findings together strongly implicate a role of Oct2 in 

mediating cisplatin-induced ototoxicity. 

 Neurotoxicity 1.6.3.3

At present, there is no evidence in support of a role of the OCTs or the OCTNs in neurotoxicity 

induced by cisplatin, carboplatin, or oxaliplatin. 

 Model substrates as potential treatment for platinum drug-1.6.4

induced neurotoxicity 
Because of the large body of evidence of the OCTs as determinants of the sensitivity and/or 

resistance as well as toxicities of platinum drugs, potential treatment strategies for platinum drug-

induced toxicities using model substrates of these transporters to competitively inhibit platinum 

transport have been proposed. Thus far, evidence of OCT/OCTN substrates as potential treatment 

approaches for neurotoxicity of oxaliplatin and other platinum-based drugs has been largely 

limited to preclinical cell-based and animal models. 

 Cimetidine 1.6.4.1

Cimetidine is a H2-receptor antagonist commonly prescribed for the treatment of heartburn and 

peptic ulcers through its inhibition of stomach acid production (Burland et al., 1975). It is a weak 

imidazole base that has been characterised as a prototypical substrate and/or inhibitor of the 

OCTs (Figure 1.3) (Koepsell et al., 2007). Cytoprotective effects of cimetidine against cisplatin- or 

oxaliplatin-induced cell death have been demonstrated by several independent studies in vitro 

(Ludwig et al., 2004; Ciarimboli et al., 2005b; Yonezawa et al., 2005; Yonezawa et al., 2006; Zhang 

et al., 2006; Katsuda et al., 2010). In addition, cimetidine was found to significantly attenuate 

cellular platinum accumulation following exposure to cisplatin or oxaliplatin in vitro (Ludwig et al., 

2004; Ciarimboli et al., 2005b; Yonezawa et al., 2005; Zhang et al., 2006; Buss et al., 2009; Pabla et 

al., 2009; Burger et al., 2010). 
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A major concern with regards to cimetidine for the treatment of platinum drug-induced toxicities 

is the attenuation of anti-tumour efficacy of platinum compounds. However, the majority of the 

NCI-60 panel of human cancer-derived cell lines have shown low or absent expression of OCT2 

(Zhang et al., 2006; Filipski et al., 2009; Burger et al., 2010; Ciarimboli et al., 2010). Moreover, 

cimetidine did not inhibit cisplatin uptake by SK-OV-3 tumour cells, which express clinically 

relevant constitutively high levels of OCT2 (Franke et al., 2010). These findings implicated a 

potential of cimetidine as a therapeutic intervention selective for platinum drug-induced toxicities 

without compromising the anti-tumour effects of these platinum compounds. 

In preclinical models, cimetidine treatment has also been shown to protect against cisplatin-

induced nephro- and ototoxicity. Haragsim et al. were the first to describe the protective potential 

of cimetidine against cisplatin nephrotoxicity in rats in vivo (Haragsim et al., 1994). Cimetidine 

significantly reduced cisplatin-induced increase in urinary excretion of tubular enzymes including 

alkaline phosphatase, gamma-glutamyl-transferase and NAG. Interestingly, cimetidine treatment 

had no apparent effect on carboplatin-induced nephrotoxicity at these endpoints (Haragsim et al., 

1994). In support of these findings, a recent study also reported that cimetidine treatment in rats 

protected against cisplatin-induced reduction in serum creatinine and BUN concentrations, 

without affecting the anti-tumour effects of cisplatin (Katsuda et al., 2010). 

Franke and colleagues also demonstrated that cimetidine was able to prevent cisplatin 

nephrotoxicity in mice in vivo (Franke et al., 2010). Wild type mice receiving cimetidine (30 mg/kg, 

i.v) in addition to cisplatin (10 mg/kg, i.p.) had significantly lower urinary excretion of NAG 

compared with wild type mice receiving cisplatin alone. In contrast, urinary excretion of NAG was 

similar following treatment with cisplatin alone or cisplatin in combination with cimetidine in 

Oct1/2 double knockout mice (Franke et al., 2010). These results suggested that cimetidine 

completely inhibits Oct1/Oct2-mediated cisplatin uptake by renal proximal tubular cells, and 

thereby ameliorates cisplatin-induced nephrotoxicity. Previous findings were further confirmed by 

Ciarimboli et al. that presented the co-medication of cimetidine and cisplatin to protect wild type 

mice from ototoxicity and partially from nephrotoxicity (Ciarimboli et al., 2010). Cimetidine 

treatment significantly reduced cisplatin-induced increase in BUN concentration and glucose 

excretion in wild type mice in vivo, although it did not provide protection against cisplatin-induced 

body weight loss, increase in urine and protein excretion, or apoptosis of renal corticomedullary 

junctions (Ciarimboli et al., 2010). Concurrent treatment with cimetidine also abolished cisplatin-

induced hearing loss in wild type mice in vivo (Ciarimboli et al., 2010), consistent with a more 
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Figure 1.3 Chemical structure of cimetidine. 
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recent in vitro study reporting the attenuation of cisplatin-induced hair cell loss by cimetidine 

treatment in  rat cochlear organotypic cultures (Ding et al., 2011). 

Collectively, these findings are in support of cimetidine as a promising agent for the prevention or 

amelioration of cisplatin-induced nephro- and ototoxicity. However, its potential in the treatment 

of platinum drug-induced neurotoxicity has not been considered before. 

 Acetyl-L-carnitine 1.6.4.2

Acetyl-L-carnitine (ALC) is an acetylated derivative of L-carnitine that is also a zwitterion (Figure 

1.4). It has an important role in intermediary metabolism. Despite limited understanding of its 

molecular mechanisms, ALC has been shown to exhibit neuroprotective and neurotrophic actions, 

antioxidant activities, positive actions on mitochondrial metabolism, and stabilisation of 

intracellular membranes (De Grandis, 2007). However, ALC as an OCTN2 substrate that may 

competitively inhibit potential platinum transport by OCTN2 has never been considered until now. 

A number of preclinical and clinical studies have shed light on the potential of ALC as a 

neuroprotective agent in cisplatin- or oxaliplatin-induced neurotoxicity, but the results so far are 

somewhat inconclusive (section 1.3.3) (Pisano et al., 2003; Bianchi et al., 2005; Ghirardi et al., 

2005a; Ghirardi et al., 2005b; Maestri et al., 2005; Xiao et al., 2012). 

Pisano and colleagues were the first to indicate a neuroprotective effect of ALC against cisplatin-

induced neurotoxicity in a rat model in vivo (Pisano et al., 2003). In this study, rats were treated 

with intraperitoneal cisplatin (2 mg/kg) twice a week for 4 weeks with or without daily oral 

administration of ALC (100 mg/kg) that began 5 days prior to the first cisplatin injection. 

Concomitant ALC treatment significantly reduced cisplatin-induced atrophy of DRG nucleolus, and 

showed a trend towards protection against cisplatin-induced reduction of sensory nerve 

conduction velocity, atrophy of DRG cell body size, and decrease in circulating levels of nerve 

growth factors. Moreover, prophylactic ALC treatment given to C57/BL6J mice bearing a 

transplantable 3LL lung carcinoma did not interfere with the anti-tumour effects of cisplatin, as 

determined by tumour growth, median survival time, and development of metastases (Pisano et 

al., 2003). 

These promising results led to a further study to investigate a potential differential effect of 

preventative and curative ALC treatment (Ghirardi et al., 2005b). In this study, rats were treated 

with cisplatin (2 mg/kg) twice a week for a total of 5 administrations, with or without 

subcutaneous administration of ALC (100 mg/kg). Prophylaxis and curative groups were given ALC 

starting on day 1 and 25, respectively. Concomitant ALC treatment significantly prevented 
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Figure 1.4 Chemical structure of acetyl-L-carnitine. 
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cisplatin-induced reduction of mechanical nociceptive threshold. Interestingly, ALC treatment 

started after cisplatin treatment where neurotoxicity has been well established was also found to 

restore the mechanical nociceptive threshold within a few days (Ghirardi et al., 2005b). 

Similar reports of the neuroprotective effects of ALC have also been described in a rat model of 

oxaliplatin-induced neurotoxicity (Ghirardi et al., 2005a). In this study, rats were treated with 

oxaliplatin (3 mg/kg) twice per week for 4 weeks, with or without various schedules of ALC 

administration (30, 100, or 150 mg/kg). Concomitant ALC treatment also significantly prevented 

oxaliplatin-induced reduction of mechanical nociceptive threshold. In addition, ALC treatment 

started after oxaliplatin treatment where neurotoxicity has been well established was able to 

restore the mechanical nociceptive threshold within a few days. Moreover, oxaliplatin-induced 

reduction in sensory nerve conduction velocity was significantly improved by both prophylactic 

and concomitant ALC treatment. It was also determined in both BDF1 mice bearing transplantable 

L1210 leukemia and Swiss nu/nu mice bearing transplantable HT-29 colon carcinoma that ALC 

treatment did not interfere with the anti-tumour effects of cisplatin, as determined by body 

weight loss, tumour volume inhibition, and median survival time (Ghirardi et al., 2005a). A more 

recent study in rats also confirmed previous findings that daily oral administration of ALC (100 

mg/kg, a total of 22 administrations) given in concurrent with daily intraperitoneal administration 

of cisplatin (2 mg/kg, a total of 5 administrations) was able to significantly restore oxaliplatin-

induced mechano-allodynia and hyperalgesia (Xiao et al., 2012). 

Interestingly, Pisano et al. have recently reported the ability of ALC to enhance the anti-tumour 

potential of platinum-based drugs (Pisano et al., 2010). In mice bearing transplantable NCI-H460, 

A549, and NCI-H1650 non-small cell lung cancers, daily oral administration of ALC (200 mg/kg) 

significantly potentiated the tumour volume inhibition by cisplatin (4 mg/kg) and carboplatin (4 

mg/kg). In contrast, in mice bearing transplantable SW620 colon cancer, ALC did not significantly 

improve the anti-tumour effects of cisplatin. Moreover, in H460 xenograft tumour model, ALC in 

concurrent treatment with cisplatin led to an appreciable increase in tumour apoptosis and γH2AX 

induction, which were not apparent in ALC treatment alone. ALC treatment also exhibited a 

significant anti-metastatic activity. These in vivo effects of ALC in combination with cisplatin are 

likely to result from the activation of p53 which is associated with protein acetylation and 

induction of target genes (Pisano et al., 2010). 

Recent evidence also suggests ALC to markedly reduce cisplatin-induced nephrotoxicity and 

ototoxicity in experimental models (Tufekci et al., 2009; Gunes et al., 2011). The findings so far 

suggest a promising potential of ALC as a feasible, tolerable and effective treatment for the 
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prevention or amelioration of platinum drug-induced neurotoxicity. Thus, the stage is set for 

attempts to further elucidate the mechanism of neuroprotection afforded by ALC in platinum 

drug-induced neurotoxicity, with a particular focus on its role as an OCTN2 substrate that has a 

potential to competitively inhibit platinum uptake by OCTN2. 

 Ergothioneine 1.6.4.3

Ergothioneine is a naturally occurring amino acid that is a high affinity substrate of OCTN1. It is 

only known to be synthesised by non-yeast fungi, mycobacteria, and cyanobacteria, but not in 

humans. At physiological conditions, ergothioneine exists as a thione and therefore confers great 

stability, and do not undergo auto-oxidation as rapidly as other thiol compounds such as 

glutathione (Figure 1.5). The physiological role of ergothioneine is poorly understood, but up to 

millimolar levels of ergothioneine have been detected in various tissues throughout the body 

(Cheah and Halliwell, 2011). A large number of studies have characterised the antioxidant and 

cytoprotectant properties of ergothioneine in vitro (Reglinski et al., 1988; Hartman, 1990a; 

Akanmu et al., 1991; Aruoma et al., 1997; Aruoma et al., 1999; Mitsuyama and May, 1999; Altun 

et al., 2010; Paul and Snyder, 2010). Although the effects of ergothioneine on peripheral nervous 

tissues have not been established, ergothioneine has been shown to protect PC12 cells from β-

amyloid-induced apoptosis through the inhibition of peroxynitrite formation and subsequent 

nitration of protein tyrosine residues (Jang et al., 2004). Moreover, chronic intraperitoneal 

injection of ergothioneine in rats was found to protect retinal neurons against N-methyl-D-

aspartate (NMDA) excitotoxicity. Ergothioneine significantly restored NMDA-induced loss of 

ganglion and non-ganglion cells, reduction in density and sizes of neurons, and loss of amyloid 

precursor protein and glial fibrillary acidic protein immunoreactivity (Moncaster et al., 2002). 

More recently, Song et al. were the first to report the neuroprotective effects of ergothioneine 

against cisplatin toxicity (Song et al., 2010). In vitro, ergothioneine was found to reduce cisplatin- 

induced decrease in proliferation of pheochromocytoma (PC12) cells. Moreover, ergothioneine 

markedly reduced cisplatin-induced inhibition of axonal and dendritic growth in primary cortical 

neurons. In vivo, mice given daily oral administration of ergothioneine (2 or 8 mg/kg) for 58 

consecutive days concomitantly with intraperitoneal injections of cisplatin on days 7, 9 and 11 

were found exhibit significant improvement of the learning and memory deficits compared with 

mice treated with cisplatin alone. In this study, ergothioneine was also found to significantly 

prevent brain lipid peroxidation, restore acetylcholinesterase activity, and maintain 

glutathione/glutathione disulfide ratio in brain tissues of cisplatin-treated mice (Song et al., 2010). 

These findings suggested that ergothioneine supplementation may inhibit oxidative stress and 
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Figure 1.5 Chemical structure of ergothioneine. 
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restore acetylcholinesterase activity in neuronal cells to protect against cisplatin-induced neuronal 

injury. 

The limited context of these findings provides a strong rationale for further investigation and 

development of ergothioneine as a potential agent for the prevention or amelioration of platinum 

drug-induced neurotoxicity, with a particular focus on its role as a potent OCTN1 substrate that 

has a potential to competitively inhibit platinum uptake by OCTN1. 

 

1.7 Summary and aims of thesis 
More recently, increasing evidence of a compelling role of the OCTs in mediating the cellular 

uptake and toxicity of oxaliplatin and other platinum-based drugs has emerged in the literature, 

but the contribution of these transporters to neurotoxicity has not been considered until now 

(Ciarimboli et al., 2005b; Yonezawa et al., 2005; Yonezawa et al., 2006; Zhang et al., 2006; Yokoo 

et al., 2007; Yokoo et al., 2008; Burger et al., 2010; Ciarimboli et al., 2010). Peripheral 

neurotoxicity is the major treatment-limiting adverse effect of oxaliplatin-based chemotherapy, 

but at present, its mechanisms of toxicity is yet to be fully understood. Extensive efforts to 

prevent or ameliorate neurotoxicity have thus far proven unsuccessful, and to date, no effective 

treatment is available to manage this side effect. It has been widely accepted that platinum 

accumulation within the DRG and its sensory neurons is a major determinant of the neurotoxicity 

of oxaliplatin, although it is unclear by what means oxaliplatin selectively targets this tissue given 

its primary pharmacological actions and the post-mitotic nature of DRG neurons (Screnci et al., 

1997; Holmes et al., 1998; Luo et al., 1999; Screnci et al., 2000; Ta et al., 2006). In the recent 

years, membrane transporters in facilitating carrier-mediated or active uptake of oxaliplatin has 

become more a more favourable concept. Indeed, OCT1, OCT2 and OCT3 have been shown to 

transport platinum compounds including oxaliplatin, but the expression of these transporters in 

the DRG and its sensory neurons and their role in neurotoxicity has not been determined before. 

Moreover, information in the literature so far concerning a closely related class of transporters, 

the OCTNs (OCTN1 and OCTN2) and their expression in association with the cellular and tissue 

uptake and toxicity of oxaliplatin has been limited. 

Given this background, this thesis will examine the novel hypothesis that oxaliplatin may make 

use of OCTs (OCT1, OCT2 and OCT3) and/or OCTNs (OCTN1 and OCTN2) in DRG tissue and neurons 

to cross neuronal cell membranes, and thereby mediate its neuronal accumulation and 

neurotoxicity. In this way, substrates or inhibitors of the OCTs and/or the OCTNs may be used to 
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reduce oxaliplatin uptake and toxicity in DRG neurons. The overall goal is to provide a better 

insight into the mechanisms of oxaliplatin-induced neurotoxicity that may involve OCTs and/or 

OCTNs, and also to explore potential treatment strategies using substrates or inhibitors of these 

transporters for the prevention or amelioration of oxaliplatin-induced neurotoxicity.  

The specific aims of this thesis are: -  

• To characterise the mRNA and protein expression of the OCTs and the OCTNs in rat DRG 

tissue and cultured rat DRG neurons, as well as the functional transport activity of these 

transporters in cultured rat DRG neurons in vitro (Chapter 3). 

• To examine the potential of rat and human homologues of the OCTs and the OCTNs to 

mediate the cellular uptake and cytotoxicity of oxaliplatin using over-expressing HEK293 

cells in vitro (Chapter 4). 

• To determine a role of the OCTs and/or the OCTNs in the neuronal accumulation and 

neurotoxicity in primary cultures of rat DRG neurons in vitro (Chapter 5). 

• To evaluate the effects of targeting Octn1 and Octn2 by model substrates ergothioneine 

and acetyl-L-carnitine, respectively, on oxaliplatin-induced neurotoxicity in an exploratory 

in vivo study using a Wistar rat model of oxaliplatin-induced neurotoxicity (Chapter 6). 

• To determine the effects of genetic disruption of Octn1 on the neuronal uptake and 

neurotoxicity of oxaliplatin using cultured DRG neurons from wild type and Octn1 

knockout mice in vitro (Chapter 7). 
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CHAPTER 2. Materials and methods 
 

Three main experimental models were used in this thesis and these included DRG neurons 

cultured from Wistar rats, C57BL wild type mice, and C57BL Octn1 knockout mice; HEK293 cells 

over-expressing OCTs/OCTNs; and an in vivo Wistar rat model of oxaliplatin neurotoxicity.  

 

2.1 Animals 
All animal experiment procedures were approved by the Animal Ethics Committee of the 

University of Auckland or the Committee of Kanazawa University for the Care and Use of 

Laboratory Animal, and in compliance with the institutional ethical guidelines. 

 In vitro studies 2.1.1
19 to 21-day old female Wistar rats were used to provide primary cultures of dissociated DRG 

neurons for the in vitro experiments described in Chapters 3 and 5. 

8 to 12 week old male and female wild type C57/6J black mice and Octn1 knockout (Octn1-/-) were 

used to provide primary cultures of dissociated DRG neurons for the in vitro experiments 

described in Chapter 7. Octn1 knockout mice was generated and maintained at the Faculty of 

Pharmacy, Institute of Medical, Pharmaceutical and Health Sciences, Kanazawa University (Kato et 

al., 2010). 

 In vivo study 2.1.2
Age-matched, 10 week old female Wistar rats that weighed approximately 250 ± 25 g were used 

in the in vivo studies described in Chapter 6. Animals were housed in groups of 3 to 5 in a 

temperature-controlled environment on a 12 h light-dark cycle, with access to food and water ad 

libitum. They were acclimatised to handling for 2 weeks prior to drug treatment. During the 

treatment period, animals were checked regularly for changes in body weight and other signs of 

toxicity. Any animal showing any sign of toxicity was euthanised immediately. 
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2.2 DRG dissection 
19 to 21-day old Wistar rats and 8 – 10 week old mice were euthanised with an intraperitoneal 

dose of pentobarbitone (0.3 mL of 3 mg/mL; Chemstock Animal Health Ltd., Christchurch, New 

Zealand). Following the onset of deep anaesthesia as determined by the loss of righting reflexes 

and responses to painful stimuli, a large transverse incision was made down the middle of the 

back skin to expose the spine. The spinal column was removed from the animal and hemisected to 

uncover the spinal cord and DRG (Figure 2.1). Lumbar 1 – 6 (L1 – L6) DRG from rats, or L1 – L5 

from mice, were carefully microdissected from connecting central and peripheral nerve fibres and 

adherent connective tissues and kept in ice-cold Leibovitz L-15 medium (Invitrogen, Carlsbad, CA, 

USA) supplemented with 10% horse serum (Invitrogen, Carlsbad, CA, USA), 100 U/mL penicillin, 

0.1 mg/mL streptomycin, and 2 mM glutamine. Typically, DRG from 3 – 4 animals were pooled 

together for subsequent cell isolation procedures.  

 

2.3 Cell culture 
In this thesis, two types of cell cultures were used; primary culture of dissociated rat or mouse 

DRG neurons, and immortalised HEK293 cells overexpressing rat (r) Oct2, rOct3, rOctn1, rOctn2, 

human (h) OCTN1, hOCTN2 and the empty vector. 

  Primary culture of dissociated DRG neurons 2.3.1
Freshly dissected DRG tissues were firstly washed with ice-cold PBS, and digested in freshly 

prepared collagenase (5 mg/mL)/dispase (5 mg/mL) for 30 min at 37⁰C. Subsequently, DRG were 

trypsinised using 0.25% trypsin in Neurobasal A medium (Invitrogen, Carlsbad, CA, USA) 

containing 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 2 mM glutamine for 30 min at 37⁰C, 

and then triturated using fire-softened Pasteur pipettes to dissociate tissue structure and release 

cells. The suspension was filtered through a 70 – 100 µm cell strainer (BD Falcon, Franklin Lakes, 

NJ, USA), and DRG neurons were isolated from the filtrate by Percoll centrifugation (density, 1.040 

g/mL) at 800 ×g at room temperature (Delree et al., 1989). The resultant cell pellet was 

resuspended in Neurobasal A medium containing 10% horse serum, 100 U/mL penicillin, 0.1 

mg/mL streptomycin, 2 mM glutamine, and 1% N-2 supplement (culture medium). Viable DRG 

neuron yield was estimated using a haemocytometer and the trypan blue exclusion method. 

Typically, one rat or mouse harvested approximately 20,000 – 30,000 DRG neurons. 
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Figure 2.1 Anatomy of the spinal cord and dorsal root ganglia (DRG). 
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Dissociated DRG neurons were seeded on collagen- or poly-L-lysine-coated 12, 24, or 96 well 

plates (Table 2.1), and cultured at 37⁰C in a humid atmosphere of 5% CO2/95% air. After 24 h, 

fresh culture medium containing 5-fluoro-2’-deoxyuridine (20 µM) and uridine (60 µM) was added 

for 48 h to remove non-neuronal cells from culture. Then, culture medium was replaced every 

other day until the 6th post-dissection day when the DRG neurons were ready for experiment. 

 Establishment of HEK/rOctn1 cells 2.3.2
Wild type HEK293 cells were transfected with previously established pcDNA3.1 plasmid vector 

containing rat Octn1 (pcDNA3.1/rOctn1) to generate stably transfected HEK293 cells over-

expressing rOctn1 (Nakamura et al., 2008) using a Roche FuGene HD Transfection Kit (Roche  

Diagnostics GmbH, Mannheim, Germany) following manufacturer’s protocols. In brief, Dulbecco’s 

modified Eagle’s medium (DMEM; 100 µL) and FuGene HD Transfection Reagent (3 µL) was mixed 

vigorously with 1 µg of pcDNA3.1/rOctn1 and incubated at room temperature for 30 min, and 

added to wild type HEK293 cells seeded at approximately 6 × 105 cells/well on a 6-well plate. The 

plate was incubated for 6 h at 37⁰C, and the cells from all wells were pooled together and 

transferred to several 10cm2 dishes seeded at 0.3 – 1 × 106 cells/dish and cultured in normal 

DMEM containing G418 (1 mg/mL; Sigma-Aldrich, St Louis, MO, USA). Transfected cells were 

cultivated for 1 - 2 weeks with G418 (1 mg/mL) to allow formation of colonies. After 

approximately 2 weeks, several single colonies were isolated under a light microscope, and 

subjected to 2 or 3 further selections using G418 (1 mg/mL). The individual colonies were 

screened for functional transport activity of rOctn1 by measuring cellular uptake of [3H] 

ergothioneine. The colony with the highest [3H] ergothioneine transport activity was amplified 

through several passages and aliquots were stored in liquid nitrogen. 

 HEK293 cells 2.3.3
HEK293 cells were cultured  using a 10 cm2 culture dish in DMEM supplemented with 10% fetal 

bovine serum, 100 U/mL penicillin, 100 µg/mL streptomycin, 6 mg/mL 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), and 1 mM pyruvic acid under a humidified atmosphere at 

37⁰C and 5% CO2/95% air. Cells were passaged every 3 – 4 days until 2 days prior to experiment, 

seeded onto 24 or 96 well plates. 
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Table 2.1 Type of plate, coating, and seeding density used for cultured DRG neurons in 

different experimental designs; western blot, immunocytochemistry, uptake studies, inductively 

coupled plasma mass spectrometry (ICP-MS), and cytotoxicity assays. 

 Plate type Coating Seeding density 
(neurons/well) 

Western blot 12-well plate Collagen 50,000 

Immunocytochemistry 8-well chamber slide Poly-L-ornithine; 
laminin 2,500 

Uptake studies 24-well plate Poly-L-lysine 5,000 - 10,000 

ICP-MS 24-well plate Collagen 30,000 

Cytotoxicity assays 96-well plate Collagen 5,000 
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2.4 Reverse Transcriptase – Polymerase Chain Reaction 

(RT-PCR) 
4 main steps were involved in RT-PCR; RNA extraction from tissue or primary culture of DRG, 

complementary DNA (cDNA) synthesis, amplification of cDNA by PCR, and analysis by gel 

electrophoresis. 

 RNA extraction 2.4.1
Age-matched, 10 week old female Wistar rats (n = 6) were euthanised using approximately 1.0 mL 

of pentobarbitone (3 mg/mL), and their L4 – L6 DRG, brain (100 mg), spinal cord (100 mg), liver 

(100 mg), kidney (100 mg) and intestine (100 mg) were collected, immediately snap frozen in 

liquid nitrogen, and stored at -80⁰C. Total RNA (250 ng) was extracted using an Aurum Total RNA 

Fatty and Fibrous Tissue Kit (Bio-Rad Laboratories, Hercules, CA, USA) following the 

manufacturer’s protocols. In brief, DRG and other tissues were homogenised in 1 mL of PureZol 

reagent using a Dounce homogeniser (Glas-Col, Terre Haute, IN, USA) at high speed for 

approximately 1 min, and passed through a 20 gauge needle and syringe. The resultant lysate was 

centrifuged at 12,000 ×g for 10 min at 4⁰C, and the supernatant was collected and mixed 

vigorously with 0.2 mL of chloroform for 5 min at room temperature. The tissue homogenate was 

further centrifuged at 12,000 ×g for 15 min at 4⁰C, and the upper aqueous phase was carefully 

removed and mixed thoroughly with an equal volume of 70% ethanol, which was then transferred 

to a RNA binding column. Following centrifugation at 12,000 rpm for 30 s at room temperature, 

700 µL low stringency buffer was added in the column, and the centrifugation step repeated. The 

previous step was repeated with the following reagents in order; diluted DNase I solution, high 

stringency wash, and low stringency wash. Finally, RNA from DRG or other tissues was eluted with 

40 or 80 µL of elution solution, respectively. 

The purity and concentration of each RNA sample were determined using a Nanodrop ND-1000 

Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The RNA sample was 

considered pure when the ratio of the absorbance of the diluted samples at wavelengths of 

260nm (A260) to 280 nm (A260), A260/A280 was 1.8 or greater, using TE buffer (10 mM Tris-HCl, 1 mM 

EDTA, pH 8.0) as blank. The concentration of the RNA sample was quantified by Nanodrop analysis 

on the basis of the A260 value, where 1 unit of absorbance at 260 nm corresponded to 40 µg of 

RNA per mL. 
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 cDNA synthesis 2.4.2
250 ng of isolated RNA from each sample was reverse transcribed to complementary DNA (cDNA) 

using a SuperScript First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA) following the 

manufacturer’s protocols. RNA samples were firstly treated with DNase I for 15 min prior to RT-

PCR to eliminate contamination from residual genomic DNA. DNase I enzyme was inactivated 

following the addition of EDTA (25 mM) at 65⁰C. Following denaturation of RNA at 65⁰C, first 

strand cDNA synthesis was primed with oligo(dT)12 – 18 (0.5 µg/µL) in the presence of free 

nucleotides (10 mM dNTP mix) in a reaction catalysed by SuperScript II reverse transcriptase. 

Reactions were terminated at 70⁰C, and incubated with RNase H enzyme to degrade residual RNA 

in the cDNA sample. To control for the presence of residual genomic DNA, an addition sample was 

prepared in the absence of reverse transcriptase. 

 PCR 2.4.3
cDNA samples were subjected to conventional PCR amplification for rOct1, rOct2, rOct3, rOctn1, 

rOctn2, and the endogenous control gene, glyceraldehyde 3-phosphate dehydrogenase (rGapdh) 

using a C1000 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) and gene-specific primers 

(Invitrogen, Carlsbad, CA, USA) (Table 2.2). Reactions (50 µL) were catalysed by platinum Taq DNA 

polymerase (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocols. The 

temperature profile was as follows: 5 min at 94⁰C, and then 40 cycles of 15 s at 94⁰C, 30 s at 52⁰C, 

and 30 s at 72⁰C. 

 Gel electrophoresis 2.4.4
RT-PCR products were analysed by gel electrophoresis on 2% agarose gel using Bio-Rad mini-sub 

cell GT system at 110 V for 75 min, stained with ethidium bromide, and visualised using Gel Doc 

2000 (Bio-Rad Laboratories, Hercules, CA, USA). A 2 kb DNA ladder (Bio-Rad Laboratories, 

Hercules, CA, USA) was used to determine the band size of the RT-PCR products.  

2.5 Real-time PCR 
cDNA (10 ng) of DRG and other tissues synthesised from total RNA as described in section 2.4.1 

was added to TaqMan Universal Master Mix, inventoried FAM-labeled probe for rOct1, rOct2, 

rOct3, rOctn1, and rOctn2, and the endogenous control VIC-labeled probe for 18S ribosomal RNA 

(Applied Biosystems, Foster City, CA, USA). Multiplex real-time PCR reactions (10 µL) were 

performed using 7900HT Fast Real-Time PCR System and SDS 2.3 software (Applied Biosystems, 

Foster City, CA, USA). The fluorescence value at each corresponding cycle number was plotted in 

SigmaPlot 10 software (Systat Software Inc., Chicago, IL, USA) using a sigmoidal three parameter 
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Table 2.2 RT-PCR primer sequences of rat organic cation transporters (rOct), organic 

cation/carnitine transporters (rOctn), and glyceraldehyde 3-phosphate dehydrogenase (rGapdh). 

Gene Accession No. Primer sequence 5’ – 3’ Amplicon size (bp) 

rOct1 NM_012697 
Forward TAT GGT TCT CTT GTG CTG TGC T 

493 
Reverse TTG GTC TCT GGG AGA AGA AGA G 

rOct2 NM_031584 
Forward GTC ACC ATC CTC ATC AAT GCT A 

354 
Reverse GGC TTT TAC GAT TTT GTT CTG G 

rOct3 NM_019230 
Forward CCG AAT TTT TCT GTG TTT GTG A 

478 
Reverse CAC TTG TGA ACC AAG CAA ACA T 

rOctn1 NM_022270 
Forward TGG CTT CAA TGG TAT GTC AGT C 

487 
Reverse CTC CCA GTT GGT TGA GAA AAT C 

rOctn2 NM_019269 
Forward TTC CAC TAT CTT CGA TCC CAG T 

404 
Reverse AAT AGG CAG AGG TGA TTC CAA A 

rGapdh NM_017008 
Forward TGC TGA GTA TGT CGT GGA GTC T 

291 
Reverse ACA GTC TTC TGA GTG GCA GTG A 
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curve fitting, and the cycle number at which the fluorescence value was 50% of the maximum was 

determined as the threshold cycle (Liu and Saint, 2002). Relative mRNA expression levels were 

determined using the 2-ΔCt method, where Ct denotes threshold cycles for each reaction, and ΔCt 

= Ct, OCT – Ct, rRNA (Livak and Schmittgen, 2001). 

 

2.6 Western blotting 

 Protein extraction 2.6.1
Fresh DRG tissues and primary culture of DRG neurons were prepared as outlined in sections 2.2 

and 2.3.1, respectively. Total protein was extracted from fresh and cultured DRG in a lysis buffer 

containing 50 mM Tris-HCl, pH 7.4, 250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40, 0.1% 

SDS, and Complete Protease Inhibitor Cocktail tablets (Roche, Indianapolis, IN, USA) using a 

Dounce homogeniser. The homogenates were sonicated for 10 min followed by centrifugation for 

5 min at 10,000 ×g at 4⁰C to remove cellular debris, and the protein concentration of the resultant 

supernatant was determined using the bicinchoninic acid (BCA) assay as described previously 

(Smith et al., 1985). In brief, diluted protein samples were incubated with freshly prepared 4% 

copper sulphate solution (Sigma-Aldrich, St Louis, MO, USA) in BCA solution (Sigma-Aldrich, St 

Louis, MO, USA) at room temperature for 15 min, and the absorbance of the samples at 562 nm 

was measured. Protein content of the samples was quantified from standard curves made up with 

bovine serum albumin solutions (31.25 – 4000 µg/mL) (ICPBio Ltd., Auckland, New Zealand). 

 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 2.6.2

(SDS-PAGE) and sample transfer  
Protein samples (100 µg) were mixed with 2× sample loading buffer (100 mM Tris-HCl, pH 6.8, 4% 

SDS, 200 mM DTT, 20% glycerol and 0.021% bromophenol blue), denatured for 5 min at 95⁰C, and 

separated by 8% SDS-polyacrylamide gel electrophoresis using Mini-PROTEAN 3 electrophoresis 

module (Bio-Rad Laboratories, Hercules, CA, USA) at 200 V, 0.02 – 0.04 A, for 45 min, in an 

electrophoresis buffer containing 192 mM glycine, 25 mM Tris base, and 0.1% SDS. Protein 

Precision Plus Protein Standards (Bio-Rad Laboratories, Hercules, CA, USA) and MagicMark XP 

Western Protein Standard (Invitrogen, Carlsbad, CA, USA) were used to determine the molecular 

weight of the protein bands.  

Gels were removed from the gel cassettes and carefully placed on top of nitrocellulose 

membranes that were pre-soaked in MilliQ water and transfer buffer containing 192 mM glycine 
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and 25 mM Tris base, pH 8.0. Proteins were transferred from the gel onto the nitrocellulose 

membranes at 110 V for 60 min in transfer buffer. At the end of transfer, membranes were 

washed in TTBS solution (150 mM NaCl, 20 mM Tris-HCl, and 0.1% Tween 20, pH 7.6) for 15 min, 

and stained with Ponceau S solution (0.1% Ponceau S in 5% acetic acid) for 1 min to check 

membrane transfer efficiency. Membranes were destained by brief rinses in MilliQ water followed 

by overnight blocking at 4⁰C with 2% ECL Advance Blocking Reagent (Amersham Biosciences, 

Buckinghamshire, UK). 

 Sample probing 2.6.3
Membranes were incubated overnight at 4⁰C with polyclonal rabbit antibodies against rOct2, 

rOct3, or rOctn1 (1:500) (Alpha Diagnostic International, San Antonio, TX, USA) diluted in 2% ECL 

Advance Blocking Reagent (Amersham Biosciences, Buckinghamshire, UK). The following day, 

membranes were washed 6 times for 10 min each in 1% milk/TTBS solution with gentle agitation, 

and incubated with horseradish peroxidise-conjugated anti-rabbit secondary antibody (1:1000 – 

1:2000) (Amersham Pharmacia, Tokyo, Japan) for 60 min at room temperature. Membranes were 

further washed 3 times in 1% milk/TTBS, and then incubated with ECL Advance Western Blotting 

Detection System reagents (Amersham Biosciences, Buckinghamshire, UK) for 5 min at room 

temperature. Immunoreactive bands were imaged using Fujifilm LAS-3000 Imager (Fujifilm 

Corporation, Tokyo, Japan) with exposure time ranging from 2 to 30 s. 

 Stripping and re-probing 2.6.4
Membranes were subsequently stripped in a freshly prepared buffer containing 10% SDS, 1 M Tris 

base (pH 6.8), and 100 mM β-mercaptoethanol, pH 6.8, for 30 min at 56⁰C with agitation. Finally, 

membranes were re-probed with monoclonal mouse anti-β-actin (1:20,000) (Abcam, Cambridge, 

UK) as loading controls for 1 h at room temperature followed by horseradish peroxidise-

conjugated anti-mouse secondary antibody (1:500) (Amersham Biosciences, Buckinghamshire, UK) 

for 1 h at room temperature for the loading control, and visualised using Fujifilm LAS-3000 Imager 

(Fujifilm Corporation). 

 

2.7 Immunocytochemistry 
Cultured DRG neurons prepared on chamber slides as described in section 2.3.1 were firstly 

washed with pre-warmed PBS and fixed with 4% paraformaldehyde for 15 min at room 

temperature. The cells were subsequently permeabilised with 0.2% Triton X-100 in PBS for 15 min 

and treated with Image-iT FX Signal Enhancer (Invitrogen, Carlsbad, CA, USA) for 30 min under 
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humid conditions. Next, cells were incubated with blocking solution (PBS containing 0.2% Triton X-

100, 3% goat serum, and 2% bovine serum albumin) for 60 min at room temperature with gentle 

agitation, followed by overnight incubation with primary antibodies, polyclonal rabbit anti-rOct2, 

rOct3, or rOctn1 (1:500) (Alpha Diagnostic International, San Antonio, TX, USA) diluted in 

immunobuffer (PBS containing 0.2% Triton X-100 and 3% goat serum) at 4⁰C. After several washes 

in PBS containing 0.2% Triton X-100, cells were incubated with the secondary antibody, Alexa 

Fluor 488-labeled anti-rabbit IgG (H+L) (1:500) (Invitrogen, Carlsbad, CA, USA) diluted in 

immunobuffer for 3 h at 4⁰C, protected from light. After incubation, cells were washed and 

coverslipped with Vectashield mounting medium with 6-diamidino-2-phenylindole (DAPI) (Vector 

Laboratories, Burlingame, CA, USA). Images were captured using a Leica DMR upright 

fluorescence microscope (Leica Microsystems, Wetzler, Germany) attached to a cooled colour 

Nikon digital camera and analysed using Nikon ElipseNet (Nikon, Melville, NY, USA) and ImageJ 

software (National Institutes of Health, Bethesda, MD, USA). 

 

2.8 Cytotoxicity assays 
Oxaliplatin cytotoxicity was determined in several approaches in the different cell types used in 

this thesis. In non-proliferating cultured DRG neurons, lactate dehydrogenase (LDH) and 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were used to measure cell 

death and cell viability, respectively. In proliferating HEK293 cells, sulforhodamine B (SRB) assay 

was used to evaluate cell growth. 

 Lactate dehydrogenase (LDH) assay  2.8.1
Dissociated DRG neurons were seeded at 5000 cells/well on collagen-coated 96-well plates and 

cultured as described in section 2.3.1 for 6 days prior to drug exposure. Oxaliplatin (Eloxatin, 50 

mg/10 mL, Oncology Unit, Auckland City Hospital, Auckland) was serially diluted in Neurobasal A 

medium containing 2% horse serum, and incubated with cultured DRG neurons for 48 h at 37⁰C 

with 5% CO2/95% air. In addition, background, low, and high controls were included for analysis, 

and these were incubated with medium alone, medium and cells, 2% Triton X-100 in medium and 

cells, respectively, to account for background absorbance, spontaneous LDH release, and 

maximum LDH release, respectively. Cytotoxicity was determined using the Roche Applied Science 

Cytotoxicity Detection Kit (LDH) (Roche Diagnostics GmbH, Mannheim, Germany) following 

manufacturer’s protocols. Briefly, equal volume of medium containing drug was aspirated and 

incubated with freshly prepared mixture of reconstituted catalyst and dye solution for 30 min at 



71 
 

room temperature. Following incubation, absorbance of the samples was measured at 490 nm. 

Cytotoxicity was calculated as a percentage of the experimental value to the high control value, 

following deductions from background and low control values. IC50 values were generated from 

curve fits using GraphPad Prism 5 software (GraphPad Software Inc., San Diego, CA, USA). 

 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 2.8.2

(MTT) assay 
Dissociated DRG neurons were seeded at 5000 cells/well on collagen-coated 96-well plates and 

cultured as described in section 2.3.1 for 6 days prior to drug exposure. Oxaliplatin (Eloxatin, 50 

mg/10 mL), ergothioneine (Toronto Research Chemicals, Ontario, Canada), L-carnitine (Sigma-

Aldrich, St Louis, MO, USA), and MPP+ (Sigma-Aldrich, St Louis, MO, USA) were prepared in culture 

medium and incubated with cultured DRG neurons for 48 h at 37⁰C with 5% CO2/95% air. The MTT 

assay was used to determine cell viability. In brief, medium containing drugs was aspirated, 

replaced with MTT solution (5 mg/mL) freshly prepared in 50% PBS and 50% culture medium and 

incubated for 1 h at 37⁰C with 5% CO2/95% air, protected from light. The MTT solution was 

subsequently aspirated, cells were lysed in dimethylsulfoxide (DMSO), and optical density was 

measured at 570 nm. Cell viability was presented as a percentage of control in the absence of 

oxaliplatin. 

 Sulforhodamine (SRB) assay 2.8.3
A sulforhodamine B (SRB) assay was used to detect the effect of oxaliplatin on cell proliferation of 

HEK293 cells overexpressing rOctn1, rOctn2, hOCTN1, hOCTN2, and rOct2. Cells were seeded at 

4000 cells/well on 96-well plates and allowed to adhere in drug-free medium for 6 h prior to 

oxaliplatin exposure as described previously (Fan et al., 2010). In brief, oxaliplatin was serially 

diluted in DMEM supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 µg/mL 

streptomycin, 6 mg/mL HEPES, and 1 mM pyruvic acid, and added to the cell cultures and 

incubated for 72 h at 37⁰C with 5% CO2/95% air. Drug exposure was terminated by fixing the cells 

with 10% trichloroacetic acid solution for 1 h at 4⁰C, and cellular protein content was determined 

by staining with 0.57% SRB dissolved in 1% acetic acid for 30 min at room temperature. Unbound 

dye was removed by washing with 1% acetic acid for 30 min, and plates were allowed to air-dry. 

Bound dye was solubilised in 10 mM Tris base (pH 10) for 30 min at room temperature, and 

optical density was measured at 540 nm. Normalised absorbance to untreated controls was 

plotted against oxaliplatin concentration, and IC50 values were generated from curve fits using 

GraphPad Prism 5 software (GraphPad Software Inc., San Diego, CA, USA). 
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2.9 Uptake studies 
Functional activity of OCTs and OCTNs in cultured DRG neurons was firstly determined by uptake 

of radiolabeled model substrates [14C] tetraethylammonium bromide (TEA+), [3H] 1-methyl-4-

phenylpyridinium (MPP+), [3H] ergothioneine, and [3H] L-carnitine. Measurement of [14C] 

oxaliplatin uptake and platinum accumulation using inductively coupled plasma mass 

spectrometry (ICP-MS) were used to evaluate oxaliplatin transport into DRG neurons. 

 Uptake of radiolabeled substrates 2.9.1
DRG neurons or HEK293 cells were first washed and pre-incubated in pre-warmed transport 

buffer containing 125 mM NaCl, 4.8 mM KCl, 5.6 mM D-glucose, 1.2 mM CaCl2, 1.2 mM KH2PO4, 

1.2 mM MgSO4, and 25 mM HEPES (pH 7.4) for 10 min at 37⁰C. Transport buffer was subsequently 

aspirated and replaced with fresh transport buffer containing either [14C] TEA+ (0.5 µCi/mL; 9.1 

µM), [3H] MPP+ (0.5 µCi/mL; 6.3 µM), [3H] ergothioneine (0.5 µCi/mL; 5.0 µM), and [3H] L-carnitine 

(0.5 µCi/mL; 5.9 µM) to initiate uptake at 37⁰C. At designated times, transport buffer containing 

radiolabeled substrate was aspirated, and cells were washed three times with ice-cold buffer, air-

dried, and lysed in 200 µL of 1% Triton X-100 solution for 6 to 12 h with gentle agitation. After cell 

lysis, 150 µL from each well was collected for quantification of radioactivity using LSC-6100 liquid 

scintillation counter (Aloka Co Ltd., Tokyo, Japan). Uptake of radiolabeled substrates was 

presented as the cell/medium ratio (µL per mg of protein), the radioactivity accumulated in the 

cells as a fraction of initial concentration of radioactive compound in the transport buffer. Cellular 

protein content from each well was determined using a Bio-Rad Protein Assay following 

manufacturer’s protocols. In brief, diluted samples were incubated with the dye reagent for 5 min 

at room temperature, and absorbance was measured at 595 nm and compared to a standard 

curve generated from varying concentrations of bovine serum albumin diluted in MilliQ water. 

 DRG neurons 2.9.1.1

Uptake of radiolabeled substrates was also measured at 4⁰C in cultured DRG neurons. Cells were 

pre-incubated on ice for 30 – 40 min, and uptake studies were carried out in a similar manner as 

described above except the use of ice-cold buffers replaced the pre-warmed buffers. 

Uptake of [14C] oxaliplatin (0.1 µCi/mL; 2.0 µM) by cultured rat and mouse DRG neurons was 

determined for 2 h at 37⁰C, during which transport buffer was replaced by minimal essential 

medium (MEM) supplemented with MEM vitamin solution (100×) and MEM essential amino acids 

solution (50×) to maintain cell viability during the 2 h incubation. 
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 HEK293 cells 2.9.1.2

For characterisation of sodium-dependent ergothioneine and L-carnitine uptake, 125 mM NaCl 

was replaced with equimolar N-methylglucamine. 

To determine the effect of unlabeled oxaliplatin on OCTN1 and OCTN2, a range of concentrations 

of unlabeled oxaliplatin were co-incubated for 3 min at 37⁰C with [3H] ergothioneine (0.5 µCi/mL; 

5.0 µM) and [3H] L-carnitine (0.5 µCi/mL; 5.9 µM) in HEK293 cells overexpressing rat and human 

OCTN1 and OCTN2, respectively. HEK293 cells transfected with pcDNA3.1 plasmid vector alone 

(Mock) were used to control for the background activity.  

Radiolabeled [14C] oxaliplatin (0.05 µCi/mL; 1.0 µM) uptake by HEK293 cells overexpressing 

rOctn1, rOctn2, hOCTN1, and hOCTN2 was measured with an approach similar to that described 

above to determine the contribution of OCTN1 and OCTN2 in the transport of oxaliplatin. Cells 

were seeded at 150,000 cells/well on poly-L-lysine coated 24-well plate 2 days prior to uptake 

experiments. Uptake of [14C] oxaliplatin was measured for 1 or 2 h at 37⁰C. 

 Measurement of platinum accumulation by ICP-MS 2.9.2
Platinum accumulation by cultured DRG neurons following oxaliplatin exposure was determined 

using inductively coupled plasma mass spectrometry (ICP-MS). In brief, cells were incubated in 

transport buffer containing oxaliplatin (30 – 100 µM) in the absence or presence of ergothioneine 

(1 mM), MPP+ (1 mM), or L-carnitine (1 mM) for 30 min at 37°C in 5% CO2/95% air. After 

incubation, cells were washed once with ice-cold PBS and twice with PBS containing 10 mM EDTA, 

and lysed in 70% nitric acid at room temperature for at least 2 h. The digested cells were then 

diluted to 2 mL with MilliQ water spiked with thallium (50 parts per billion; ppb) as internal 

standard. Platinum content was determined using a Varian 820MS ICP-MS (Agilent Technologies 

Inc., Santa Clara, CA, USA) at LabPLUS (Auckland, New Zealand). Cellular protein content was 

quantified using a method described previously (Bible et al., 1999), where the absorbance of 

digested cells was measured at 358 nm and compared to a standard curve generated with varying 

concentrations of bovine serum albumin in 70% nitric acid. 

 

2.10 Drug treatment 
Age-matched, 12-week old female rats were randomly allocated to the following treatment 

groups; vehicle control, oxaliplatin alone, oxaliplatin plus acetyl-L-carnitine (ALC, 50 mg/kg), 



74 
 

oxaliplatin plus ALC (100 mg/kg), oxaliplatin plus ergothioneine (1 mg/kg), and oxaliplatin plus 

ergothioneine (10 mg/kg). 

To induce neurotoxicity, animals were treated with intraperitoneal (i.p.) injections of oxaliplatin 

(3.7 mg/kg) twice weekly for 4 weeks. Oxaliplatin was prepared from Eloxatin (50 mg/10 mL, 

Auckland City Hospital) diluted in 5% dextrose (Baxter Healthcare, Old Toongabbie, NSW, 

Australia), and administered to animals at an injection volume of 10 mL/kg between 13:00 and 

15:00 on Monday and Thursday to minimise chronopharmacologic variations. ALC (50 or 100 

mg/kg) and ergothioneine (1 or 10 mg/kg) were prepared in distilled water and given to animals 

by oral gavage (p.o) 5 times per week for 4 weeks at an injection volume of 1 mL/kg. Control 

animals were treated with the vehicle solutions, distilled water (p.o) 5 times per week and 5% 

dextrose (i.p.) twice weekly. 

 

2.11 Paraformaldehyde perfusion and DRG dissection 
48 h following the conclusion of the 4 week treatment, animals were euthanised with an 

intraperitoneal injection (1.0 mL) of 3 mg/mL pentobarbitone (Chemstock Animal Health Ltd). At 

the onset of deep anaesthesia, the chest was cut open, and a 16 gauge needle was inserted into 

the left ventricle of the heart. A small incision was made in the left and right atria, and 60 mL of 

saline was perfused into the heart via the needle, followed by 60 – 120 mL of 4% 

paraformaldehyde (Sigma-Aldrich, St Louis, MO, USA) in 0.1 M phosphate buffer. L4 – L6 DRG was 

dissected as described in section 2.2, and stored in 4% paraformaldehyde at room temperature. 

 

2.12 DRG tissue embedding and sectioning 
One L4, L5 and L6 DRG from each animal was embedded in Tissue-Tek optimal cutting 

temperature (OCT) embedding compound (Sakura Finetek, Torrance, CA, USA), snap frozen in 

liquid nitrogen, and stored in -80⁰C for immunohistochemistry. The other set of DRG was 

embedded in paraffin for morphometric analyses. 

 Paraffin-embedded tissue 2.12.1
DRG tissues were removed from storage in 4% PFA for 17 days, washed in MilliQ water for 20 min, 

dehydrated in 70%, 95% and 100% ethanol for 1 h each, and cleared in xylene for 10 min. 

Subsequently, DRG tissues were transferred into liquid paraffin wax for 1 h at 60⁰C, and 
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embedded in an embedding mould with paraffin wax. The embedding moulds containing DRG 

tissues were left to cool on a cold plate at 4⁰C for 20 min to allow the wax to solidify, and the 

resulting paraffin blocks were stored at room temperature until sectioning. Paraffin-embedded L5 

DRG was sectioned using a Leica RM 2145 microtome (Leica Microsystems GmbH, Wetzler, 

Germany) at a thickness of 6 µm. The sections were floated in warm water bath at 48⁰C to allow 

tissues to expand and flatten, and transferred onto poly-L-lysine-coated slides. Approximately 100 

sections were collected from each L5 DRG. Slides were dried in a 50⁰C oven for 50 min. 

 Snap frozen tissue 2.12.2
DRG tissues were stored in 4% PFA for 2 h and cryoprotected in 30% sucrose in PBS solution at 

room temperature for 48 h or until the tissue sank. After sinking, DRG tissues were immersed in 

Tissue-Tek OCT compound (Sakura Finetek), and snap frozen in liquid nitrogen, and stored at -

80⁰C until sectioning. Frozen L5 DRG tissue was sectioned at -18⁰C using a Leica CM 3050 S 

cryostat (Leica Microsystems GmbH, Wetzler, Germany) at a thickness of 10 µm. A total of 4 or 5 

sections were collected on each poly-L-lysine-coated slide. Each section was separated from its 

adjacent section by at least 60 µm to minimise the likelihood of a DRG neuronal cell body being 

present on the same slide in more than 1 section. The slides were stored at -80⁰C until use for 

immunohistochemistry. 

 

2.13 DRG morphometry 
Paraffin-embedded sections of L5 DRG tissues were firstly stained with haematoxylin and eosin, 

and digital images were captured using an Axiostar light microscope attached to an Axiocam 

camera (Carl Zeiss Vision, Hallbergmoos, Germany). DRG morphometry measurements including 

cell body area and nucleolus size were performed using AxioVision 3.0 software (Carl Zeiss 

Software).  

 Haematoxylin and eosin staining 2.13.1
Paraffin-embedded sections of L5 DRG tissues were dewaxed in xylene for 10 min, and rehydrated 

in 100%, 95% and 70% ethanol for 10 dips each. The slides were then washed in tap water for 10 – 

20 dips, and stained with Gill’s haematoxylin (Sigma-Aldrich, St Louis, MO, USA) for 1 dip. The 

slides were washed again in tap water for 10 – 20 dips, transferred into Scott’s tap water for 1 

min, and stained with Moore’s eosin for 20 s. Lastly, the slides were dehydrated in 70%, 95%, 

100% ethanol, and 1:1 ethanol/xylene mixture for 10 dips each, followed by clearing in xylene for 

10 min, and coverslipped with DPX mounting medium (Scharlau Chemie, Barcelona, Spain).  
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 DRG cell body area and nucleolus size 2.13.2
Cell body area was measured for the largest 10 DRG neurons containing visible nucleoli for every 

animal. Every 10th section was subjected to DRG morphometric analysis including cell body area 

and corresponding nucleolus size to minimise the likelihood of analysing the same neuronal cell 

body twice. A total of 6 – 14 sections were analysed per animal. Morphometric parameters from 

the 10 largest neurons in each DRG were averaged to provide the mean cell body area and 

nucleolus size for each animal. 

 

2.14 Phosphorylated neurofilament heavy subunit (NF-H) 

immunostaining 
DRG cryosections were firstly warmed to room temperature for approximately 20 min, and 

permeabilised with 0.2% Triton X-100 in PBS for 15 min. The slides were then incubated in 1% 

hydrogen peroxide in 50% methanol for 10 min to reduce endogenous peroxidise activity, 

followed by 3 washes in PBS for 5 min each. Next, the slides were blocked for non-specific binding 

in blocking buffer containing 3% normal goat serum (Sigma-Aldrich, St Louis, MO, USA), 20 mg/mL 

bovine serum albumin, 0.2% Triton X-100 in PBS for 1 h at room temperature. The slides were 

then incubated overnight at room temperature in a humidity chamber with mouse anti-

neurofilament 200kDa, clone RT97 (1:100; Chemicon, Millipore, Billerica, MA, USA). In control 

slides, the primary antibody was replaced by immunobuffer. The next day, slides were washed in 

3 changes of PBS containing 0.2% Triton X-100 for 5 min each, and incubated with goat anti-

mouse IgG biotin conjugated secondary antibody (1:500; Sigma-Aldrich, St Louis, MO, USA) for 2.5 

h at room temperature. Following 3 further PBS washes, slides were incubated in ExtrAvidin-

Peroxidase (1:500; Sigma-Aldrich, St Louis, MO, USA) for 3 h at room temperature. The slides were 

subsequently washed in PBS, and staining was visualised following 2 min incubation with 

SIGMAFAST 3,3’-diaminobenzidine tetrahydrochloride (DAB) tablets (Sigma-Aldrich, St Louis, MO, 

USA) at room temperature. Tissue sections were then washed in 4 change of PBS, dehydrated in 

70%, 95% and 100% ethanol for 5 min each, and cleared in 1:1 ethanol/xylene for 5 min and 

xylene for 10 min. Finally, the slides were coverslipped with DPX mounting medium and analysed 

by light microscopy.  
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2.15 Statistical analysis 
Results were shown to be reproducible through at least two independent experiments. Data were 

analysed using descriptive statistics. The statistical significance of differences between means was 

determined from 95% confidence intervals, unpaired Student’s t tests, or one way ANOVA with 

Bonferroni’s post-test in GraphPad Prism 5. P < 0.05 was considered statistically significant. Linear 

and non-linear regression analyses were used to determine relationships between experimental 

variables. 
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CHAPTER 3. Organic cation transporters in 
rat dorsal root ganglia: a study of their gene 
expression and functional activity 

 

3.1 Introduction 
Organic cation transporters belong to the solute carrier 22A (SLC22A) family that includes three 

electrogenic, sodium-independent transporters (OCT1, OCT2 and OCT3), and two electroneutral, 

sodium-dependent organic cation/carnitine transporters (OCTN1 and OCTN2). These transporters 

have 12 α-helical transmembrane domains with intracellular N- and C-terminuses. Organic cation 

transporters are polyspecific for translocating various structurally diverse endogenous and 

exogenous organic cations, such as monoamine neurotransmitters, metabolites, hormones, drugs 

and xenobiotics, whereas the organic cation/carnitine transporters appear to have less substrate 

selectivity than the organic cation transporters (Koepsell et al., 2007). This family of transporters 

are considered to have a pivotal role in the absorption and excretion of impermeable organic 

cations because of their widespread tissue expression throughout the body, thought to allow for 

the differential control of organic cation transport in individual organs (Koepsell et al., 2007). Rat 

Oct1 is highly expressed in the liver, kidney and intestine (Gründemann et al., 1994). Rat Oct2 is 

the most abundant in the kidney, but also found in the liver, intestine and brain (Okuda et al., 

1996). Rat Oct3 has ubiquitous expression, in particular, strong expression has been detected in 

the heart, placenta and brain, with some expression reported in the intestine (Kekuda et al., 1998; 

Wu et al., 1998a). Rat Octn1 and Octn2 also have widespread tissue expression, including the 

liver, kidney, intestine and brain (Sekine et al., 1998; Wu et al., 2000). Although their expression 

has been defined in many tissues throughout the body, there is limited information so far on the 

expression or functional activity of organic cation transporters in the DRG, where one study has 

reported mRNA expression of rOctn1 and rOctn2, but not rOct3 in rat DRG tissue (Kristufek et al., 

2002). 

The physiological importance of the organic cation transporters or the organic cation/carnitine 

transporters has been highlighted by diseases caused by mutation or dysfunction of these 

transporters. A loss-of-function mutation in human OCTN2 causes primary carnitine deficiency, an 

autosomal recessive disorder of fatty acid oxidation, presenting with low plasma carnitine levels, 

reduced intracellular carnitine accumulation and urinary carnitine wasting (Ganapathy et al., 

1999; Wang et al., 1999; Longo et al., 2006). Symptoms and signs may include an acute metabolic 
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decompensation with hypoketotic hypoglycaemia, Reye syndrome, sudden infant death, skeletal 

or cardiac myopathy, or peripheral neuropathy in a case report (Makhseed et al., 2004). 

Mutations in OCTN1 and OCTN2 are also reported to associate with autoimmune diseases such as 

Crohn’s disease (Peltekova et al., 2004; Palmieri et al., 2006). Moreover, drug-induced impairment 

of OCTN2 expression and function was thought to be responsible for disturbances in carnitine 

homeostasis in patients given platinum-based drugs cisplatin and carboplatin (Heuberger et al., 

1998; Mancinelli et al., 2007; Haschke et al., 2010). In contrast, several single nucleotide 

polymorphisms detected in human OCT1 or OCT2 have shown to affect transport of substrates 

such as TEA+ or MPP+ without notable pathological implications (Kerb et al., 2002; Leabman et al., 

2002). Currently little information exists on the expression and activity of organic cation 

transporters in DRG, but one paper has reported expression of OCTN1 and OCTN2, and lack of 

OCT3 expression in rat DRG tissue (Kristufek et al., 2002). 

Traditional RT-PCR and quantitative real-time RT-PCR are complimentary methods of detection 

and quantification of gene expression. Traditional RT-PCR is a simple and inexpensive method to 

determine whether the gene of interest is expressed in a given sample. However, quantification of 

gene expression by traditional detection methods has poor precision and resolution, and low 

sensitivity because over the 20 – 40 cycles of a typical PCR, the amount of PCR product reaches a 

plateau and is no longer proportional to the amount of target mRNA in the initial PCR.  Real-time 

PCR overcomes the limitation of quantification as it is based on the principle that there is a 

quantitative relationship between amount of starting target sample and amount of PCR product 

at any given cycle, and this is proportional to the increase in fluorescent reporter signal. Relative 

gene expression in samples can be determined by the cycle threshold (CT), the point of detection 

during the exponential phase of the PCR curve at which a reaction reaches a fluorescent intensity 

above background, for both the target and housekeeping genes (Livak and Schmittgen, 2001; Liu 

and Saint, 2002). Moreover, fluorescent probes can be labeled with different, distinguishable 

reporter dyes in real-time PCR, which allows amplification of two distinct sequences, such as the 

target gene and housekeeping gene, in the same sample. Although real-time PCR is more target 

sequence specific and sensitive than traditional PCR, its cost is relatively higher, and for these 

reasons, traditional PCR still remains an important screening tool for gene expression prior to 

quantitative measurements of gene transcription over time, or in response to pharmacological 

compounds. 

Given this background, this chapter aimed to characterise the expression of organic cation 

transporters in rat DRG in an attempt to identify membrane transporters that may be responsible 
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for peripheral sensory neurotoxicities. Female Wistar rats were used in the present study because 

of the existence of a large body of published work on the neurotoxicity of oxaliplatin and other 

platinum drugs in this specific animal model to which transporter expression profiles generated 

could be subsequently related (Screnci et al., 1997; Screnci et al., 2000; Cavaletti et al., 2001; 

Pisano et al., 2003; Ghirardi et al., 2005a; Jamieson et al., 2005; Jamieson et al., 2009; Liu et al., 

2009). Gene expression of rOct1, rOct2, rOct3, rOctn1 and rOctn2 was examined using traditional 

RT-PCR and mRNA levels were quantified using real-time PCR in fresh DRG tissue and cultured 

DRG neurons. Protein expression and localisation of organic cation transporters was determined 

using Western blotting and fluorescent immunocytochemistry, respectively. Lastly, functional 

activity of these transporters in vitro was evaluated by measuring temperature dependent uptake 

of model substrates of the organic cation transporters including TEA+, MPP+, ergothioneine, and L-

carnitine. Characteristics of individual organic cation transporters such as sodium dependence of 

Octn1 and Octn2 were exploited to confirm functional expression of each transporter in cultured 

DRG neurons. 

 

3.2 Methods 

 DRG and other tissues and primary DRG culture 3.2.1
The experiments described in this chapter made use of dissociated DRG neurons isolated from L1 

– 6 DRG of 19 – 21 day old female Wistar rats. Harvesting, dissociating, plating and culturing of rat 

DRG neurons were detailed in sections 2.2 and 2.3 of this thesis. 

Age-matched, 10 week old female Wistar rats were euthanised and dissected for their L4 – L6 

DRG, brain (100 mg), spinal cord (100 mg), liver (100 mg), kidney (100 mg) and intestine (100 mg). 

Total RNA (250 ng) was extracted using an Aurum Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad 

Laboratories) following the manufacturer’s protocols. The purity and concentration of each RNA 

sample was determined using a Nanodrop ND-1000 Spectrophotometer (NanoDrop 

Technologies). 

 RT-PCR 3.2.2
250 ng of isolated RNA from each sample was reverse transcribed to complementary DNA (cDNA) 

using a SuperScript First-Strand Synthesis System (Invitrogen) following the manufacturer’s 

protocols. cDNA samples were subjected to conventional PCR amplification for rOct1, rOct2, 

rOct3, rOctn1, rOctn1, and the endogenous control gene, glyceraldehyde 3-phosphate (rGapdh) 
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using a C1000 Thermal Cycler (Bio-Rad Laboratories) and gene-specific primers (Invitrogen) as 

described in section 2.4. Reactions were catalysed by platinum Taq DNA polymerase (Invitrogen) 

according to the manufacturer’s protocols. The temperature profile was as follows: 5 min at 94⁰C, 

and then 40 cycles of 15 s at 94⁰C, 30 s at 52⁰C, and 30 s at 72⁰C. 

RT-PCR products were analysed by gel electrophoresis on 2% agarose gel using Bio-Rad mini-sub 

cell GT system at 110 V for 75 min, stained with ethidium bromide, and visualised using Gel Doc 

2000 (Bio-Rad Laboratories).  

 Real-time PCR 3.2.3
cDNA (10 ng) of DRG and other tissues synthesised from total RNA was added to TaqMan 

Universal Master Mix, inventoried FAM-labeled probe for rOct1, rOct2, rOct3, rOctn1, and rOctn2, 

and the endogenous control VIC-labeled probe for 18S ribosomal RNA (Applied Biosystems). 

Multiplex real-time PCR reactions were performed using 7900HT Fast Real-Time PCR System and 

SDS 2.3 software (Applied Biosystems). The fluorescence value at each corresponding cycle 

number was plotted in SigmaPlot 10 software (Systat Software Inc.) using a sigmoidal three 

parameter curve fitting, and the cycle number at which the fluorescence value was 50% of the 

maximum was determined as the threshold cycle (Liu and Saint, 2002). Relative mRNA expression 

levels were determined using the 2-ΔCt method, where Ct denotes threshold cycles for each 

reaction, and ΔCt = Ct, OCT – Ct, rRNA (Livak and Schmittgen, 2001). 

 Western blotting 3.2.4
Total protein was extracted from cultured DRG neurons in a lysis buffer containing 50 mM Tris-

HCl, pH 7.4, 250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40, 0.1% SDS, and Complete 

Protease Inhibitor Cocktail tablets (Roche) using a Dounce homogeniser (Glas-Col). The 

homogenates were sonicated for 10 min followed by centrifugation for 5 min at 10,000 ×g at 4⁰C 

to remove cellular debris, and the protein concentration of the resultant supernatant was 

determined using the bicinchoninic acid (BCA) assay as described previously (Liu et al., 2008). 

Protein samples (100 µg) were mixed with sample loading buffer, denatured for 5 min at 95⁰C, 

and separated by 8% SDS-polyacrylamide gel electrophoresis using Mini-PROTEAN 3 

electrophoresis module (Bio-Rad Laboratories) at 200 V, 0.02 – 0.04 A, for 45 min, in an 

electrophoresis buffer containing 192 mM glycine, 25 mM Tris base, and 0.1% SDS. Proteins were 

transferred from the gel onto the nitrocellulose membranes at 110 V for 60 min in transfer buffer. 

Membranes were then blocked overnight at 4⁰C with 2% ECL Advance Blocking Reagent 

(Amersham Biosciences) followed by overnight incubation at 4⁰C with polyclonal rabbit antibodies 
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against rOct2, rOct3, or rOctn1 (1:500) (Alpha Diagnostic International) diluted in 2% ECL Advance 

Blocking Reagent (Amersham Biosciences). The following day, membranes were washed and 

incubated with horseradish peroxidise-conjugated anti-rabbit secondary antibody (1:1000 – 

1:2000) (Amersham Pharmacia, Tokyo, Japan) for 60 min at room temperature. Membranes were 

further washed and then incubated with ECL Advance Western Blotting Detection System 

reagents (Amersham Biosciences) for 5 min at room temperature. Immunoreactive bands were 

imaged using Fujifilm LAS-3000 Imager (Fujifilm Corporation). 

Membranes were subsequently stripped and re-probed with monoclonal mouse anti-β-actin 

(1:20,000) for 1 h at room temperature followed by horseradish peroxidise-conjugated anti-

mouse secondary antibody (1:500) (Amersham Biosciences) for 1 h at room temperature for the 

loading control, and visualised using Fujifilm LAS-3000 Imager (Fujifilm Corporation). 

 Immunocytochemistry 3.2.5
Cultured DRG neurons prepared on chamber slides as described in section 2.3.1 were first fixed 

with 4% paraformaldehyde for 15 min at room temperature. The cells were subsequently 

permeabilised with 0.2% Triton X-100 in PBS for 15 min and treated with Image-iT FX Signal 

Enhancer (Invitrogen) for 30 min under humid conditions. Next, cells were blocked for 60 min at 

room temperature, followed by overnight incubation with primary antibodies, polyclonal rabbit 

anti-rOct2, rOct3, or rOctn1 (1:500) (Alpha Diagnostic International) at 4⁰C. After several washes, 

cells were incubated with the secondary antibody, Alexa Fluor 488-labeled anti-rabbit IgG (H+L) 

(1:500) (Invitrogen) diluted in immunobuffer for 3 h at 4⁰C, protected from light. After incubation, 

cells were washed and coverslipped with Vectashield mounting medium with 6-diamidino-2-

phenylindole (DAPI) (Vector Laboratories). Images were captured using a Leica DMR upright 

fluorescence microscope (Leica Microsystems) attached to a cooled colour Nikon digital camera 

and analysed using Nikon ElipseNet and ImageJ software (National Institutes of Health, Bethesda, 

MD, USA). 

 Transport studies 3.2.6
Experimental designs for DRG neuronal uptake studies as determined by radiolabeled substrates 

were detailed in 2.9 of this thesis. Cultured DRG neurons were incubated with [14C] TEA+ (0.5 

µCi/mL; 9.1 µM), [3H] MPP+ (0.5 µCi/mL; 6.3 µM), [3H] ergothioneine (0.5 µCi/mL; 5.0 µM), or [3H] 

L-carnitine (0.5 µCi/mL; 5.9 µM) for up to 60 min at 37⁰C. At designated times, cells were washed 

with ice-cold buffer, air-dried, and lysed in 1% Triton X-100 solution for 6 to 12 h with gentle 

agitation. After cell lysis, 150 µL from each well was collected for quantification of radioactivity 

using LSC-6100 liquid scintillation counter (Aloka Co Ltd.). Uptake of radiolabeled substrates was 
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presented as the cell/medium ratio (µL per mg of protein), the radioactivity accumulated in the 

cells as a fraction of initial concentration of radioactive compound in the transport buffer. Cellular 

protein content from each well was determined using a Bio-Rad Protein Assay (Bio-Rad 

Laboratories) following manufacturer’s protocols, where absorbance was measured at 595 nm. 

To investigate the effect of temperature on DRG neuronal uptake of radiolabeled substrates, cells 

were pre-incubated on ice for 30 – 40 min and uptake studies were carried out on ice in a similar 

manner as described. 

 Statistical analysis 3.2.7
Results were derived from at least two independent experiments. Data were analysed using 

descriptive statistics. The statistical significance of differences between means was determined 

from linear regression analysis. P < 0.05 was considered statistically significant. 

 

3.3 Results 

 Primary cultures of rat DRG neurons 3.3.1

 General appearance 3.3.1.1

Primary cultures of DRG neurons were established by dissection of L1 – L6 DRG from 3 week old 

Wistar rats and purification of neurons. Dissociated DRG primary culture consisted of DRG 

neurons, fibroblasts and axonal processes. Healthy DRG neuronal cell bodies in vitro had a round 

and smooth appearance, and were phase-bright under a microscope (Figure 3.1). Supporting 

fibroblasts and axonal extensions were discernible in cultures 24 h following cell isolation. 

 mRNA expression 3.3.1.2

mRNA expression of organic cation transporters was determined in primary cultures of rat DRG 

neurons using conventional RT-PCR. The housekeeping gene rGapdh (291 bp) used as loading 

control was detected in abundance in these cultured neurons (Figure 3.2). 

Oct1 

Gene expression of Oct1 was not detectable in cultured rat DRG neurons. An electrophoretic band 

with a size referring to rOct1 (493 bp) was not apparent in RT-PCR products synthesised with 

corresponding customised primers (Figure 3.2). 
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Figure 3.1 Representative phase contrast image of DRG primary culture showing two typical 

cell types: DRG neurons (solid arrow) and fibroblasts (dashed arrow). Scale bar = 100 µm. 

Magnification 200×. 
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Figure 3.2 RT-PCR products for rOct1, rOct2, rOct3, rOctn1 and rOctn2.  

mRNA expression of rOct2 (354 bp), rOct3 (478 bp), rOctn1 (487 bp) and rOctn2 (404 bp), but not 

rOct1 (493 bp) was detected in primary cultures of rat DRG neurons. The housekeeping gene 

rGapdh (291 bp) was used as loading control. cDNA was loaded into two lanes for each gene. bp, 

base pairs. 
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Oct2 

Gene expression of Oct2 was detectable in cultured rat DRG neurons. An electrophoretic band 

with a size referring to rOct2 (354 bp) was found in abundance in RT-PCR products synthesised 

with corresponding customised primers (Figure 3.2). 

Oct3 

Gene expression of Oct3 was detectable in cultured rat DRG neurons. An electrophoretic band 

with a size referring to rOct3 (478 bp) was found in abundance in RT-PCR products synthesised 

with corresponding customised primers (Figure 3.2). 

Octn1 

Gene expression of Octn1 was detectable in cultured rat DRG neurons. An electrophoretic band 

with a size referring to rOctn1 (487 bp) was found in abundance in RT-PCR products synthesised 

with corresponding customised primers (Figure 3.2). 

Octn2 

Gene expression of Octn2 was detectable in cultured rat DRG neurons. An electrophoretic band 

with a size referring to rOctn2 (404 bp) was found in abundance in RT-PCR products synthesised 

with corresponding customised primers (Figure 3.2). 

 Protein expression and localisation 3.3.1.3

Protein expression and localisation of organic cation transporters were characterised in DRG 

neuronal culture using Western blotting and immunocytochemistry, respectively. 

Oct1 

Protein expression and localisation of rOct1 in cultured DRG neurons was not determined as rOct1 

gene expression was not found.  

Oct2 

Protein expression of rOct2 in cultured DRG neurons was detected by an immunoreactive band 

between 60 – 70 kDa, corresponding to predicted molecular weight of 66 kDa for rOct2 (Figure 

3.3a). rOct2 proteins were labelled using Alexa Fluor 488 staining in green, and appeared to have 

diffuse expression in DRG neuronal cell bodies in culture. Counterstaining with nucleic acid dye 4’-

6-diamindino-2-phenylindole (DAPI) showed the lack of rOct2 expression in fibroblasts or other 

non-neuronal cells in culture (Figure 3.4). No immunoreactivity was apparent in the control that 

was incubated in the absence of primary antibodies. 
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Figure 3.3 Detection of rOct2 (a), rOct3 (b) and rOctn1 (c) proteins in cultured rat DRG 

neurons. 

8% SDS-PAGE of DRG tissue homogenate and primary culture shows specific bands between 60 – 

70 kDa, with β-actin (42 kDa) as loading control. 
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Figure 3.4 Immunocytochemical staining localises rOct2, rOct3 and rOctn1 protein expression to cell bodies of rat DRG neurons in culture. First, second, and third 

rows show indicated organic cation transporter isoforms labelled in green by Alexa Fluor 488 staining (magnification 200×); co-localisation with DAPI nuclei staining in 

blue (magnification 200×); and at higher resolution (magnification 400×), respectively. Control was incubated in the absence of primary antibody and exhibited no 

immunoreactivity. Scale bar = 100 µm. 
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Oct3 

Protein expression of rOct3 in cultured DRG neurons was detected by an immunoreactive band 

between 60 – 70 kDa, corresponding to predicted molecular weight of 61 kDa for rOct3 (Figure 

3.3b). rOct3 proteins were labelled using Alexa Fluor 488 staining in green, and appeared to have 

diffuse expression in DRG neuronal cell bodies in culture. Counterstaining with DAPI showed the 

lack of rOct3 expression in fibroblasts or other non-neuronal cells in culture (Figure 3.4). No 

immunoreactivity was apparent in the control that was incubated in the absence of primary 

antibodies. 

Octn1 

Protein expression of rOctn1 in cultured DRG neurons was detected by an immunoreactive band 

between 60 – 70 kDa, corresponding to predicted molecular weight of 62 kDa for rOctn1 (Figure 

3.3a). rOctn1 proteins were labelled using Alexa Fluor 488 staining in green, and appeared to have 

diffuse expression in DRG neuronal cell bodies in culture. Counterstaining with DAPI showed the 

lack of rOctn1 expression in fibroblasts or other non-neuronal cells in culture (Figure 3.4). No 

immunoreactivity was apparent in the control that was incubated in the absence of primary 

antibodies. 

Octn2 

Protein expression and localisation of rOctn2 in cultured DRG neurons was not determined as 

many attempts using commercially available antibodies against rat Octn2 in Western blotting and 

immunocytochemistry were unsuccessful in detecting the protein in DRG or positive tissues such 

as the kidney (data not shown). 

 Transport study of model organic cations 3.3.1.4

To determine the functional expression of organic cation transporters in primary cultures of rat 

DRG neurons, temperature dependent uptake of four radiolabeled model organic cations was 

measured using the liquid scintillation counter. These compounds included [3H] ergothioneine, 

[3H] L-carnitine, [14C] TEA+, and [3H] MPP+. Ergothioneine and L-carnitine are well characterised 

specific substrates of OCTN1 and OCTN2, respectively (Koepsell et al., 2007). TEA+ is known to be 

transported by all members of the organic cation transporter family, but with greater affinity to 

OCT1-3 than OCTN1-2; whereas MPP+ is a widely used model substrate selective for OCT1-3 

(Koepsell et al., 2007). Transporter-mediated uptake of model substrates was inferred by 

demonstration of time and temperature dependence, and characteristics of specific transporter 

such as sodium dependence for OCTN1 and OCTN2. 
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Ergothioneine (Octn1) 

Ergothioneine uptake in primary cultures of rat DRG neurons showed characteristics of Octn1-

mediated transport. In cultured DRG neurons, uptake of the model Octn1 substrate ergothioneine 

demonstrated time dependent increase at 37⁰C, and was inhibited at 4⁰C at all time points 

studied (Figure 3.5a). Ergothioneine uptake by DRG neurons at 37⁰C increased from 1.02 ± 0.27 

µL/mg protein at 1 min to 6.81 ± 0.35 µL/mg protein at 60 min, compared to that at 4⁰C, from 

0.26 ± 0.09 µL/mg protein at 1 min to 1.40 ± 0.30 µL/mg protein at 60 min. The rate of 

ergothioneine uptake by DRG neurons appeared linear over 60 min, and was significantly greater 

at 37⁰C than at 4⁰C (5.44 ± 0.485 vs. 0.940 ± 0.295 µL/mg protein/h, P < 0.05, linear regression). 

The sodium dependence and inhibition of ergothioneine uptake by known substrates or inhibitors 

of Octn1 were used to confirm the functional activity of rOctn1 in DRG culture. In the absence of 

sodium, there was a significant decrease in the uptake of ergothioneine (45% vs. 100%, P ≤ 0.01, 

unpaired t-test) by DRG neurons as compared to control following 60 min incubation at 37⁰C 

(Figure 3.5b). The addition of unlabeled ergothioneine (1 mM) resulted in a significant 65% 

reduction in [3H] ergothioneine uptake as compared to control (35% vs. 100%, P ≤ 0.001, unpaired 

t-test), similar to that of background uptake at 4°C (37%). In contrast, 1 mM acetyl-L-carnitine and 

L-carnitine, well characterised substrates of Octn2, and MPP+, which is not known to interact with 

rOcnt1, did not inhibit ergothioneine uptake (P > 0.05, unpaired t-test) (Figure 3.5b). 

L-carnitine (Octn2) 

L-carnitine uptake in primary cultures of rat DRG neurons showed characteristics of Octn2-

mediated transport. Although the initial uptake of L-carnitine by DRG neurons was similar at 37⁰C 

and 4⁰C for up to 4 min, it was clearly greater at 37⁰C than at 4⁰C between 20 and 60 min (Figure 

3.6a). L-carnitine uptake by DRG neurons at 37⁰C increased from 0.20 ± 0.0.12 µL/mg protein at 1 

min to 2.63 ± 0.56 µL/mg protein at 60 min, compared to that at 4⁰C, from 0.17 ± 0.08 µL/mg 

protein at 1 min to 0.66 ± 0.15 µL/mg protein at 60 min. The rate of L-carnitine uptake by DRG 

neurons appeared linear over 60 min, and was significantly greater at 37⁰C than at 4⁰C (2.40 ± 

0.467 vs. 0.235 ± 0.216 µL/mg protein/h, P < 0.05, linear regression). 

To confirm a role of Octn2 in mediating L-carnitine uptake by cultured DRG neurons, features of 

Octn2-dependent processes, such as sodium dependence and inhibition on L-carnitine uptake by 

known substrates or inhibitors were studied in vitro. In the absence of sodium, there was a 

significant decrease in the uptake of L-carnitine (37% vs. 100%, P ≤ 0.001, unpaired t-test) by DRG 

neurons as compared to control (Figure 3.6a). [3H] L-carnitine uptake by DRG neurons was 

significantly inhibited by unlabeled L-carnitine (1 mM) (35% vs. 100%, P ≤ 0.001, unpaired t-test),
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Figure 3.5 Functional activity of organic cation/carnitine transporter Octn1 in primary 

cultures of rat DRG neurons. (a) Transport activity of rOctn1 was determined by uptake of model 

substrate, ergothioneine at 37°C () and 4°C (), pH 7.4 for up to 60 min. (b) Uptake of [3H] 

ergothioneine (5 µM) was carried out at 37°C (control, black), in the absence of sodium (Na+ free), 

or in the presence of substrates or inhibitors (1 mM) of organic cation transporters at 37°C, and at 

4°C, pH 7.4 for 1 h. Sodium dependent uptake of ergothioneine was characterised by replacing 

125 mM NaCl in the transport buffer with equimolar N-methylglucamine. Each point represents 

mean ± standard error (n ≥ 8) from at least two independent experiments. **, P < 0.01; ***, P < 

0.001. ALC, acetyl-L-carnitine; MPP, 1-methyl-4-phenylpyridinium. 
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Figure 3.6 Functional activity of organic cation/carnitine transporter Octn2 in primary 

cultures of rat DRG neurons. (a) Transport activity of rOctn2 was determined by uptake of model 

substrate, L-carnitine at 37°C () and 4°C (), pH 7.4 for up to 60 min. (b) Uptake of [3H] L-

carnitine (5.9 µM) was carried out at 37°C (control, black), in the absence of sodium (Na+ free), or 

in the presence of substrates or inhibitors (1 mM) of organic cation transporters at 37°C, and at 

4°C, pH 7.4 for 1 h. Sodium dependent uptake of L-carnitine was characterised by replacing 125 

mM NaCl in the transport buffer with equimolar N-methylglucamine. Each point represents mean 

± standard error (n ≥ 8) from at least two independent experiments. **, P < 0.01; ***, P < 0.001. 

ALC, acetyl-L-carnitine; MPP, 1-methyl-4-phenylpyridinium. 
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as well as acetyl-L-carnitine (1 mM) (28% vs. 100%, P ≤ 0.001, unpaired t-test) and MPP+ (1 mM) 

(34% vs. 100%, P ≤ 0.001), and to a small extent, by ergothioneine (1 mM) (66% vs. 100%, P ≤ 

0.05, unpaired t-test) as compared to control (Figure 3.6b). 

MPP+ (Oct1, Oct2 and Oct3) 

The uptake of MPP+ by cultured DRG neurons increased with time, and was similar at 37°C and 4°C 

in all time points examined. MPP+ uptake by DRG neurons at 37⁰C increased from 1.94 ± 0.25 

µL/mg protein at 1 min to 9.62 ± 1.90 µL/mg protein at 60 min, compared to that at 4⁰C, from 

2.61 ± 0.45 µL/mg protein at 1 min to 8.06 ± 1.28 µL/mg protein at 60 min. The rate of MPP+ 

uptake by DRG neurons appeared linear over 60 min, and was similar at 37⁰C and 4⁰C (7.16 ± 1.53 

vs. 4.18 ± 1.62 µL/mg protein/h, P > 0.05, linear regression) (Figure 3.7). 

TEA+ (Oct1, Oct2, Oct3, Octn1 and Octn2) 

The DRG neuronal uptake of TEA+ at 37⁰C increased from 0.65 ± 0.28 µL/mg protein at 1 min to 

1.40 ± 0.17 µL/mg protein at 60 min, compared to that at 4⁰C, from 0.42 ± 0.09 µL/mg protein at 3 

min to 0.67 ± 0.09 µL/mg protein at 60 min. Although the uptake of TEA+ was significantly greater 

at 37⁰C than at 4⁰C (P > 0.05, unpaired t-test) for the final time point, and the rate of TEA+ uptake 

was numerically different at 37°C and 4°C (0.910 ± 0.207 vs. 0.273 ± 0.113 µL/mg protein/h), this 

difference did not reach statistical significance (Figure 3.8). 

 Transporter gene expression profiles in DRG and other rat 3.3.2

tissues 
Gene expression of rOct1, rOct2, rOct3, rOctn1 and rOctn2 were examined in fresh DRG and 

reference tissues such as the brain, spinal cord, liver, kidney, and intestine from adult female 

Wistar rats using conventional RT-PCR and quantitative RT-PCR. 

 Oct1 3.3.2.1

rOct1 mRNA was not detectable in DRG, brain and spinal cord, but evident in liver, kidney and 

intestine. Using conventional RT-PCR to detect mRNA expression, electrophoretic bands for rOct1 

RT-PCR product (493 bp) were apparent in the liver, kidney and intestine, but not in DRG, brain or 

spinal cord of all 3 animals examined (Figure 3.9). Abundant expression of rOct1 was found in the 

liver and kidney of all 3 animals, whereas in the intestine, rOct1 expression appeared weaker and 

almost absent in 1 of the animals (Figure 3.9b). Quantitative RT-PCR analysis further revealed that 

the relative mRNA expression of rOct1 normalised to 18S rRNA was most abundant in the liver, 

followed by the kidney, intestine, DRG, brain, and spinal cord (not detectable), in descending 

order (Figure 3.9a; Table 3.1). 
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Figure 3.7 Functional activity of organic cation transporters Oct1-3 in primary cultures of rat 

DRG neurons. 

Uptake of [3H] MPP+ (6.3 µM), a polyspecific substrate of Oct1-3, was measured at 37°C () and 

4°C (), pH 7.4 for up to 60 min to determine the transport activity of Oct1-3 in cultured DRG 

neurons. 
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Figure 3.8 Functional activity of organic cation transporters in primary cultures of rat DRG 

neurons.  

Uptake of [14C] TEA+ (9.1 µM), a polyspecific substrate of Oct1-3 and Octn1-2 with greater affinity 

to Oct1-3 than Octn1-2, was measured at 37°C () and 4°C (), pH 7.4 for up to 60 min to 

determine the transport activity of organic cation transporters in cultured DRG neurons. 
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Figure 3.9 Organic cation transporter 1 (Oct1) gene expression in rat DRG and other tissues. 

RT-PCR and real-time PCR analyses show differential mRNA expression of organic cation 

transporters in rat DRG (D), brain (B), spinal cord (S), liver (L), kidney (K) and intestine (I). Tissue 

expression profiles for rOct1 are shown as gels of RT-PCR products from 3 animals (a) and 

quantitative expression level (2-ΔCt) normalised to 18s rRNA (b). Each bar represents mean ± 

standard error (n = 6). N.D, not detectable. 
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Table 3.1 Quantitative mRNA expression of organic cation transporter in rat DRG and other 

tissues. Relative mRNA expression levels of organic cation transporters normalised to 18S rRNA 

expressed as 2-ΔCt (× 10-4). Each value represents mean ± standard error (n = 6). N.D, not 

detectable. 

 rOct1 rOct2 rOct3 rOctn1 rOctn2 

DRG N.D 9.26 ± 2.82 8.12 ± 1.69 29.9 ± 8.3 17.3 ± 4.7 

Brain N.D 25.4 ± 4.6 26.4 ± 6.2 51.9 ± 14.7 19.1 ± 5.1 

Spinal cord N.D 61.2 ± 32.7 17.6 ± 4.9 180 ± 60 41.3 ± 15.2 

Liver 84.0 ± 27.2 N.D N.D 22.0 ± 11.0 20.4 ± 8.5 

Kidney 55.0 ± 32.5 1768 ± 541 N.D 57.2 ± 25.4 37.0 ± 22.4 

Intestine 20.4 ± 6.1 N.D 48.1 ± 14.3 42.9 ± 19.6 72.6 ± 33.2 

 

 

 

 

 

 

 

 

 

 

 



98 
 

 Oct2 3.3.2.2

rOct2 mRNA was found in DRG, brain, spinal cord and kidney, but not in the liver and intestine. 

Using conventional RT-PCR to detect mRNA expression, electrophoretic bands for rOct2 RT-PCR 

product (354 bp) were apparent in DRG, brain, spinal cord, and intestine of all 3 animals studied. 

Abundant expression of rOct2 was found in the kidney, DRG and brain of all 3 animals. Weaker 

expression of rOct2 was found in the spinal cord of all 3 animals. In the liver and intestine, 1 of 3 

animals showed abundant expression of rOct2, whereas the other 2 animals had no detectable 

mRNA for this gene (Figure 3.10b). Quantitative RT-PCR analysis further revealed that the relative 

mRNA expression of rOct2 normalised to 18S rRNA was most abundant in the kidney, followed by 

the spinal cord, DRG, liver, and intestine (not detectable), in descending order (Figure 3.10a; Table 

3.1). 

 Oct3 3.3.2.3

rOct3 mRNA was present in DRG, brain, spinal cord and intestine, but not in the liver and kidney. 

Using conventional RT-PCR to detect mRNA expression, electrophoretic bands for rOct3 RT-PCR 

product (478 bp) were apparent in DRG, brain, and spinal cord of all 3 animals studied. In the 

intestine, strong expression of rOct3 was found in 2 of 3 animals, whereas its expression was 

absent in 1 of 3 animals. None of the animals had apparent rOct3 expression in the liver or kidney 

(Figure 3.11b). Quantitative RT-PCR analysis further showed that the relative mRNA expression of 

rOct3 normalised to 18S rRNA was most abundant in the intestine, followed by the brain, spinal 

cord, DRG, liver, and kidney (not detectable), in descending order (Figure 3.11a; Table 3.1). 

 Octn1 3.3.2.4

The rOctn1 gene was abundantly expressed in DRG and most of the other tissues studied. Using 

conventional RT-PCR to detect mRNA expression, electrophoretic bands for rOctn1 RT-PCR 

product (487 bp) was apparent in all tissues examined in 2 of 3 animals studied. 1 of 3 animals 

showed abundant expression of rOctn1 in DRG, brain and kidney, weak expression in spinal cord, 

whereas expression was not detectable in the liver and intestine (Figure 3.12b). Quantitative RT-

PCR analysis further showed that the relative mRNA expression level of rOctn1 normalised to 18S 

rRNA was highest in the spinal cord, followed by the kidney, brain, intestine, DRG, and liver, in 

descending order (Figure 3.12a). 

 Octn2 3.3.2.5

The rOctn2 gene was abundantly expressed in DRG and all other tissues examined. Using 

conventional RT-PCR to detect mRNA expression, electrophoretic bands for rOctn2 RT-PCR 

product (404 bp) were apparent in all tissues examined in all 3 animals studied (Figure 3.13b). 
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Figure 3.10 Organic cation transporter 2 (Oct2) gene expression in rat DRG and other tissues. 

RT-PCR and real-time PCR analyses show differential mRNA expression of organic cation 

transporters in rat DRG (D), brain (B), spinal cord (S), liver (L), kidney (K) and intestine (I). Tissue 

expression profiles for rOct2 are shown as gels of RT-PCR products from 3 animals (a) and 

quantitative expression level (2-ΔCt) normalised to 18s rRNA (b). Each bar represents mean ± 

standard error (n = 6). N.D, not detectable. 
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Figure 3.11 Organic cation transporter 3 (Oct3) gene expression in rat DRG and other tissues. 

RT-PCR and real-time PCR analyses show differential mRNA expression of organic cation 

transporters in rat DRG (D), brain (B), spinal cord (S), liver (L), kidney (K) and intestine (I). Tissue 

expression profiles for rOct3 are shown as gels of RT-PCR products from 3 animals (a) and 

quantitative expression level (2-ΔCt) normalised to 18s rRNA (b). Each bar represents mean ± 

standard error (n = 6). N.D, not detectable. 
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Figure 3.12 Organic cation/carnitine transporter 1 (Octn1) gene expression in rat DRG and 

other tissues. 

RT-PCR and real-time PCR analyses show differential mRNA expression of organic cation 

transporters in rat DRG (D), brain (B), spinal cord (S), liver (L), kidney (K) and intestine (I). Tissue 

expression profiles for rOctn1 are shown as gels of RT-PCR products from 3 animals (a) and 

quantitative expression level (2-ΔCt) normalised to 18s rRNA (b). Each bar represents mean ± 

standard error (n = 6). N.D, not detectable. 
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Figure 3.13 Organic cation/carnitine transporter 2 (Octn2) gene expression in rat DRG and 

other tissues. 

RT-PCR and real-time PCR analyses show differential mRNA expression of organic cation 

transporters in rat DRG (D), brain (B), spinal cord (S), liver (L), kidney (K) and intestine (I). Tissue 

expression profiles for rOctn2 are shown as gels of RT-PCR products from 3 animals (a) and 

quantitative expression level (2-ΔCt) normalised to 18s rRNA (b). Each bar represents mean ± 

standard error (n = 6). N.D, not detectable. 
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Quantitative RT-PCR analysis further showed that the relative mRNA expression level of rOctn2 

normalised to 18S rRNA was highest in the intestine, followed by the spinal cord, kidney, liver, 

brain, and DRG, in descending order (Figure 3.13a; Table 3.1). 

 DRG 3.3.2.6

DRG tissue displayed a specific pattern of expression of organic cation transporters with mRNA 

detectable for rOct2, rOct3, rOctn1 and rOctn2, but not rOct1. Relative mRNA expression level as 

determined by quantitative RT-PCR was the greatest for rOctn1 followed by rOctn2, 

approximately 2- to 3-fold higher than rOct2 or rOct3 (Table 3.1).  

 Brain 3.3.2.7

The expression profile of organic cation transporters in the brain was similar to that of DRG, 

where mRNA was detectable for rOct2, rOct3, rOctn1 and rOctn2, but not rOct1. Relative mRNA 

expression level as determined by quantitative RT-PCR was the greatest for rOctn1, which was 

approximately 2- to 3-fold higher than rOct2, rOct3, or rOctn2 (Table 3.1). 

 Spinal cord 3.3.2.8

The expression profile of organic cation transporters in the spinal cord was similar to that of DRG 

and brain, where mRNA was detectable for rOct2, rOct3, rOctn1 and rOctn2, but not rOct1. 

Relative mRNA expression level as determined by quantitative RT-PCR was the greatest for 

rOctn1, which was approximately 3- to 4-fold higher than rOct2 and rOctn2, and 10-fold higher 

than rOct3 (Table 3.1). 

 Liver 3.3.2.9

The liver displayed a distinct pattern of expression of organic cation transporters with mRNA 

detectable for rOct1, rOctn1 and rOctn2, but not rOct2 or rOct3. Relative mRNA expression level 

as determined by quantitative RT-PCR was the greatest for rOct1, which was approximately 4-fold 

higher than rOctn1 and rOctn2, whereas rOct2 and rOct3 mRNA were not detectable in this tissue 

(Table 3.1). 

 Kidney 3.3.2.10

The kidney displayed a distinct pattern of expression of organic cation transporters with mRNA 

detectable for rOct1, rOct2, rOctn1 and rOctn2, but not rOct3. Relative mRNA expression level as 

determined by quantitative RT-PCR was the greatest for rOct2, which was approximately 30-fold 

higher than rOctn1 and rOct1, and 50-fold higher than rOctn2. rOct3 mRNA was not detectable in 

this tissue (Table 3.1). 



104 

 

 Intestine 3.3.2.11

The intestine displayed a distinct pattern of expression of organic cation transporters with mRNA 

detectable for rOct1, rOct3, rOctn1 and rOctn2, but not rOct2. Relative mRNA expression level as 

determined by quantitative RT-PCR was the greatest for rOctn2, which was approximately 2- to 4-

fold higher than rOct1, rOct3, and rOctn1, whereas rOct2 mRNA was not detectable in this tissue 

(Table 3.1). 

 

3.4 Discussion 
In the experiments described in this chapter, the differential mRNA and protein expression, as 

well as functional activity of organic cation transporters and organic cation/carnitine transporters 

were investigated in fresh rat DRG tissue and/or cultured rat DRG neurons. At the mRNA level, the 

expression of rOct1, rOct2 and rOct3 was low or undetectable compared to the readily detectable 

expression of rOctn1 and rOctn2 in both fresh DRG tissue and DRG neuronal cultures. Protein 

expression of rOct2, rOct3, and rOctn1 was detected and localised to DRG neuronal cell bodies in 

vitro. Lastly, functional transport activity in cultured DRG neurons was confirmed for rOctn1 and 

rOctn2, but not rOct2 or rOct3. Together these findings showed that the relative mRNA 

expression level and functional transport activity of Octn1 and Octn2 was greater than that of 

Oct1, Oct2, or Oct3 in rat DRG. 

In this study, the mRNA expression profile of the organic cation transporter family was 

comparable between rat DRG fresh tissues and neuronal cultures. In fresh DRG tissue, mRNA 

expression of rOct2, rOct3, rOctn1 and rOctn2, but not rOct1 was detectable. Moreover, the 

relative mRNA level of rOctn1 and rOctn2 was readily detectable, whereas that of rOct1, rOct2 

and rOct3 was low or undetectable. Similarly, in cultured DRG neurons, rOct2, rOct3, rOctn1 and 

rOctn2, but not rOct1 mRNA was evident, although their relative expression was not quantified, 

suggesting that the expression profile of organic cation transporters and organic cation/carnitine 

transporters was preserved in primary cultures relative to the tissue source. This concordance 

between tissue source and primary culture is of importance because of the need for the use of 

cultured DRG neurons in experimental investigation where in vivo methods are difficult to 

manipulate. The use of DRG neuronal cultures in the current work is supported by a previous 

study that reported a similar expression profile of organic cation/carnitine transporters in rat DRG 

tissue, where the mRNA expression of rOctn1 and rOctn2, but not rOct3 was detectable (Kristufek 

et al., 2002). The tissue expression of organic cation transporters and organic cation/carnitine 

transporters, at least in the liver, kidney and intestine described in the current study were largely 
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consistent with previous findings (Gründemann et al., 1994; Okuda et al., 1996; Kekuda et al., 

1998; Sekine et al., 1998; Wu et al., 1998a; Wu et al., 2000; Koepsell et al., 2007). 

rOct2, rOct3 and rOctn1 proteins were detected in cultured DRG neurons, and localised to DRG 

neuronal cell bodies. Western blotting was used to detect the protein expression of rOct2, rOct3 

and rOctn1 in cultured DRG neurons, and to validate the antibodies used to label rOct2, rOct3 and 

rOctn1 by confirming their specificity for these proteins. In the present study, 

immunocytochemical staining of rOct2, rOct3 and rOctn1 proteins was apparent in DRG neuronal 

cell bodies, but not in non-neuronal cells in culture. Interestingly, a recent study described mOct2 

expression in neurons, but not in astrocytes of mice brains, in support of the current findings that 

protein expression of organic cation transporters was found in DRG neurons but not in other cell 

types (Bacq et al., 2011). However, in the current study, it was unclear from the staining pattern 

where these proteins were localised within the DRG neurons. Although subcellular localisation of 

these organic cation transporter proteins was not defined in the current study, previous reports 

have shown evidence for the localisation of rOct2, rOct3, hOCTN1 and hOCTN2 to the plasma 

membrane, consistent with their role in the cellular transport of organic cations (Sweet et al., 

2000; Tamai et al., 2001; Kawasaki et al., 2004; Sugiura et al., 2006; Chen et al., 2010), whereas 

another study has reported the subcellular localisation of hOCTN1 in the mitochondria 

(Lamhonwah and Tein, 2006). The current study was limited by the lack of commercially available 

antibodies against rOctn2 able to detect or localise rOctn2 protein in rat DRG or Octn2-abundant 

tissues such as the kidney. The expression of rOct1 protein was also not examined in this study 

because of the absence of rOct1 gene expression in DRG tissue and neurons. 

Transport activity of rOctn1 and rOctn2, but not rOct2 or rOct3 in cultured DRG neurons was 

confirmed by measurement of the cellular uptake of radiolabeled OCT/OCTN substrates. Uptake 

of ergothioneine and L-carnitine, substrates of Octn1 and Octn2, respectively, by cultured DRG 

neurons exhibited transporter-mediated characteristics, including time- and temperature-

dependence. The current study also defined the uptake of these substrates to be dependent on 

the presence of extracellular sodium (Sekine et al., 1998; Nakamura et al., 2008), and inhibited by 

known substrates or inhibitors to each of these transporters (Sekine et al., 1998), characteristics 

of Octn1 and Octn2, confirming that the uptake of ergothioneine and L-carnitine in cultured DRG 

neurons may be ascribed to transport by rOctn1 and rOctn2, respectively. 

In contrast, MPP+, model substrate of Oct1, Oct2 and Oct3 did not show temperature 

dependence, suggesting that these transporters may not have functional activity in cultured DRG 

neurons (Busch et al., 1996b; Umehara et al., 2008). TEA+, a compound transported by all 
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members of the organic cation transporter family, but with a greater affinity for OCTs than OCTNs 

(Gründemann et al., 1994; Busch et al., 1996b; Okuda et al., 1996; Umehara et al., 2008), was 

barely detectable in DRG neurons despite incubations for up to 1 h. Interestingly, it appeared 

from these findings that the functional activity of the organic cation transporters and organic 

cation/carnitine transporters in rat DRG correlates with their mRNA expression level. DRG 

neurons accumulated more OCTNs substrates than OCTs substrates, consistent with their higher 

gene expression of the OCTNs compared with that of the OCTs, and suggests that gene expression 

levels may be used to predict phenotypic transport activity. Together, these results suggest that 

rOctn1 and rOctn2 were functionally active in cultured DRG neurons, whereas the transport 

activity of rOct1, rOct2 and rOct3 was not detectable or further confirmed in subsequent studies. 

Characterisation of the transport activity of individual organic cation transporters in this primary 

culture system was limited in several ways. In this study, characteristics of OCTs and OCTNs 

transporter-mediated substrate uptake were exploited to determine the functional activity of 

individual organic cation transporters in DRG neuronal cultures, because this primary culture 

system is heterogeneous in both its cell types and the expression of transporters or other 

proteins. In addition, pharmacological inhibitors of OCTs and OCTNs used in this study to confirm 

transport activity of individual organic cation transporters may not be selective for these 

transporters alone. Ideally, selective gene knockdown of individual OCTs or OCTNs by RNA 

interference is an approach for deconvoluting the contribution of an OCT or OCTN in the transport 

of its model substrate in a diverse in vitro primary culture system, but it may not be feasible in 

cultured DRG neurons because of their high sensitivity to off-target toxicities of RNA interference 

reagents (Read et al., 2009; Ehlert et al., 2010). Moreover, the current study has not confirmed or 

further defined the regulatory factors of the expression of organic cation transporters, but rather, 

described the expression profiles of organic cation transporters in healthy female Wistar rats as a 

basis to identify potential candidate oxaliplatin transporters in DRG neurotoxicity. 

In summary, members of the organic cation transporters and organic cation/carnitine 

transporters were differentially expressed in rat DRG. rOctn1 and rOctn2 had higher mRNA 

expression than rOct2 or rOct3, whereas rOct1 mRNA was not detectable. Of these transporters, 

functional activity was confirmed for rOctn1 and rOctn2 by characterisation of transport of model 

substrates for rOctn1 and rOctn2 in primary cultures of DRG neurons, whereas the functional 

activity was low or undetectable for rOct1, rOct2 and rOct3. 
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CHAPTER 4. Uptake and cytotoxicity of 
oxaliplatin in OCTN1 and OCTN2 over-
expressing HEK293 cells 

 

4.1 Introduction 
 In the previous chapter, primary cultures of rat DRG neurons were successfully established and 

the expression of organic cation transporters in this system was characterised. At the mRNA level, 

rOct2, rOct3, rOctn1 and rOctn2, but not rOct1, were detected in abundance in fresh DRG tissues 

and cultured DRG neurons. Functional activity of rOctn1 and rOctn2 transporters was confirmed in 

vitro, presenting Octn1 and Octn2 as potential membrane transporter candidates in DRG neurons 

for mediating oxaliplatin neurotoxicity. Information in the literature so far concerning the role of 

OCTNs in the transport of oxaliplatin or the association of OCTN expression with cellular and 

tissue uptake and toxicity of oxaliplatin is limited. Therefore, the current chapter made use of 

HEK293 cells over-expressing OCTNs or OCTs to determine the contribution of individual organic 

cation transporters, in particular, OCTN1 and OCTN2 in oxaliplatin uptake and cytotoxicity. 

The HEK293 over-expression system has been widely used in the study of transporter proteins, 

and conveys several advantages over primary cultures of DRG neurons that has been described in 

the previous chapter (Graham et al., 1977). Firstly, the use of an immortalised cell line means that 

a larger scale of experiments can be readily achievable as large number of cells can be prepared 

for experiments in a given time frame, compared with the limited numbers of DRG neurons 

obtainable from each rat dissection. Secondly, HEK293 cells are easy to manipulate and the 

transfection efficiency in these cells is high, compared with the heterogeneous nature of cultured 

DRG neurons that are also difficult to manipulate (Read et al., 2009; Ehlert et al., 2010). However, 

as an experimentally transformed cell line, HEK293 cells are not a particularly good model for 

normal or cancer cells, but are particularly useful in experiments where the behaviour of the cell 

itself is not of interest. Rat pheochromocyta (PC-12) cells upon differentiation model 

characteristics of primary neuronal cells may better reflect cultured DRG neurons more so than 

HEK293 cells (Greene and Tischler, 1976), but previous attempts to transfect PC-12 cells in this 

laboratory have been unsuccessful. For these reasons, HEK293 cell line has become an invaluable 

tool for clarifying the contribution of transporters to tissue distribution and/or drug-drug 

interaction during drug discovery and development processes. 
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Moreover, the substrate preferences and transport kinetics of prototypical organic cation 

substrates by HEK293 over-expressing OCTs or OCTNs have been previously studied. OCTs are able 

to transport a wide range of substrates, whereas OCTNs have less substrate selectivity. These 

OCTs/OCTNs substrates include TEA+, MPP+, ergothioneine and L-carnitine (Koepsell et al., 2007). 

TEA+ is transported by all members of the organic cation transporter family, but with greater 

affinity to OCTs than the OCTNs. MPP+ is transported by OCTs, but not by OCTNs. Ergothioneine 

has only been reported to be a substrate of OCTN1 thus far, whereas L-carnitine is primarily 

transported by OCTN2. The reported Km and Vmax values of [14C] TEA+ uptake by HEK/rOct2 were 

213 µM and 8.3 nmol min-1mg protein-1, respectively. Km and Vmax values of [3H] MPP+ uptake by 

HEK/rOct3 were 15.5 µM and 0.59 nmol min-1mg protein-1, respectively (Umehara et al., 2007). Km 

and Vmax values of [3H] ergothioneine uptake by HEK/rOctn1 were 4.64 µM and 1.0 nmol min-1mg 

protein-1, respectively (Nakamura et al., 2008). Although L-carnitine transport kinetics for Octn2 

has not been previously characterised in the rat isoform, Km and Vmax values of [3H] L-carnitine 

uptake by HEK/hOCTN2 were 4.34 µM and 0.98 nmol min-1mg protein-1, respectively (Tamai et al., 

1998). These kinetic parameters are useful in defining the validity of the transfected cell lines 

described in the current chapter. 

There is increasing evidence to suggest the involvement of OCTs in the uptake and cytotoxicity of 

platinum drugs such as oxaliplatin. Several independent groups have found oxaliplatin to be a 

substrate of the human OCT2 transporter, whereby the overexpression of human OCT2 in HEK293 

cells enhanced oxaliplatin uptake and cytotoxicity (Yonezawa et al., 2006; Zhang et al., 2006; 

Burger et al., 2010). Interestingly, in the same studies, hOCT2-mediated uptake of oxaliplatin was 

almost completely abolished in the presence of OCT2 inhibitors such as TEA+, MPP+ or cimetidine. 

In contrast, there has been controversy regarding the involvement of OCT1 or OCT3 in the 

transport of oxaliplatin. In cells over-expressing hOCT1 or OCT3, one study has demonstrated an 

increase in oxaliplatin uptake and cytotoxicity, whereas another study described no difference 

when compared to corresponding empty vector-transfected cells (Yonezawa et al., 2006; Zhang et 

al., 2006). Moreover, it has been shown that the level of hOCT3 mRNA in the colon was greater in 

cancer cells than normal cells (Yokoo et al., 2008). However, there have been limited reports of a 

role of OCTN1 or OCTN2 in oxaliplatin transport, and the only data available thus far showed no 

significant change in platinum accumulation in cells over-expressing hOCTN1 or hOCTN2 when 

compared to empty vector-transfected cells following oxaliplatin exposure (Yonezawa et al., 

2006). In rat isoforms of organic cation transporters, limited evidence for the involvement of 

rOct2 and rOct3, but not rOct1 in oxaliplatin uptake may suggest similarity between rat and 

human homologues of these transporters in their potential to mediate the uptake and cytotoxicity 
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of oxaliplatin (Yokoo et al., 2007). Together, these findings support the contribution of organic 

cation transporters to mediating oxaliplatin transport, but point to the need for further work on 

OCTN1 and OCTN2 as potential oxaliplatin transporters. 

Given this background, this chapter aimed to determine if OCT2, OCT3, OCTN1 or OCTN2 have a 

role in oxaliplatin uptake and/or cytotoxicity by using HEK293 cells over-expressing each of these 

transporters. In particular, OCTN1 and OCTN2 over-expressing cells were studied extensively in 

both the rat and human isoforms as these two transporters were found to exhibit functional 

transport activity in cultured rat DRG neurons as described in the previous chapter. Firstly, a 

HEK293 over-expressing rat Octn1 cell line was established and validated for use in the 

experiments described in this chapter. All other over-expressing cell lines discussed in this 

chapter, including HEK/rOctn2, HEK/hOCTN1, HEK/hOCTN2, HEK/rOct1, HEK/rOct2, and 

HEK/rOct3 have been obtained from the Department of Membrane Transport and 

Biopharmaceutics, Faculty of Pharmacy, Institute of Medical, Pharmaceutical and Health Sciences, 

Kanazawa University (Tamai et al., 1998; Tamai et al., 2001; Tamai et al., 2004; Fujita et al., 2009). 

Next, uptake of radiolabeled model substrates such as TEA+, MPP+, ergothioneine and L-carnitine 

by rat Oct2, rat Oct3, rat and human OCTN1, and rat and human OCTN2, respectively, was 

measured using liquid scintillation counting to confirm that the uptake of these radiolabeled 

organic cations is indeed higher in transporter over-expressing cells than control cells. The effect 

of oxaliplatin on the uptake of these model substrates by respective over-expressing cells was also 

defined to evaluate whether oxaliplatin interferes with the functional transport activity of OCTN1 

or OCTN2. Lastly, the individual contribution of Octn1 and/or Octn2 on oxaliplatin transport was 

determined by means of measuring oxaliplatin uptake and cytotoxicity in both rat and human 

isoforms of OCTN1 and OCTN2 over-expressing cells in an attempt to characterise a role of OCTN1 

or OCTN2 in the transport of oxaliplatin. 

 

4.2 Methods 

 Cell culture 4.2.1
HEK/rOctn1 cell line was established as described in 2.3.4. All other over-expressing cell lines 

discussed in this chapter, including HEK/rOctn2, HEK/hOCTN1, HEK/hOCTN2, HEK/rOct1, 

HEK/rOct2, and HEK/rOct3 were obtained from the Department of Membrane Transport and 

Biopharmaceutics, Faculty of Pharmacy, Institute of Medical, Pharmaceutical and Health Sciences, 

Kanazawa University. 
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All HEK293 cell lines were cultured using supplemented Dulbecco’s modified Eagle’s medium 

(DMEM) under a humidified atmosphere at 37⁰C and 5% CO2/95% air, and passaged every 3 – 4 

days. 

 Transport studies 4.2.2
HEK293 cells were incubated with transport buffer containing either [14C] TEA+ (0.5 µCi/mL; 9.1 

µM), [3H] MPP+ (0.5 µCi/mL; 6.3 µM), [3H] ergothioneine (0.5 µCi/mL; 5.0 µM), or [3H] L-carnitine 

(0.5 µCi/mL; 5.9 µM) to for up to 1 h at 37⁰C. At designated times, transport buffer containing 

radiolabeled substrate was aspirated, and cells were washed three times with ice-cold buffer, air-

dried, and lysed in 200 µL of 1% Triton X-100 solution for 6 to 12 h with gentle agitation. After cell 

lysis, 150 µL from each well was collected for quantification of radioactivity using LSC-6100 liquid 

scintillation counter (Aloka Co Ltd.). Uptake of radiolabeled substrates was presented as the 

cell/medium ratio (µL per mg of protein), the radioactivity accumulated in the cells as a fraction of 

initial concentration of radioactive compound in the transport buffer. Cellular protein content 

from each well was determined using a Bio-Rad Protein Assay (Bio-Rad Laboratories) following 

manufacturer’s protocols, and absorbance was measured at 595 nm. 

For characterisation of sodium-dependent ergothioneine and L-carnitine uptake, 125 mM NaCl 

was replaced with equimolar N-methylglucamine, which is favoured over typical sodium chloride 

replacements such as choline chloride or lithium chloride known to interact with the OCTs and/or 

OCTNs {Koepsell, 2007 #22}. 

To determine the effect of unlabeled oxaliplatin on OCTN1 and OCTN2, a range of concentrations 

of unlabeled oxaliplatin were co-incubated for 3 min at 37⁰C with [3H] ergothioneine (0.5 µCi/mL; 

5.0 µM) and [3H] L-carnitine (0.5 µCi/mL; 5.9 µM) in HEK293 cells over-expressing rat and human 

OCTN1 and OCTN2, respectively. A period of 3 min exposure was selected based on the initial 

time course study as above. HEK293 cells transfected with pcDNA3.1 plasmid vector alone (Mock) 

were used to control for the background activity. 

Radiolabeled [14C] oxaliplatin (0.05 µCi/mL; 1.0 µM) uptake by HEK293 cells over-expressing 

rOctn1, rOctn2, hOCTN1, and hOCTN2 was measured with an approach similar to that described 

above to determine the contribution of OCTN1 and OCTN2 in the transport of oxaliplatin. Cells 

were seeded at 150,000 cells/well on poly-L-lysine coated 24-well plate 2 days prior to uptake 

experiments. Uptake of [14C] oxaliplatin was measured for 1 or 2 h at 37⁰C. 
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 Cytotoxicity assay 4.2.3
A sulforhodamine B (SRB) assay was used to detect the effect of oxaliplatin on cell proliferation of 

HEK293 cells overexpressing rOctn1, rOctn2, hOCTN1, hOCTN2, and rOct2. Cells were seeded at 

4000 cells/well and allowed to adhere in drug-free medium for 6 h prior to oxaliplatin exposure as 

described previously (Fan et al., 2010). In brief, oxaliplatin was serially diluted in culture medium 

and added to the cell cultures and incubated for 72 h at 37⁰C with 5% CO2/95% air. Drug exposure 

was terminated by fixing the cells with 10% trichloroacetic acid solution for 1 h at 4⁰C, and cellular 

protein content was determined by staining with 0.57% SRB dissolved in 1% acetic acid for 30 min 

at room temperature. Unbound dye was removed by washing with 1% acetic acid for 30 min, and 

plates were allowed to air-dry. Bound dye was solubilised in 10 mM Tris base (pH 10) for 30 min at 

room temperature, and optical density was measured at 540 nm. Normalised absorbance to 

untreated controls was plotted against oxaliplatin concentration, and IC50 values were generated 

from curve fits using GraphPad Prism 5 software (GraphPad Software Inc). 

 Statistical analysis 4.2.4
Results were shown to be reproducible through at least two independent experiments. Data were 

analysed using descriptive statistics. The statistical significance of differences between means was 

determined from 95% confidence intervals or unpaired Student’s t tests GraphPad Prism 5. Non-

linear regression analyses were used to characterise cellular uptake of model substrates and 

oxaliplatin cytotoxicity. P < 0.05 was considered statistically significant.  

 

4.3 Results 

 HEK/rOctn1 4.3.1

 Establishment of cell line 4.3.1.1

HEK293 cells were transfected with a pcDNA3.1 plasmid vector containing the rat Octn1 gene 

(pcDNA3.1/rOctn1) and cultivated for 3 weeks. Single colonies were obtained and examined for 

rat Octn1 expression by measurement of [3H] ergothioneine transport activity. Uptake of [3H] 

ergothioneine by the 9 single colonies following the initial isolation was at least 17.7-fold greater 

than that of empty vector-transfected cells (HEK/Mock, 61.4 ± 5.7 dpm; P < 0.001, unpaired t-test) 

and varied from 1086 to 5995 dpm (Figure 4.1a). Clone 3 (5995 ± 238 dpm), 4 (3962 ± 147 dpm) 

and 9 (5954 ± 271 dpm) demonstrated the highest ergothioneine transport activity. The 

ergothioneine transport activity of these clones was confirmed by a further [3H] ergothioneine 
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Figure 4.1 Screening of single colonies isolated following transfection of HEK293 cells with 

rat Octn1 gene for [3H] ergothioneine transport activity. 

(a) Uptake of [3H] ergothioneine, presented as the raw value obtained from the liquid scintillation 

counter (H-DPM) for 30s in nine colonies following transfection. (b) Uptake of [3H] ergothioneine, 

presented as the raw value obtained from the liquid scintillation counter (H-DPM) for 30s in the 

three colonies with the highest [3H] ergothioneine transport activity from (a). Data are shown as 

mean ± standard error (n = 3). **, P < 0.01; ***, P < 0.001 (vs. HEK/Mock). 
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uptake study, where clones 3 (7454 ± 306 dpm; P < 0.001), 4 (1229 ± 120 dpm; P < 0.01, unpaired 

t-test) and 9 (4259 ± 330 dpm; P < 0.001, unpaired t-test) were shown to accumulate more 

ergothioneine compared to control Mock cells (288 ± 2.5 dpm) (Figure 4.1b). From these findings, 

clone 3 with the highest ergothioneine transport activity was used in subsequent experiments 

that involved HEK293 cells over-expressing rat Octn1 (HEK/rOctn1). 

 rOctn1 transport activity 4.3.1.2

HEK/rOctn1 was examined for its transport activity of model organic cation substrate 

ergothioneine. Uptake of [3H] ergothioneine by HEK/rOctn1 increased in a time dependent 

manner, whereas uptake by HEK/Mock exhibited negligible increase over 1 h (Figure 4.2a).  

[3H] Ergothioneine uptake by HEK/rOctn1 during 3 min exposure following subtraction of the 

uptake by HEK/Mock was saturable. The estimated kinetic parameters Km and Vmax of 

ergothioneine uptake by rOctn1 from the Michaelis-Menten plot were 26.9 ± 3.76 µM and 1190 ± 

68.8 pmol/mg protein/3 min, respectively (Figure 4.2b). The Eadie-Hofstee plot fitted a single 

straight line (r2 = 0.905, P < 0.0001, linear regression) (Figure 4.2c). In the absence of extracellular 

sodium, uptake of ergothioneine by rOctn1 was significantly reduced (P < 0.05, unpaired t-test) 

(Figure 4.2b). 

 Oxaliplatin uptake, cytotoxicity, and inhibition of ergothioneine uptake 4.3.1.3

HEK/rOctn1 demonstrated higher [14C] oxaliplatin uptake than HEK/Mock. The uptake of [14C] 

oxaliplatin by HEK293/rOctn1 was approximately 1.8-fold  (2.09 ± 0.21 µL/mg protein, P < 0.001) 

and 2.2-fold (5.46 ± 0.93 µL/mg protein, P < 0.01) higher following a 1 and 2 h exposure, 

respectively, as compared to HEK/Mock (1 h, 1.15 ± 0.04 µL/mg protein; 2 h, 2.48 ± 0.19 µL/mg 

protein) (Figure 4.3a). 

HEK/rOctn1 was more sensitive to growth inhibition by oxaliplatin than HEK/Mock (Figure 4.3b). 

The IC50 values for oxaliplatin inhibition of cell growth in HEK/rOctn1 (1.32 µM) was approximately 

2-fold lower than in HEK/Mock cells (2.93 µM, P < 0.05) (Figure 4.3b; Table 4.1a). 

Ergothioneine reduced oxaliplatin-induced growth inhibition on HEK/rOctn1 more so than that of 

the corresponding HEK/Mock. The IC50 value for oxaliplatin on cell growth of HEK/rOctn1 in the 

presence of ergothioneine (86.2 µM) was approximately 65-fold greater than that in the absence 

of ergothioneine (1.33 µM, P < 0.05), whereas the IC50 value for oxaliplatin on cell growth of 

HEK/Mock in the presence of ergothioneine (43.8 µM) was approximately 9-fold greater than that 

in the absence of ergothioneine (4.81 µM, P < 0.05) (Figure 4.3b; Table 4.1b). Sensitivity to growth  
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Figure 4.2 Uptake of [3H] ergothioneine by HEK/rOctn1. 

(a) Time course of [3H] ergothioneine uptake by HEK/rOctn1 and HEK/Mock. (b,c) Concentration 

and sodium dependence of [3H] ergothioneine uptake by HEK/rOctn1, presented as the values 

following subtraction of HEK/Mock uptake. rOctn1-mediated [3H] ergothioneine uptake was 

analysed by means of Michaelis-Menten (b) and Eadie-Hofstee plot (c). Uptake was measured at 

pH 7.4 and 37⁰C for 3 min, unless specified otherwise. Results are shown as mean ± standard error 

(n = 6) from two independent experiments. 
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Figure 4.3 [14C] Oxaliplatin uptake, oxaliplatin cytotoxicity, and inhibition of [3H] ergothioineine 

uptake in HEK/rOctn1. (a) Oxaliplatin uptake by HEK/rOctn1. Uptake of [14C] oxaliplatin (1 µM) at 37°C 

and pH 7.4 for 1 or 2 h as indicated by HEK/Mock and HEK/rOctn1 (P values vs. HEK/Mock). Each bar 

represents the mean ± standard error (n ≥ 6). **, P < 0.01; ***, P < 0.001. (b) Oxaliplatin cytotoxicity 

presented as percentage of control cell growth in HEK/Mock and HEK/rOctn1 cells determined following 

72 h drug exposure by a SRB assay. Co-incubation with ergothioneine, EGT (1 mM) reduced oxaliplatin 

cytotoxicity in HEK/rOctn1. Each data point represents the mean ± standard error (n ≥ 12) and curves are 

nonlinear regression fits to data. (c) Unlabeled oxaliplatin inhibited ergothioneine uptake (3 min) by 

HEK/rOctn1 cells in a concentration-dependent manner. Each data point represents the mean ± standard 

error (n ≥ 12) and curves are nonlinear regression fits to data. 
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Table 4.1 Oxaliplatin cytotoxicity in HEK/rOctn1. (a) Mean, standard deviation (SD), 95% 

confidence interval (CI), and percentage of control of oxaliplatin cytotoxicity (IC50) in HEK/rOctn1 

after treatment with oxaliplatin alone. P < 0.05 (vs. HEK/Mock) was considered statistically 

significant. (b) Fold inhibition values represent ratios of oxaliplatin IC50 values in the presence or 

absence of ergothioneine, EGT (1 mM). 

a   Mean SD 95% CI % of control 

 Mock 2.93 1.06 2.60 - 3.29 N/A 

 rOctn1 1.32 1.09 1.11 - 1.58 45 (P < 0.05) 

       
       

b   Mean SD 95% CI Fold inhibition of cytotoxicity 

 Mock 
(- EGT) 4.81 0.206 3.66 - 6.32 N/A 

 (+ EGT) 43.8 0.304 29.3 - 65.5 9.11 (P < 0.05) 

 rOctn1 
(- EGT) 1.33 0.118 1.14 - 1.56 N/A 

 (+ EGT) 86.2 1.10 20.2 - 368 64.8 (P < 0.05) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



117 

 

inhibition by oxaliplatin was reduced by 7-fold in the presence of ergothioneine in HEK/rOctn1, 

compared to HEK/Mock (Table 4.1a). 

Oxaliplatin inhibited Octn1-mediated uptake of [3H] ergothioneine by over-expressing HEK293 

cells in a concentration dependent manner. The concentration of oxaliplatin inhibiting 

ergothioneine uptake in HEK/rOctn1 by 50 % was 3.0 mM (95% CI, 1.7 – 5.5 mM) (Figure 4.3c). 

 HEK/rOctn2 4.3.2
HEK/rOctn2 was obtained from the Department of Membrane Transport and Biopharmaceutics, 

Faculty of Pharmacy, Institute of Medical, Pharmaceutical and Health Sciences, Kanazawa 

University (Fujita et al., 2009). 

 rOctn2 transport activity 4.3.2.1

HEK/rOctn2 was examined for its transport activity of model organic cation substrate L-carnitine.  

Uptake of L-carnitine by HEK/rOctn2 increased in a time dependent manner, whereas uptake by 

HEK/Mock exhibited slower increase over 1 h (Figure 4.4a).  

[3H] L-carnitine uptake by HEK/rOctn2 during 3 min exposure following subtraction of the uptake 

by HEK/Mock was saturable. The estimated kinetic parameters Km and Vmax of L-carnitine uptake 

by rOctn2 from the Michaelis-Menten plot were 58.6 ± 8.76 µM and 831 ± 61.8 pmol/mg 

protein/3 min, respectively (Figure 4.4b). The Eadie-Hofstee plot fitted a single straight line (r2 = 

0.904, P < 0.0001, linear regression) (Figure 4.4c). In the absence of extracellular sodium, uptake 

of L-carnitine by rOctn2 was markedly reduced although this difference did not reach statistical 

significance (P > 0.05, unpaired t-test) (Figure 4.4b). 

 Oxaliplatin uptake, cytotoxicity, and inhibition of L-carnitine uptake 4.3.2.2

HEK/rOctn2 demonstrated higher oxaliplatin uptake than HEK/Mock. The uptake of [14C] 

oxaliplatin by HEK/rOctn2 cells was approximately 4.0-fold (4.54 ± 0.38 µL/mg protein, P < 0.001) 

and 3.8-fold (9.52 ± 0.80 µL/mg protein, P < 0.001) higher following a 1 and 2 h exposure, 

respectively, as compared to HEK/Mock (1 h, 1.15 ± 0.04 µL/mg protein; 2 h, 2.48 ± 0.19 µL/mg 

protein) (Figure 4.5a).  

HEK/rOctn2 was more sensitive to growth inhibition by oxaliplatin than HEK/Mock (Figure 4.5b). 

The IC50 values for oxaliplatin inhibition of cell growth in HEK/rOctn2 (0.71 µM) was approximately 

4-fold lower than in HEK/Mock (2.93 µM, P < 0.05), respectively (Figure 4.5b; Table 4.2a). 
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Figure 4.4 Uptake of [3H] L-carnitine HEK/rOctn2. 

(a) Time course of [3H] L-carnitine uptake by HEK/rOctn2 and HEK/Mock. (b,c) Concentration and 

sodium dependence of [3H] L-carnitine uptake by HEK/rOctn2, presented as the values following 

subtraction of HEK/Mock uptake. rOctn2-mediated [3H] L-carnitine uptake was analysed by means 

of Michaelis-Menten (b) and Eadie-Hofstee plot (c). Uptake was measured at pH 7.4 and 37⁰C for 

3 min, unless specified otherwise. Results are shown as mean ± standard error (n = 6). 
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Figure 4.5 [14C] Oxaliplatin uptake, oxaliplatin cytotoxicity, and inhibition of [3H] L-carnitine uptake 

in HEK293 cells over-expressing rOctn2. (a) Oxaliplatin uptake by HEK/rOctn2. Uptake of [14C] oxaliplatin 

(1 µM) at 37°C and pH 7.4 for 1 or 2 h as indicated by HEK/Mock and HEK/rOctn2 (P values vs. 

HEK/Mock). Each bar represents the mean ± standard error (n ≥ 6). **, P < 0.01; ***, P < 0.001. (b) 

Oxaliplatin cytotoxicity presented as percentage of control cell growth in HEK/Mock and HEK/rOctn2 

cells determined following 72 h drug exposure by a SRB assay. Co-incubation with acetyl-L-carnitine, ALC 

(1 mM) reduced oxaliplatin cytotoxicity in HEK/rOctn2. Each data point represents the mean ± standard 

error (n ≥ 12) and curves are nonlinear regression fits to data. (c) Unlabeled oxaliplatin inhibited L-

carnitine uptake (3 min) by HEK/rOctn2 cells in a concentration-dependent manner. Each data point 

represents the mean ± standard error (n ≥ 12) and curves are nonlinear regression fits to data. 
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Table 4.2 Oxaliplatin cytotoxicity in HEK/rOctn2. (a) Mean, standard deviation (SD), 95% 

confidence interval (CI), and percentage of control of oxaliplatin cytotoxicity (IC50) in HEK/rOctn2 

after treatment with oxaliplatin alone. P < 0.05 (vs. HEK/Mock) was considered statistically 

significant. (b) Fold inhibition values represent ratios of oxaliplatin IC50 values in the presence or 

absence of acetyl-L-carnitine, ALC (1 mM). 

a   Mean SD 95% CI % of control 

 Mock 2.93 1.06 2.60 - 3.29 N/A 

 rOctn2 0.71 1.09 0.60 - 0.84 24 (P < 0.05) 

       
       

b   Mean SD 95% CI Fold inhibition of cytotoxicity 

 Mock 
(- ALC) 3.44 0.113 2.97 - 4.00 N/A 

 (+ ALC) 3.97 0.107 3.44 - 4.58 1.15 (P > 0.05) 

 rOctn2 
(- ALC) 0.709 0.128 0.60 - 0.84 N/A 

 (+ ALC) 2.34 0.114 2.01 - 2.72 3.30 (P < 0.05) 
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Acetyl-L-carnitine (ALC) was able to reduce oxaliplatin-induced growth inhibition in HEK/rOctn2 

but not in HEK/Mock. The IC50 value for oxaliplatin inhibition of cell growth in HEK/rOctn2 in the 

presence of ALC (2.34 µM) was approximately 3-fold greater than that in the absence of ALC (0.71 

µM, P < 0.05), whereas the IC50 values for oxaliplatin inhibition of cell growth in HEK/Mock were 

similar in the presence (3.97 µM) or absence of ALC (3.44 µM, P > 0.05) Sensitivity to growth 

inhibition by oxaliplatin was reduced by approximately 3-fold in the presence of ALC in 

HEK/rOctn2 compared to HEK/Mock (Figure 4.5b; Table 4.2b). 

Oxaliplatin inhibited Octn2-mediated uptake of [3H] L-carnitine by rOctn2-transfected HEK293 

cells in a concentration dependent manner. The concentration of oxaliplatin inhibiting L-carnitine 

uptake in HEK/rOctn2 by 50% was 3.0 mM (95% CI, 0.75 – 5.2 mM) (Figure 4.5c). 

 HEK/hOCTN1 4.3.3
HEK/hOCTN1 was sourced from the Department of Membrane Transport and Biopharmaceutics, 

Faculty of Pharmacy, Institute of Medical, Pharmaceutical and Health Sciences, Kanazawa 

University (Tamai et al., 1997; Tamai et al., 2004). 

 hOCTN1 transport activity 4.3.3.1

Given that rat Octn1 appeared to mediate oxaliplatin uptake and cytotoxicity, the studies were 

extended to the human homologue of the transporter, hOCTN1 to determine its potential for 

oxaliplatin uptake and cytotoxicity. 

Firstly, HEK/hOCTN1 was examined for its transport activity of model organic cation substrate 

ergothioneine.  

Uptake of ergothioneine by HEK/hOCTN1 increased in a time dependent manner, whereas uptake 

by HEK/Mock exhibited negligible increase over 1 h (Figure 4.6a).  

Ergothioneine uptake by HEK/hOCTN1 during 3 min exposure following subtraction of the uptake 

by HEK/Mock was saturable. The estimated kinetic parameters Km and Vmax of ergothioneine 

uptake by hOCTN1 from the Michaelis-Menten plot were 18.6 ± 2.0 µM and 384 ± 13 pmol/mg 

protein/3 min, respectively (Figure 4.6b). The Eadie-Hofstee plot fitted a single straight line (r2 = 

0.975, P < 0.0001, linear regression) (Figure 4.6c). However, in the absence of extracellular 

sodium, uptake of ergothioneine by hOCTN1 was significantly reduced (P < 0.05, unpaired t-test), 

and had negligible increase over 1 h (Figure 4.6b). 
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Figure 4.6 Uptake of [3H] ergothioneine by HEK/hOCTN1. 

(a) Time course of [3H] ergothioneine uptake by HEK/hOCTN1 and HEK/Mock. (b,c) Concentration 

and sodium dependence of [3H] ergothioneine uptake by HEK/hOCTN1, presented as the values 

following subtraction of HEK/Mock uptake. hOCTN1-mediated [3H] ergothioneine uptake was 

analysed by means of Michaelis-Menten (b) and Eadie-Hofstee plot (c). Uptake was measured at 

pH 7.4 and 37⁰C for 3 min, unless specified otherwise. Results are shown as mean ± standard error 

(n = 3). 
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 Oxaliplatin uptake, cytotoxicity, and inhibition of ergothioneine uptake 4.3.3.2

Oxaliplatin uptake and cytotoxicity was also defined in HEK/hOCTN1 to determine whether the rat 

and human isoforms of this transporter are comparable in their transport of oxaliplatin. The effect 

of oxaliplatin on the uptake of model substrate of OCTN1 was also measured to evaluate whether 

oxaliplatin interferes with the functioning of hOCTN1. 

HEK/hOCTN1 demonstrated higher oxaliplatin uptake than HEK/Mock. The uptake of oxaliplatin 

by HEK/hOCTN1 cells (1.42 ± 0.07 µL/mg protein) following 1 h exposure was approximately 1.5-

fold higher compared with HEK/Mock (0.99 ± 0.03 µL/mg protein; P < 0.001) (Figure 4.7).  

Ergothioneine reduced oxaliplatin-induced growth inhibition on HEK/hOCTN1 more than 

HEK/Mock. The IC50 value for oxaliplatin inhibition of cell growth in HEK/hOCTN1 in the presence 

of ergothioneine (83.4 µM) was approximately 36-fold greater than that in the absence of 

ergothioneine (2.31 µM, P < 0.05), whereas the IC50 value for oxaliplatin inhibition of cell growth 

in HEK/Mock in the presence of ergothioneine (63.4 µM) was approximately 11-fold greater than 

that in the absence of ergothioneine (5.71 µM, P < 0.05) (Figure 4.7b; Table 4.3b). Sensitivity to 

growth inhibition by oxaliplatin was reduced by 3.3-fold in the presence of ergothioneine in 

HEK/hOCTN1, compared to HEK/Mock (Figure 4.7b; Table 4.3b). 

Oxaliplatin inhibited OCTN1-mediated uptake of ergothioneine by HEK/hOCTN1 in a concentration 

dependent manner. The concentration of oxaliplatin inhibiting ergothioneine uptake in 

HEK/hOCTN1 by 50 % was 0.95 mM (95% CI, 0.74 – 1.2 mM) (Figure 4.7c). 

 HEK/hOCTN2 4.3.4
HEK/hOCTN2 was sourced from the Department of Membrane Transport and Biopharmaceutics, 

Faculty of Pharmacy, Institute of Medical, Pharmaceutical and Health Sciences, Kanazawa 

University (Tamai et al., 1998; Tamai et al., 2001). 

 hOCTN2 transport activity 4.3.4.1

Given that rat Octn2 appeared to mediate oxaliplatin uptake and cytotoxicity, the studies were 

extended to the human homologue of the transporter, hOCTN2 to determine its potential for 

oxaliplatin uptake and cytotoxicity. 

Firstly, HEK/hOCTN2 was examined for its transport activity of model organic cation substrate L-

carnitine.  

Uptake of L-carnitine by HEK/hOCTN2 increased in a time dependent manner, whereas uptake by 

Mock cells exhibited negligible increase over 1 h (Figure 4.8a).  
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Figure 4.7 [14C] Oxaliplatin uptake, oxaliplatin cytotoxicity, and inhibition of [3H] ergothioineine 

uptake in HEK/hOCTN1. (a) Oxaliplatin uptake by HEK/hOCTN1. Uptake of [14C] oxaliplatin (1 µM) at 37°C 

and pH 7.4 for 1 h by HEK/Mock and HEK/hOCTN1 (P values vs. HEK/Mock). Each bar represents the 

mean ± standard error (n ≥ 6). **, P < 0.01; ***, P < 0.001. (b) Oxaliplatin cytotoxicity presented as 

percentage of control cell growth in HEK/Mock and HEK/hOCTN1 cells determined following 72 h drug 

exposure by a SRB assay. Co-incubation with ergothioneine, EGT (1 mM) reduced oxaliplatin cytotoxicity 

in HEK/hOCTN1. Each data point represents the mean ± standard error (n ≥ 12) and curves are nonlinear 

regression fits to data. (c) Unlabeled oxaliplatin inhibited ergothioneine uptake (3 min) by HEK/hOCTN1 

cells in a concentration-dependent manner. Each data point represents the mean ± standard error (n ≥ 

12) and curves are nonlinear regression fits to data. 
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Table 4.3 Oxaliplatin cytotoxicity in HEK/hOCTN1. (a) Mean, standard deviation (SD), 95% 

confidence interval (CI), and percentage of control of oxaliplatin cytotoxicity (IC50) in HEK/hOCTN1 

after treatment with oxaliplatin alone. P < 0.05 (vs. HEK/Mock) was considered statistically 

significant. (b) Fold inhibition values represent ratios of oxaliplatin IC50 values in the presence or 

absence of ergothioneine, EGT (1 mM). 

a   Mean SD 95% CI % of control 

 Mock 8.09 1.11 6.58 - 9.94 N/A 

 hOCTN1 2.96 1.09 2.50 - 3.50 37 (P < 0.05) 
       

       
b   Mean SD 95% CI Fold inhibition of cytotoxicity 

 Mock 
(- EGT) 5.71 0.13 4.48 - 7.28 N/A 

 (+ EGT) 63.4 0.3 41.1 - 97.7 11.1 (P < 0.05) 

 hOCTN1 
(- EGT) 2.31 0.09 1.93 - 2.77 N/A 

 (+ EGT) 83.4 0.5 44.6 - 156 36.1 (P < 0.05) 
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Figure 4.8 Uptake of [3H] L-carnitine by HEK/hOCTN2. 

(a) Time course of [3H] L-carnitine uptake by HEK/hOCTN2 and HEK/Mock. (b,c) Concentration and 

sodium dependence of [3H] L-carnitine uptake by HEK/hOCTN2, presented as the values following 

subtraction of HEK/Mock uptake. hOCTN2-mediated [3H] L-carnitine uptake was analysed by 

means of Michaelis-Menten (b) and Eadie-Hofstee plot (c). Uptake was measured at pH 7.4 and 

37⁰C for 3 min, unless specified otherwise. Results are shown as mean ± standard error (n = 3). 
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L-carnitine uptake by HEK/hOCTN2 during 3 min exposure following subtraction of the uptake by 

HEK/Mock was saturable. The estimated kinetic parameters Km and Vmax of ergothioneine uptake 

by hOCTN2 from the Michaelis-Menten plot were 12.8 ± 1.37 µM and 1014 ± 32 pmol/mg 

protein/3 min, respectively (Figure 4.8b). The Eadie-Hofstee plot fitted a single straight line (r2 = 

0.973, P < 0.0001, linear regression) (Figure 4.8c). In the absence of extracellular sodium, uptake 

of L-carnitine by hOCTN2 was markedly reduced although this difference did not reach statistical 

significance (P > 0.05, unpaired t-test) (Figure 4.8b). 

 Oxaliplatin uptake, cytotoxicity, and inhibition of L-carnitine uptake 4.3.4.2

Oxaliplatin uptake and cytotoxicity was also defined in HEK/hOCTN2 to determine whether the rat 

and human isoforms of this transporter are comparable in their transport of oxaliplatin. The effect 

of oxaliplatin on the uptake of model substrate of OCTN2 was also measured to evaluate whether 

oxaliplatin interferes with the functioning of hOCTN2. 

HEK/hOCTN2 demonstrated higher oxaliplatin uptake than empty vector-transfected HEK/Mock. 

The uptake of oxaliplatin by HEK/hOCTN2 (2.46 ± 0.045 µL/mg protein) cells following 1 h 

exposure was approximately 2.5-fold higher compared with HEK/Mock (0.99 ± 0.032 µL/mg 

protein; P < 0.001) (Figure 4.9a).  

HEK/hOCTN2 was more sensitive to growth inhibition by oxaliplatin than HEK/Mock (Figure 4.9b; 

Table 4.4a). The IC50 values for oxaliplatin inhibition of cell growth in HEK/hOCTN2 (1.92 µM) was 

approximately 4-fold lower than in control HEK/Mock cells (8.09 µM, P < 0.05), respectively 

(Figure 4.9b; Table 4.4a). 

Acetyl-L-carnitine (ALC) had no apparent effect on oxaliplatin-induced growth inhibition in 

HEK/hOCTN2 or HEK/Mock. The IC50 value for oxaliplatin inhibition of cell growth in HEK/hOCTN2 

in the presence of ALC (1.23 µM) was similar to that in the absence of ALC (1.22 µM, P > 0.05) 

(Figure 4.9b; Table 4.4b).  

Oxaliplatin inhibited OCTN2-mediated uptake of L-carnitine by HEK293 cells over-expressing 

human OCTN2 in a concentration dependent manner. The concentration of oxaliplatin inhibiting 

L-carnitine uptake in HEK/hOCTN2 by 50% was 8.9 mM (0.89 – 88.4 mM) (Figure 4.9c). 

 HEK/rOct2 4.3.5
HEK/rOct2 was sourced from the Department of Membrane Transport and Biopharmaceutics, 

Faculty of Pharmacy, Institute of Medical, Pharmaceutical and Health Sciences, Kanazawa 

University.
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Figure 4.9 [14C] Oxaliplatin uptake, oxaliplatin cytotoxicity, and inhibition of [3H] L-carnitine uptake 

in HEK/hOCTN2. (a) Oxaliplatin uptake by HEK/hOCTN2. Uptake of [14C] oxaliplatin (1 µM) at 37°C and pH 

7.4 for 1 h by HEK/Mock and HEK/hOCTN2 cells (P values vs. HEK/Mock). Each bar represents the mean ± 

standard error (n ≥ 6). **, P < 0.01; ***, P < 0.001. (b) Oxaliplatin cytotoxicity presented as percentage of 

control cell growth in HEK/Mock and HEK/hOCTN2 cells determined following 72 h drug exposure by a 

SRB assay. Co-incubation with acetyl-L-carnitine, ALC (1 mM) reduced oxaliplatin cytotoxicity in 

HEK/hOCTN2. Each data point represents the mean ± standard error (n ≥ 12) and curves are nonlinear 

regression fits to data. (c) Unlabeled oxaliplatin inhibited L-carnitine uptake (3 min) by HEK/hOCTN2 cells 

in a concentration-dependent manner. Each data point represents the mean ± standard error (n ≥ 12) 

and curves are nonlinear regression fits to data. 
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Table 4.4 Oxaliplatin cytotoxicity in HEK/hOCTN2. (a) Mean, standard deviation (SD), 95% 

confidence interval (CI), and percentage of control of oxaliplatin cytotoxicity (IC50) in HEK/hOCTN2 

after treatment with oxaliplatin alone. P < 0.05 (vs. HEK/Mock) was considered statistically 

significant. (b) Fold inhibition values represent ratios of oxaliplatin IC50 values in the presence or 

absence of acetyl-L-carnitine, ALC (1 mM). 

a   Mean SD 95% CI % of control 

 Mock 8.09 1.11 6.58 - 9.94 N/A 

 hOCTN2 1.92 1.10 1.59 - 2.31 24 (P < 0.05) 

       
       

b   Mean SD 95% CI Fold inhibition of cytotoxicity 

 Mock 
(- ALC) 5.71 0.13 4.48 – 7.28 N/A 

 (+ ALC) 5.80 0.11 4.72 – 7.12 1.02 (P > 0.05) 

 hOCTN2 
(- ALC) 1.22 0.08 1.05 – 1.43 N/A 

 (+ ALC) 1.23 0.11 1.00 – 1.51 1.01 (P < 0.05) 
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 rOct2 transport activity 4.3.5.1

HEK/rOct2 was examined for its transport activity of model organic cation substrate TEA+. 

Uptake of [14C] TEA+ by HEK/rOct2 increased in a time dependent manner, whereas uptake by 

HEK/Mock cells exhibited negligible increase over 1 h (Figure 4.10a). 

[14C] TEA+ uptake by HEK/rOct2 during 3 min exposure following subtraction of the uptake by 

HEK/Mock was saturable. The estimated kinetic parameters Km and Vmax of TEA+ uptake by rOct2 

from the Michaelis-Menten plot were 0.157 ± 0.047 mM and 1695 ± 139 pmol/mg protein/3 min, 

respectively (Figure 4.10b). The Eadie-Hofstee plot fitted a single straight line (r2 = 0.867, P < 

0.0001) (Figure 4.10c). 

 Oxaliplatin cytotoxicity, and inhibition of TEA+ uptake 4.3.5.2

HEK/rOct2 was more sensitive to growth inhibition by oxaliplatin than HEK/Mock. The IC50 value 

for oxaliplatin inhibition of cell growth in HEK/rOct2 (0.96 µM) was approximately 3-fold lower 

than in control HEK/Mock (3.15 µM, P < 0.05), respectively (Figure 4.11a). 

Oxaliplatin had no apparent effect on the uptake of TEA+ by rat Oct2. TEA+ uptake by HEK/rOct2 

was significantly greater than corresponding HEK/Mock in the absence or presence of oxaliplatin 

(P < 0.001, unpaired t-test). However, there appeared to be no difference in the uptake of TEA+ by 

HEK/rOct2 incubated with no oxaliplatin (9.77 ± 0.50 µL/mg protein), or with oxaliplatin at 0.1 mM 

(12.21 ± 1.15 µL/mg protein), 0.5 mM (10.83 ± 0.31 µL/mg protein), or 1 mM (11.20 ± 0.71 µL/mg 

protein) (P > 0.05, unpaired t-test) (Figure 4.11). In HEK/Mock, TEA+ uptake was also similar in the 

absence (0.389 ± 0.063 µL/mg protein), or presence of oxaliplatin at 0.1 mM (0.278 ± 0.018 µL/mg 

protein), 0.5 mM (0.233 ± 0.037 µL/mg protein), or 1 mM (0.206 ± 0.042 µ/mg protein) (P > 0.05, 

unpaired t-test) (Figure 4.11).  

 HEK/rOct3 4.3.6
HEK/rOct3 was obtained from the Department of Membrane Transport and Biopharmaceutics, 

Faculty of Pharmacy, Institute of Medical, Pharmaceutical and Health Sciences, Kanazawa 

University. 

 rOct3 transport activity 4.3.6.1

HEK/rOct3 was examined for their transport activity of model organic cation substrate MPP+. 

Uptake of [3H] MPP+ by HEK/rOct3 increased in a time dependent manner, whereas uptake by 

HEK/Mock exhibited negligible increase over 1 h (Figure 4.12).  
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Figure 4.10 Uptake of [14C] TEA+ by HEK/rOct2. 

(a) Time course of [14C] TEA+ uptake by HEK/rOct2 and HEK/Mock. (b,c) Concentration 

dependence of [14C] TEA uptake by HEK/rOct2, presented as the values following subtraction of 

HEK/Mock uptake. rOct2-mediated [14C] TEA+ uptake was analysed by means of Michaelis-Menten 

(b) and Eadie-Hofstee plot (c). Uptake was measured at pH 7.4 and 37⁰C for 3 min, unless 

specified otherwise. Results are shown as mean ± standard error (n = 3).  
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Figure 4.11 Oxaliplatin cytotoxicity, and the effect of oxaliplatin on TEA+ uptake in HEK/rOct2. 

(a) Oxaliplatin cytotoxicity in HEK/Mock () and HEK/rOct2 () cells determined following 72 h 

drug exposure by a SRB assay. Results are shown as mean ± standard error (n = 8) from two 

independent experiments. (b) Lack of effect by unlabeled oxaliplatin at concentrations up to 1 

mM on the uptake of [14C] TEA+ by HEK/rOct2. Uptake was measured at pH 7.4 and 37⁰C for 3 min. 

Results are shown as mean ± standard error (n ≥ 3) from at least two independent experiments. 

***, P < 0.001 (vs. respective HEK/Mock). 
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Figure 4.12 Uptake of [3H] MPP+ by HEK293 cells over-expressing rOct3. 

Time course of [3H] MPP+ uptake by HEK/rOct3 and HEK/Mock. Uptake was measured at pH 7.4 

and 37⁰C. Results are shown as mean ± standard error (n ≥ 3). 
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MPP+ uptake kinetics by HEK293 cells over-expressing rat Oct3 was not characterised as 

subsequent vials of frozen cells failed to revive despite many attempts. 

 Inhibition of [3H] MPP+ uptake 4.3.6.2

Oxaliplatin also had no effect on the uptake of MPP+ by rat Oct3. MPP+ uptake by HEK/rOct3 was 

significantly greater than corresponding HEK/Mock in the absence or presence of oxaliplatin (P < 

0.01, unpaired t-test). However, there was no significant difference in the uptake of MPP+ by 

HEK/rOct3 incubated with no oxaliplatin (7.69 ± 0.84 µL/mg protein), or oxaliplatin at 0.1 mM 

(9.52 ± 1.11 µL/mg protein) or 1 mM (9.17 ± 0.41 µL/mg protein) (P > 0.05, unpaired t-test) (Figure 

4.13). In HEK/Mock, MPP+ uptake was also similar in the absence (2.32 ± 0.31 µL/mg protein), or 

presence of oxaliplatin at 0.1 mM (2.90 ± 0.58 µL/mg protein), or 1 mM (2.70 ± 0.46 µL/mg 

protein) (P > 0.05, unpaired t-test) (Figure 4.13). 

 HEK/rOct1 4.3.7
Rat Oct1-transfected HEK293 cells failed to revive from frozen stocks despite several attempts. 

 

4.4 Discussion 
In the experiments described in this chapter, a HEK293 cell line over-expressing rat Octn1 was 

successfully established. Confirmation of a successful transfection was achieved by measuring the 

cellular uptake of model Octn1 substrate, ergothioneine, where it was significantly greater in 

HEK/rOctn1 than HEK/Mock. Moreover, ergothioneine transport kinetics of rOctn1 as determined 

by the Km and Vmax values of 27 µM and 1190 pmol/mg protein/3 min, respectively in this study 

was comparable to a previous report of 26 µM and 134 pmol/mg protein/2 min (Nakamura et al., 

2008), validating the establishment of this HEK/rOctn1 cell line. Other cell lines used in this study, 

including HEK/rOctn2, HEK/hOCTN1, HEK/hOCTN2, HEK/rOct2, HEK/rOct3, were obtained from 

the Department of Membrane Transport and Biopharmaceutics, Faculty of Pharmacy, Institute of 

Medical, Pharmaceutical and Health Sciences, Kanazawa University, and validated in the current 

chapter by comparing cellular uptake of model substrates in HEK/OCT relative to HEK/Mock. L-

carnitine transport kinetics of rOctn2 was determined for the first time in this study. The Km and 

Vmax values of rOctn2-mediated L-carnitine transport of 59 µM and 831 pmol/mg protein/3 min, 

respectively suggested that L-carnitine may have preference for hOCTN2 compared with rOctn2. 

This study demonstrated that oxaliplatin is transported by rat and human OCTN1 and OCTN2. 

Direct evidence was provided by studies of isogenic HEK293 cells over-expressing rOctn1, rOctn2, 
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Figure 4.13 Lack of effect of unlabeled oxaliplatin on the uptake of [3H] MPP+ by HEK/rOct3 

and HEK/Mock.  

Uptake was measured at pH 7.4 and 37⁰C for 3 min. Results are shown as mean ± standard error 

(n ≥ 3). **, P < 0.01; ***, P < 0.001 (vs. respective HEK/Mock). 
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hOCTN1, and hOCTN2, which accumulated approximately 2- to 4-fold more oxaliplatin than Mock-

transfected control cells, and thereby conferring 2- to 4-fold increase in cellular sensitivity to 

oxaliplatin (Table 4.5). This is comparable to the magnitude of increase in platinum accumulation, 

approximately 2-fold, following oxaliplatin exposure by the over-expression of rOct2 and rOct3, 

known oxaliplatin transporters (Yokoo et al., 2007), and the 3-fold increase in oxaliplatin 

cytotoxicity by rOct2 found in the current study (Table 4.5). In contrast, other studies have 

reported a 6- to 30-fold increase in platinum accumulation and a corresponding 6- to 24-fold 

increase in cytotoxicity following oxaliplatin exposure by the over-expression of hOCT1 or hOCT2 

(Yonezawa et al., 2006; Zhang et al., 2006; Burger et al., 2010). Whether the extent of difference 

described may be attributed to the use of different transfection techniques, incubation 

conditions, or species difference in the transporter homologue remains to be determined. 

Together these findings suggest that all five members of the organic cation transporter family 

mediate oxaliplatin uptake and cytotoxicity, although there may be potential differential substrate 

selectivity or transport efficiency for oxaliplatin between these members.   

The current results which demonstrated oxaliplatin transport mediated by OCTN1 and OCTN2 in 

OCTN over-expressing HEK293 cells was in disagreement with a previous study that found a lack 

of contribution of OCTN1 or OCTN2 to the cellular uptake of oxaliplatin (Yonezawa et al., 2006). 

Yonezawa et al. reported that there was no difference in platinum accumulation by empty vector-, 

hOCTN1- or hOCTN2-transfected cells following oxaliplatin exposure. It may be reasonable to 

suggest that this inconsistency can be largely ascribed to the different methods undertaken in the 

two studies. Yonezawa and colleagues measured platinum accumulation following 1 h oxaliplatin 

(500 µM) treatment in transiently transfected cells, whereas the current study determined [14C] 

oxaliplatin uptake following 2 h oxaliplatin (1 µM) incubation in stably transfected cells. No 

additional studies have since considered a role of OCTN1 or OCTN2 transporters in oxaliplatin 

uptake and cytotoxicity. 

Interestingly, rat and human homologues of OCTN1 and OCTN2 transporters shared apparent 

similarity in their capacity to take up oxaliplatin. For both rat and human homologues, OCTN2 

conferred approximately 2-fold greater oxaliplatin uptake than OCTN1, resulting in increased 

sensitivity to oxaliplatin (Table 4.5). In contrast, rat isoforms of Octn1 and Octn2 afforded more 

protection by model substrates ergothioneine and L-carnitine, respectively, than corresponding 

human isoforms. For OCTN1, there was an approximately 2-fold greater reduction in oxaliplatin 

growth inhibition by ergothioneine in the rat homologue relative to the human homologue, 

although ergothioneine was able to protect against oxaliplatin cytotoxicity significantly in both.  
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Table 4.5  Summary of model substrate kinetic parameters, [14C] oxaliplatin uptake, inhibition of oxaliplatin on uptake of model substrate presented 

as IC50 values, oxaliplatin growth inhibition resistance ratio, and fold inhibition of model substrate on oxaliplatin growth inhibition for rOctn1, rOctn2, 

hOCTN1, hOCTN2, rOct2 and rOct3 in over-expressing HEK293 cells. N.D, not determined. 

Cell line 
  

Model substrate uptake kinetic parameters 

 
[14C] Oxaliplatin 

uptake1 
IC50 of oxaliplatin 

on uptake of 
model substrate 

(mM) 

Oxaliplatin growth 
inhibition resistance 

ratio2 

Fold inhibition of 
oxaliplatin growth 

inhibition by model 
substrate 
(OCT/Mock)3 Substrate  Km                       

(µM) 
Vmax                                           

(nmol min-1 mg protein-1) 
 1 h 2 h 

rOctn1 Ergothioneine 26.9 ± 3.76 1190 ± 68.8  1.82 2.20 3.0 0.45 64.8/9.1 

rOctn2 L-carnitine 58.6 ± 8.76 831 ± 61.8  3.96 3.84 3.0 0.24 3.3/1.1 

hOCTN1 Ergothioneine 18.6 ± 2.00 384 ± 13  1.43 N.D 1.0 0.37 36.1/11.1 

hOCTN2 L-carnitine 12.9 ± 1.37 1014 ± 32.3  2.49 N.D 8.9 0.24 1.0/1.0 

rOct2 TEA+ 158 ± 47.4 1695 ± 139  N.D N.D > 1 0.3 N.D 

rOct3 MPP+ N.D N.D  N.D N.D > 1 N.D N.D 

 

                                                           
1 [14C] Oxaliplatin uptake is presented as fold difference between HEK/OCT and HEK/Mock. 
2 Oxaliplatin growth inhibition resistance ratio is the IC50 value of oxaliplatin in HEK/OCT relative to HEK/Mock. 
3 Fold inhibition of model substrate on oxaliplatin growth inhibition is presented as fold difference between the IC50 values of oxaliplatin in the presence and absence of 
model substrate in both HEK/OCT and HEK/Mock. 
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For OCTN2, a 3-fold protection against oxaliplatin growth inhibition was offered by acetyl-L-

carnitine in the rat homologue, whereas no protection was evident in the human homologue. 

These findings were particularly interesting because rOctn1 showed greater transport capacity 

and substrate specificity for its model substrate ergothioneine than hOCTN1, consistent with a 

greater reduction in oxaliplatin growth inhibition by ergothioneine in rOctn1 than hOCTN1 (Table 

4.5). In contrast, hOCTN2 demonstrated greater transport capacity and substrate specificity for its 

model substrate L-carnitine than rOctn2, but was not protected by acetyl-L-carnitine, an 

acetylated derivative of L-carnitine that is also a known OCTN2 substrate (Table 4.5) (Koepsell et 

al., 2007). 

The uptake of oxaliplatin by organic cation transporters appeared to be less transporter-selective 

and had lower capacity compared to that of model substrates. The current study showed that 

OCTN1 and OCTN2 transporters take up oxaliplatin and facilitate its cytotoxicity, and together 

with previous findings that oxaliplatin is a substrate of OCTs (Yonezawa et al., 2006; Zhang et al., 

2006; Yokoo et al., 2007; Burger et al., 2010), it has been shown that all five members of the 

organic cation transporter family play a role in oxaliplatin transport and toxicity. This is not 

surprising considering that organic cation transporters are known to have broad overlapping 

substrate selectivity (Koepsell et al., 2007). In contrast, model substrates such as ergothioneine 

and L-carnitine are specific to transport by OCTN1 and OCTN2, respectively, and are transported 

at much greater capacity by organic cation transporters than oxaliplatin, ranging from 50-fold for 

rOctn1 and hOCTN1 to 500-fold for hOCTN2, relative to control following 1 h exposure. However, 

L-carnitine transport by rOctn2 was only 4-fold greater than control following 1 h exposure, 

comparable to oxaliplatin uptake by rOctn2, suggesting that rOctn2 is as efficient at transporting 

oxaliplatin as L-carnitine. 

The current study also demonstrated that the uptake of model substrates of OCTN1 and OCTN2 

was inhibited by oxaliplatin in a concentration-dependent manner. Ergothioneine and L-carnitine 

uptake by rat and human OCTN1 and OCTN2 over-expressing cells, respectively, was reduced in 

the presence of oxaliplatin (Table 4.5). In contrast, concurrent incubation with oxaliplatin, up to a 

concentration of 1 mM, had no apparent effect on TEA+ and MPP+ uptake by rat Oct2 and Oct3 

over-expressing cells, respectively. This is consistent with previous findings that suggested a lack 

of effect on TEA+ uptake by oxaliplatin up to a concentration of 5 mM in hOCT2 over-expressing 

cells, whereas there was slight inhibition in hOCT3 over-expressing cells (Yonezawa et al., 2006). 

Together, these results showed that oxaliplatin interferes with the transport activity of OCTN1 
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and OCTN2, but whether the transport activity of OCT2 or OCT3 is affected by oxaliplatin requires 

further studies undertaken at higher oxaliplatin concentrations. 

Ergothioneine protected against the growth inhibitory effects of oxaliplatin in rat and human 

OCTN1 over-expressing cells, as well as empty vector-transfected controls. Oxaliplatin cytotoxicity 

in the presence of ergothioneine was significantly reduced by approximately 10-fold in control 

cells, and up to 60-fold in rat and human OCTN1 over-expressing cells (Table 4.5), suggesting that 

up to 6-fold protective effects of ergothioneine was associated with OCTN1. These results also 

indicated that a component of the protection afforded by ergothioneine in OCTN1 over-

expressing cells may be ascribed to mechanisms other than the hypothesised competitive 

inhibition of OCTN-mediated oxaliplatin uptake. Ergothioneine is known for its antioxidant 

properties, and is thought to provide cytoprotection via inhibition of oxidative stress, although its 

physiological functions and mechanism of action is incompletely understood thus far (Reglinski et 

al., 1988; Hartman, 1990b; Akanmu et al., 1991; Aruoma et al., 1999; Mitsuyama and May, 1999; 

Cheah and Halliwell, 2011). It is therefore possible that ergothioneine exerts protective effects 

through mechanisms in addition to the competitive inhibition of oxaliplatin uptake via OCTN1. 

In summary, a HEK293 cell line over-expressing rat Octn1 was successfully established with 

ergothioneine transport kinetics comparable to a previous report (Nakamura et al., 2008). The 

over-expression of rat and human OCTN1 and OCTN2 significantly enhanced oxaliplatin uptake 

and cytotoxicity to a similar magnitude as a known oxaliplatin transporter, OCT2. Oxaliplatin also 

interfered with the functional transport activity of rat and human OCTN1 and OCTN2 in a 

concentration-dependent manner. Ergothioneine was able to reduce OCTN1-mediated oxaliplatin 

growth inhibition, more so than acetyl-L-carnitine on OCTN2-mediated oxaliplatin growth 

inhibition. Together, these findings demonstrated for the first time that oxaliplatin uptake and 

cytotoxicity are mediated by OCTN1 and OCTN2. Whether these findings extend to oxaliplatin 

neurotoxicity in DRG neurons will be assessed using primary cultures of rat DRG neurons in vitro 

and discussed in the next chapter.  

 

 

 



140 
 

CHAPTER 5. Contribution of organic cation 
transporters and organic cation/carnitine 
transporters to oxaliplatin uptake and 
cytotoxicity in cultured rat DRG neurons 

 

5.1 Introduction 
Increasing recent evidence suggests that OCTs are implicated in oxaliplatin transport and 

cytotoxicity, but their potential role in its neuronal accumulation and/or neurotoxicity has not 

been considered until now. Oxaliplatin is a known substrate of the OCTs that belong to the solute 

carrier 22A (SLC22A) family and includes OCT1 (SLC22A1), OCT2 (SLC22A2), and OCT3 (SLC22A3) 

(Yonezawa et al., 2006; Zhang et al., 2006; Koepsell et al., 2007; Yokoo et al., 2008; Burger et al., 

2010). OCTs have been shown to contribute to the accumulation of platinum in tissues susceptible 

to treatment-limiting toxicities associated with cisplatin, such as the kidney and cochlea 

(Ciarimboli et al., 2005b; Yonezawa et al., 2005; Filipski et al., 2008; Filipski et al., 2009; Ciarimboli 

et al., 2010). Current literature concerning the role of a closely related class of transporters, the 

organic cation/carnitine transporters OCTN1 (SLC22A4) and OCTN2 (SLC22A5) in the transport of 

oxaliplatin or the association of OCTN expression with cellular and tissue uptake and toxicity of 

oxaliplatin or other platinum drugs has been limited. 

The neurotoxicity of oxaliplatin and other platinum-based drugs has been well characterised in rat 

models thus far, and it is understood that platinum accumulation within the DRG and its sensory 

neurons may be a major determinant of treatment-limiting oxaliplatin neurotoxicity (Screnci et al., 

1997; Holmes et al., 1998; Screnci et al., 2000; Cavaletti et al., 2001; Pisano et al., 2003; Ghirardi 

et al., 2005a; Ghirardi et al., 2005b; Jamieson et al., 2005; Ling et al., 2007a; Jamieson et al., 2009; 

Liu et al., 2009; Sakurai et al., 2009). A study of the expression of the organic cation transporters 

and organic cation/carnitine transporters in rat DRG tissue and cultured rat DRG neurons 

described in chapter 3 demonstrated higher mRNA level and functional transport activity for 

rOctn1 and rOctn2 than for rOct1, rOct2 or rOct3. Together, these findings support a potential 

role of the organic cation/carnitine transporters, rOctn1 and rOctn2, in mediating neuronal 

oxaliplatin uptake and neurotoxicity, and provide a strong rationale for the use of cultured rat 

DRG neurons in the current study. 
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Primary cultures of DRG neurons have been previously used in the study of treatment-limiting 

neurotoxicity of platinum-based drugs such as oxaliplatin (Gill and Windebank, 1998; Nassini et 

al., 2011). Experimental protocols are well established for culturing primary sensory neurons 

isolated from the DRG of rats (Delree et al., 1989). Cultured ex vivo tissue may be more 

representative of the in vivo situation than immortalised cell lines, and its more isolated context 

also offers the advantage of less complexity compared with whole animal experiments. However, 

the low cell yield obtainable from these small peripheral nervous ganglion tissues and the post-

mitotic nature of these neurons limit the scale of experiments that could be undertaken. In 

addition, cultured DRG neurons are heterogeneous in nature and difficult to manipulate using 

techniques such as the over-expression or knock down of a gene of interest that would otherwise 

be ideal for studying transporters (Read et al., 2009; Ehlert et al., 2010). This often results in 

findings that are more difficult to interpret than findings obtained from a transporter over-

expressing immortalised cell line, such as HEK293 cells. 

Several measures to evaluate the neurotoxicity of oxaliplatin have been described in Wistar rat 

models in vivo that would also be feasible and applicable to cultured rat DRG neurons in vitro. 

Chronic oxaliplatin treatment in Wistar rats was shown to induce significant DRG neuronal cell 

atrophy (Holmes et al., 1998; Cavaletti et al., 2001; Jamieson et al., 2005) and increased platinum 

accumulation with the DRG tissue (Screnci et al., 1997; Holmes et al., 1998; Luo et al., 1999; 

Screnci et al., 2000; Ta et al., 2006). These post-mortem endpoints of neurotoxicity in vivo can be 

readily achievable in cultured DRG neurons in vitro. In the current in vitro study, [14C] oxaliplatin 

uptake and neuronal cell viability were measured following oxaliplatin treatment in parallel with 

DRG neuronal cell body area and neuronal platinum accumulation. 

Given this background, this chapter aimed to determine a potential contribution of oxaliplatin 

transport mediated by OCTN1 and/or OCTN2 to the neuronal accumulation and neurotoxicityof 

oxaliplatin in rat DRG neurons. Several endpoints were used to evaluate DRG neurotoxicity, 

including measurement of [14C] oxaliplatin uptake, platinum accumulation, and neuronal cell 

viability. Model substrates of OCTs or OCTNs, such as ergothioneine, L-carnitine, TEA+, MPP+, and 

cimetidine were tested for their effects on these endpoints in an attempt to identify members of 

the OCTs or OCTNs that may be responsible for oxaliplatin uptake and toxicity in primary culture 

of rat DRG neurons. Lastly, the effect of unlabeled oxaliplatin on the uptake of OCTNs model 

substrates ergothioneine and L-carnitine was also measured to evaluate whether oxaliplatin might 

act as a competitive inhibitor on the functional transport activity of OCTN1 or OCTN2 in DRG 

neurons. 
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5.2 Methods 
The experiments described in this chapter made use of dissociated DRG neurons isolated from L1 

– 6 DRG of 19 – 21 day old female Wistar rats. Harvesting, dissociating, plating and culturing of rat 

DRG neurons were detailed in sections 2.2 and 2.3 of this thesis. 

 Transport studies 5.2.1
Transport studies were detailed in section 2.9 of this thesis. 

 Uptake of radiolabeled substrates 5.2.1.1

For ergothioneine and L-carnitine uptake experiments, dissociated rat DRG neurons were seeded 

at 5,000/well and incubated with [3H] ergothioneine (0.5 µCi/mL; 5.0 µM) or [3H] L-carnitine (0.5 

µCi/mL; 5.9 µM) in the presence or absence of unlabeled oxaliplatin at 0.1 and 1 mM for 1 h at 

37⁰C. 

For oxaliplatin uptake experiments, DRG neurons were seeded at 10,000/well and incubated with 

[14C] oxaliplatin (0.1 µCi/mL; 2.0 µM) in the presence or absence of unlabeled ergothioneine (1 

mM), L-carnitine (1 mM) or MPP+ (1 mM) for 2 h at 37⁰C. For this set of experiments, transport 

buffer was replaced by minimal essential medium (MEM) supplemented with MEM vitamin 

solution (100×) and MEM essential amino acids solution (50×) to maintain cell viability during the 

2 h incubation. To study sodium dependence of neuronal oxaliplatin uptake, 125 mM NaCl was 

replaced with equimolar N-methylglucamine. 

At designated times, cells were washed three times with ice-cold buffer, air-dried, and lysed in 1% 

Triton X-100 solution for 6 to 12 h with gentle agitation. After cell lysis, 150 µL from each well was 

collected for quantification of radioactivity using LSC-6100 liquid scintillation counter (Aloka Co 

Ltd.). Uptake of radiolabeled substrates was presented as the cell/medium ratio (µL per mg of 

protein), the radioactivity accumulated in the cells as a fraction of initial concentration of 

radioactive compound in the transport buffer. Cellular protein content from each well was 

determined using a Bio-Rad Protein Assay (Bio-Rad Laboratories) following manufacturer’s 

protocols, where absorbance was measured at 595 nm. 

 Platinum analysis by ICP-MS 5.2.1.2

DRG neurons were seeded at 30,000/well and incubated with transport buffer containing 

oxaliplatin (30 – 300 µM) in the absence or presence of ergothioneine (1 mM), MPP+ (1 mM), or L-

carnitine (1 mM) for 30 min at 37°C in 5% CO2/95% air. After incubation, cells were washed with 

ice-cold buffer, and lysed in 70% nitric acid at room temperature for at least 2 h. Platinum content 
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was determined using a Varian 820MS ICP-MS (Agilent Technologies Inc.) at LabPLUS (Auckland, 

New Zealand). Cellular protein content was quantified using a method described previously (Bible 

et al., 1999), where the absorbance of digested cells was measured at 358 nm. 

 Cytotoxicity assays 5.2.2

 Lactate dehydrogenase (LDH) assay  5.2.2.1

Dissociated DRG neurons were seeded at 5000 cells/well and cultured as described in 2.3.1. 

Oxaliplatin was serially diluted in Neurobasal A medium containing 2% horse serum, and 

incubated with cultured DRG neurons for 48 h at 37⁰C with 5% CO2/95% air. In addition, 

background, low, and high controls were included for analysis, and these were incubated with 

medium alone, medium and cells, 2% Triton X-100 in medium and cells, respectively, to account 

for background absorbance, spontaneous LDH release, and maximum LDH release, respectively. 

Cytotoxicity was determined using the Roche Applied Science Cytotoxicity Detection Kit (LDH) 

(Roche Diagnostics GmbH) following manufacturer’s protocols. Briefly, equal volume of medium 

containing drug was aspirated and incubated with freshly prepared mixture of reconstituted 

catalyst and dye solution for 30 min at room temperature. Following incubation, absorbance of 

the samples was measured at 490 nm. Cytotoxicity was calculated as a percentage of the 

experimental value to the high control value, following deductions from background and low 

control values. IC50 values were generated from curve fits using GraphPad Prism 5 software 

(GraphPad Software Inc.). 

 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 5.2.2.2

assay 

Dissociated DRG neurons were seeded at 5000 cells/well and cultured as described in 2.3.1. 

Oxaliplatin with or without ergothioneine (1 mM), L-carnitine (1 mM), MPP+ (1 mM), or cimetidine 

(1 mM) were prepared in culture medium and incubated with cultured DRG neurons for 48 h at 

37⁰C with 5% CO2/95% air. The MTT assay was used to determine cell viability. In brief, medium 

containing drugs was aspirated, replaced with MTT solution (5 mg/mL) freshly prepared in 50% 

PBS and 50% culture medium and incubated for 1 h at 37⁰C with 5% CO2/95% air, protected from 

light. The MTT solution was subsequently aspirated, cells were lysed in dimethylsulfoxide (DMSO), 

and optical density was measured at 570 nm. Cell viability was presented as a percentage of 

control in the absence of oxaliplatin. 
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 Light microscopy 5.2.3
Dissociated DRG neurons were seeded at 5000/well and incubated with oxaliplatin in the 

presence or absence of ergothioneine (1 mM) for 48 h at 37⁰C. For ergothioneine pre-treatment, 

DRG neurons were incubated with ergothioneine for 48 h followed by exposure to oxaliplatin in 

fresh media for another 48 h. For ergothioneine concurrent treatment, DRG neurons were 

incubated with oxaliplatin and ergothioneine during the same 48 h period. At the end of 

treatment, phase contrast images were captured using a Leica DMR upright light microscope 

(Leica Microsystems) attached to a cooled colour Nikon digital camera and analysed using Nikon 

ElipseNet and ImageJ software (National Institutes of Health). DRG neuronal cell body area was 

determined for at least 1000 DRG neurons per experimental condition. 

 Statistical analysis 5.2.4
Results were shown to be reproducible through at least two independent experiments. Data were 

analysed using descriptive statistics. The statistical significance of differences between means was 

determined from 95% confidence intervals, unpaired Student’s t tests, or one way ANOVA with 

Bonferroni’s post-test in GraphPad Prism 5. The statistical significance of difference between 

median DRG neuronal cell body areas was determined from Kruskal-Wallis test with Dunns post-

test. P < 0.05 was considered statistically significant. Non-linear regression analyses were used to 

determine platinum accumulation and oxaliplatin cytotoxicity in rat DRG neurons.  

 

5.3 Results 

 Uptake studies in cultured rat DRG neurons 5.3.1
[14] Oxaliplatin uptake in cultured rat DRG neurons was determined in parallel with measurement 

of cellular platinum content following drug exposure to evaluate the transport of oxaliplatin into 

these neuronal cells in vitro. [14] Oxaliplatin uptake and platinum accumulation was measured 

under various conditions, such as low temperature, or in the absence or presence of model 

substrates of Oct/Octn, in attempt to deduce the neuronal transporter(s) that may be responsible 

for the uptake of oxaliplatin into DRG neurons and neurotoxicity.  

 [14C] Oxaliplatin uptake 5.3.1.1

Following a 2 h exposure, uptake of [14C] oxaliplatin by cultured rat DRG neurons at 37⁰C was 2.44 

± 0.10 µL/mg protein. [14C] Oxaliplatin uptake was reduced to 17% of control at 4°C (0.41 ± 0.04 

µL/mg protein; P < 0.001), and 79% of control in the absence of extracellular sodium (1.93 ± 0.16 
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µL/mg protein; P < 0.05). The presence of unlabeled ergothioneine (1 mM) significantly inhibited 

the uptake of [14C] oxaliplatin by cultured DRG neurons to 46% of control (1.12 ± 0.19 µL/mg 

protein; P < 0.001). In contrast, the addition of unlabeled L-carnitine (1 mM) had no apparent 

effect on [14C] oxaliplatin by cultured rat DRG neurons (2.50 ± 0.17 µL/mg protein; P > 0.05) 

(Figure 5.1). 

 Platinum accumulation 5.3.1.2

The accumulation of platinum by cultured rat DRG neurons during exposure to oxaliplatin showed 

a non-linear dependence on time and oxaliplatin concentration. At an exposure concentration of 

30, 100 and 300 µM, estimated initial platinum accumulation rates were 5.05, 12.1, and 16.5 

pmol/mg protein/min, respectively. The initial rate of platinum accumulation by DRG neurons was 

saturable (Figure 5.2). 

The accumulation of platinum by cultured rat DRG neurons during a 30 min exposure to 

oxaliplatin was dependent upon temperature, and at 4°C, cellular platinum content was 

significantly reduced to 32.0 ± 4.36% of control (P < 0.001). Cellular platinum accumulation was 

also inhibited by co-incubation with ergothioneine (1 mM) (63.3 ± 1.88% of control; P < 0.001) and 

to a lesser extent by L-carnitine (1 mM) (89.7 ± 2.82% of control; P < 0.05), but not by MPP+ (107 ± 

2.18% of control; P > 0.05) (Figure 5.3). 

 Effect of oxaliplatin on [3H] ergothioneine and [3H] L-carnitine uptake 5.3.1.3

Oxaliplatin inhibited the uptake of both [3H] ergothioneine and [3H] L-carnitine by cultured rat 

DRG neurons. The addition of unlabeled oxaliplatin at 0.1 and 1 mM, reduced ergothioneine 

uptake by DRG neurons by 22% (100% vs. 78%; P > 0.05) and 38% (100% vs. 62%; P < 0.05), 

respectively. Uptake of L-carnitine by DRG neurons was also reduced in the presence of unlabeled 

oxaliplatin at 0.1 and 1 mM by 17% (100% vs. 83%; P > 0.05) and 42% (100% vs. 58%; P < 0.05), 

respectively (Figure 5.4). 

 Oxaliplatin cytotoxicity in cultured rat DRG neurons 5.3.2
Cultured rat DRG neurons lost viability following exposure to oxaliplatin in a concentration 

dependent manner. From phase contrast images, atrophy of DRG neurons was evident following 

48 h incubation with oxaliplatin 30 µM, and neuronal cell loss was apparent in cultures incubated 

with higher oxaliplatin concentrations, at 100 µM, and even more so at 300 µM (Figure 5.5). 

Oxaliplatin cytotoxicity was measured using LDH and MTT assays that detected cell death and cell 

viability, respectively. Percentage cytotoxicity is presented as cell death relative to those treated 

with 2% Triton-X, whereas percentage cell viability is relative to controls without oxaliplatin 
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Figure 5.1 Oxaliplatin uptake by primary cultures of rat DRG neurons. 

[14C] Oxaliplatin (2 µM) uptake by cultured rat DRG neurons after 2 h incubation was reduced by 

low temperature (37°C vs. 4°C; P < 0.001) and the absence of sodium (P < 0.01), and was inhibited 

by unlabeled ergothioneine (1 mM; P < 0.001) but not by L-carnitine (1 mM). Each bar represents 

mean ± standard error (n ≥ 6); *, P < 0.05; ***, P < 0.001 (vs. control). 
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Figure 5.2 Platinum accumulation by cultured rat DRG neurons determined by ICP-MS. 

(a) Platinum accumulation by cultured DRG neurons during exposure to oxaliplatin concentrations 

30 µM (○), 100 µM (●), and 300 µM () for up to 2 h at 37°C. (b) Plot of exposure concentration 

versus the initial rate of platinum uptake. Curves represent fits to data of one phase exponential 

equations y = ymax(1-e-kx), where y max is the steady state cellular concentration of platinum and k 

is the rate constant. The initial rate of platinum accumulation was calculated as k · ymax. 
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Figure 5.3 Platinum accumulation in primary cultures of rat DRG neurons.  

Platinum accumulation in cultured rat DRG neurons, determined using ICP-MS following a 30 min 

exposure to oxaliplatin (100 µM), was temperature dependent and inhibited by ergothioneine (1 

mM) and to a small extent by L-carnitine (1 mM), but not by MPP+ (1 mM). Each bar represents 

mean ± standard error (n ≥ 6); *, P < 0.05, ***, P < 0.001 (vs. control). 
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Figure 5.4 Oxaliplatin inhibition of ergothioneine and L-carnitine uptake in primary cultures 

of rat DRG neurons.  

[3H] ergothioneine and [3H] L-carnitine uptake by cultured rat DRG neurons was inhibited by 

unlabeled oxaliplatin (0.1 or 1 mM) following a 1 h concurrent incubation. Each bar represents 

mean ± standard error (n ≥ 6); *, P < 0.05 (vs. respective control, oxaliplatin 0 µM). 

 

 

 

 

 

 

 

 

 

 

 

 



150 
 

 

 

Figure 5.5 Representative phase contrast images of cultured DRG neurons following 

exposure to oxaliplatin for 48 h.  

(a) Control, 0 µM oxaliplatin; (b); 1 µM oxaliplatin; (c) 10 µM oxaliplatin; (d) 30 µM oxaliplatin; (e) 

100 µM oxaliplatin; (f) 300 µM oxaliplatin. Magnification 200×. 
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treatment. Following a 48 h drug exposure, oxaliplatin toxicity in cultured DRG neurons as 

measured by the LDH assay was 38.8 ± 7.4, 84.5 ± 13.6, 115 ± 19.5, and 128 ± 23.7% at 10, 30, 

100, and 300 µM, respectively. Similarly, using the MTT assay, DRG neuronal viability following 

oxaliplatin exposure at 10, 30, 100 and 300 µM was 66.9 ± 3.2, 47.7 ± 6.2, 47.0 ± 8.0, and 23.7 ± 

6.6%, respectively relative to control that was incubated without drug. The concentration of 

oxaliplatin that induced 50% cell loss (IC50 value) as determined by the LDH and MTT assay was 

16.0 µM (95% CI, 4.96 – 51.6) and 37.0 µM (95% CI, 18.7 – 73.5), respectively (Figure 5.6). 

 Effect of Oct/Octn model substrates on oxaliplatin-induced loss of DRG 5.3.2.1

neuronal viability  

Cultured rat DRG neurons lost 40% and 56% viability during 48 h exposure to oxaliplatin at 30 µM 

(60.2 ± 3.0% of control, P < 0.001) and 100 µM (43.9 ± 3.8% of control, P < 0.001), respectively. 

The loss of neuronal viability induced by oxaliplatin was prevented or reduced by adding 

ergothioneine (1 mM) or cimetidine (1 mM) to the culture medium. During concurrent treatment 

with 30 and 100 µM oxaliplatin, ergothioneine significantly reduced oxaliplatin-induced loss of cell 

viability by 42% (102 ± 2.9 vs. 60.2 ± 3.0%, P < 0.001) and 53% (97.0 ± 4.4 vs. 43.9 ± 3.8%, P < 

0.001), respectively. Co-incubation with cimetidine also protected against oxaliplatin-induced loss 

of cell viability by 14.6% (74.8 ± 4.3 vs. 60.2 ± 3.0%, P < 0.001) and 29.7% (73.7 ± 6.6 vs. 43.9 ± 

3.8%, P < 0.001) at oxaliplatin concentrations 30 and 100 µM, respectively. In contrast, oxaliplatin-

induced loss of neuronal viability was unaffected by the addition of L-carnitine (oxaliplatin 30 µM; 

61.5 ± 0.9 vs. 60.2 ± 3.0%, P > 0.05; oxaliplatin 100 µM; 49.5 ± 5.6 vs. 43.9 ± 3.8%, P > 0.05) or 

MPP+ (oxaliplatin 30 µM; 71.3 ± 13.7 vs. 60.2 ± 3.0%, P > 0.05; oxaliplatin 100 µM; 29.7 ± 5.4 vs. 

43.9 ± 3.8%, P > 0.05) (Figure 5.7). 

 Effect of ergothioneine pre- or concurrent treatment on 5.3.3

oxaliplatin-induced DRG neurotoxicity in vitro 
The effect of Octn1 substrate ergothioneine on oxaliplatin-induced DRG toxicity was further 

studied in vitro by 48 h pre- and concurrent ergothioneine treatment with oxaliplatin exposure to 

evaluate if pre- or co-incubation has differential protection against oxaliplatin-induced DRG 

neurotoxicity. Two endpoints were measured at the end of the 48 h drug exposure; DRG neuronal 

cell viability using MTT assay, and DRG neuronal cell atrophy by measuring cell body area of 

cultured DRG neurons. 
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Figure 5.6 Sensitivity of cultured rat DRG neurons to oxaliplatin. 

Cytotoxicity of oxaliplatin was determined following 48 h drug exposure using (a) LDH assay and 

(b) MTT assay that measures cell death and cell viability, respectively. Percentage cytotoxicity is 

presented as cell death relative to those treated with 2% Triton-X, whereas percentage cell 

viability is relative to controls without oxaliplatin treatment. Each data point represents mean ± 

standard error (n = 6) and curves are nonlinear regression fits to data. Estimated IC50 values for 

oxaliplatin derived from LDH and MTT assays are 16.0 µM and 37.0 µM, respectively. 
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Figure 5.7 Oxaliplatin cytotoxicity in primary cultures of rat DRG neurons. 

Loss of viability of cultured rat DRG neurons induced by oxaliplatin exposure for 48 h (30 and 100 

µM) was inhibited by ergothioneine (EGT; 1 mM) and cimetidine (Cim; 1 mM) but not by L-

carnitine (L-car; 1 mM) or MPP+ (MPP; 1 mM). ***, P < 0.001 (vs. Ox 0 µM); **, P < 0.01 (vs. Ox 0 

µM); *, P < 0.05 (vs. Ox 0 µM); †††, P < 0.001 (vs. respective Ox 30 and 100 µM). Each bar 

represents mean ± standard error (n ≥ 6).  
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 Neuronal viability 5.3.3.1

Pre- and concurrent ergothioneine significantly reduced oxaliplatin-induced loss of neuronal cell 

viability (Figure 5.8). Following 48 h exposure, oxaliplatin 30 and 100 µM resulted in a loss of cell 

viability of 35% (65.3 ± 1.8%, P < 0.001) and 53% (47.5 ± 1.1%, P < 0.001), respectively, as 

compared with control in the absence of oxaliplatin (100 ± 3.1%). DRG neuronal viability increased 

by 18 and 35% following pre-incubation (83.6 ± 1.9%, P < 0.001), and co-incubation (100 ± 1.6%, P 

< 0.001) with ergothioneine for 48 h, respectively, as compared with neurons treated with 

oxaliplatin alone (30 µM; 65.3 ± 1.8%). Similarly, loss of cell viability was reduced by 28 and 42% 

following pre- (75.2 ± 1.6, P < 0.001) and concurrent (89.7 ± 2.4, P < 0.001) ergothioneine 

treatment, in comparison with neurons treated with oxaliplatin alone (100 µM; 47.5 ± 1.1%). 

 Neuronal atrophy 5.3.3.2

The median cell body area of DRG neurons treated with oxaliplatin 30 and 100 µM was 13.7% 

(297 µm2, P < 0.001) and 34.0% (227 µm2, P < 0.001), respectively, smaller than control (344 µm2) 

(Figure 5.9). The median cell body area of DRG neurons given concurrent ergothioneine treatment 

was 11.9% (333 µm2) larger than that given oxaliplatin 30 µM alone (297 µm2, P < 0.001), whereas 

that given pre-treatment had no apparent effect (291 vs. 297 µm2). At the higher oxaliplatin 

concentration examined, the median cell body area of DRG neurons given pre- and concurrent 

ergothioneine treatment was 9.4% (248 µm2, P < 0.001) and 44.6% (328 µm2, P < 0.001), 

respectively, larger than that given oxaliplatin 100 µM alone (227 µm2) (Figure 5.9). 

 

5.4 Discussion 
The experiments described in this chapter investigated whether the organic cation transporters 

and/or organic cation/carnitine transporters mediate the neuronal uptake and neurotoxicity of 

oxaliplatin in primary cultures of rat DRG neurons in vitro. By determination of [14C] oxaliplatin 

uptake, platinum accumulation, and cytotoxicity, this study has demonstrated that rat DRG 

neurons were able to take up oxaliplatin in a transporter-mediated fashion, and that OCTN1-

mediated transport of oxaliplatin appeared to contribute to its neuronal accumulation and 

treatment-limiting neurotoxicity, more so than OCTN2 or OCTs. 

Cultured rat DRG neurons were found to take up oxaliplatin in a transporter-mediated fashion in 

this study. The transport of oxaliplatin was measured by [14C] oxaliplatin uptake by scintillation 

counting and platinum accumulation analyses using inductively coupled plasma-mass 

spectrometry (ICP-MS), and the results from these two determinations of cellular oxaliplatin 
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Figure 5.8 DRG neuronal cell viability following oxaliplatin exposure with or without 

ergothioneine pre- or concurrent treatment.  

Loss of viability of cultured rat DRG neurons induced by oxaliplatin exposure for 48 h (30 and 100 

µM) was inhibited by pre- (Pre EGT) and concurrent (Co EGT) ergothioneine (1 mM) treatment. 

Percentage cell viability was determined by the MTT assay. ***, P < 0.001 (vs. No EGT oxaliplatin 0 

µM; One way ANOVA with Bonferroni’s post-test); †††, P < 0.001 (vs. respective oxaliplatin 30 and 

100 µM; One way ANOVA with Bonferroni’s post-test). Each bar represents mean ± standard error 

(n ≥ 5). 
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Figure 5.9 Neuronal cell body area of rat DRG neurons in culture 48 h following oxaliplatin 

exposure with or without ergothioneine (EGT) pre- or concurrent treatment. 

DRG neuronal cell body size presented as median + interquartile range following exposure to 

oxaliplatin 0, 30, or 100 µM. ***, P < 0.001 (vs. No EGT oxaliplatin 0 µM; Kruskal-Wallis test with 

Dunns post-test); †††, P < 0.001 (vs. respective No EGT; Kruskal-Wallis test with Dunns post-test). 
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uptake were comparable. Platinum accumulation by rat DRG neurons following oxaliplatin 

exposure was found to be saturable, consistent with a transporter-mediated process. Oxaliplatin 

uptake by rat DRG neurons was subject to inhibition by OCTN1 substrate (ergothioneine), which 

further suggested that this process was transporter-mediated. Oxaliplatin was also shown to be 

taken up into rat DRG neurons in a manner that depended upon time and temperature, 

demonstrating features of transporter-mediated uptake. 

This study found that the uptake and cytotoxicity of oxaliplatin by cultured rat DRG neurons was 

mediated by OCTN1, more so than OCTN2 or OCTs. The neuronal uptake of oxaliplatin was found 

to depend on extracellular sodium, characteristic of OCTN-mediated transport (Tamai et al., 1998; 

Nakamura et al., 2008). [14C] Oxaliplatin uptake and platinum accumulation in these neurons were 

significantly reduced in the presence of the model substrate of OCTN1 (ergothioneine), more so 

than that of OCTN2 (L-carnitine) or OCTs (MPP+). The uptake of ergothioneine and L-carnitine was 

inhibited by oxaliplatin in a concentration-dependent manner, suggesting that oxaliplatin 

competed with these model substrates for cellular transport by OCTNs. Oxaliplatin-induced loss of 

neuronal viability was reduced significantly by a potent substrate of OCTN1 (ergothioneine), and 

to a less extent by a selective inhibitor of OCTs/OCTNs (cimetidine) (Koepsell et al., 2007), 

whereas oxaliplatin-induced loss of neuronal viability was not affected by substrates of OCTN2 (L-

carnitine) or OCTs (MPP+). Together these findings suggested that OCTN1 facilitates the neuronal 

accumulation of oxaliplatin and contributes to neurotoxicity, more so than OCTN2 or OCTs in 

cultured rat DRG neurons in vitro. 

Ergothioneine reduced oxaliplatin-induced loss of viability and neuronal cell body atrophy of DRG 

neurons. Both pre- and concurrent ergothioneine treatment protected against oxaliplatin DRG 

neurotoxicity as determined by neuronal loss of viability and cell body atrophy, although the 

effect was greater with concurrent ergothioneine treatment than pre-treatment. The 

cytoprotective effect as a result of concurrent treatment may suggest that ergothioneine 

competes with oxaliplatin for cellular uptake by OCTN1. Some cytoprotective effect was also 

found following pre-treatment, where ergothioneine and oxaliplatin treatment was sequential 

rather than concurrent, suggesting that the cytoprotection of ergothioneine may not be explained 

solely through the direct competitive inhibition on oxaliplatin uptake by OCTN1. Sequential 

treatment eliminated the concern of potential chemical reactions between oxaliplatin and 

ergothioneine in media, since ergothioneine is a naturally occurring sulfhydryl compound, similar 

to glutathione. In contrast to glutathione, ergothioneine exists as a tautomer between its thiol 

and thione forms, and confers greater stability under physiological conditions. It does not readily 
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undergo auto-oxidation as rapidly as glutathione that may result in generation of free radicals in 

the process (Cheah and Halliwell, 2011; Gründemann, 2011). Together these findings confirmed 

that ergothioneine protects against oxaliplatin-induced DRG neurotoxicity, and that the neuronal 

cytoprotection afforded by ergothioneine was at least partly attributed to OCTN1-mediated 

cellular accumulation of ergothioneine.  

The possibility of differential expression profiles of organic cation transporters in tumour and DRG 

tissues poses the potential for selectivity of treatment for oxaliplatin neurotoxicity. The current 

study showed that OCTN1-mediated transport of oxaliplatin appears to contribute to its neuronal 

accumulation and treatment-limiting neurotoxicity, more so than OCTN2 or OCTs. Tumour 

expression of OCTN1 and OCTN2 has not been extensively studied, however, one study has shown 

low expression of these transporters in human colorectal cancer-derived cell lines (Okabe et al., 

2008).  In contrast, several studies have reported higher expression of hOCT2 or hOCT3 in tumour 

tissues relative to normal tissues (Zhang et al., 2006; Yokoo et al., 2008; Burger et al., 2010). 

Together these findings suggested that potential treatment for oxaliplatin neurotoxicity may be 

selectively achieved by targeting OCTN1 transporters. 

In summary, this study has shown that cultured rat DRG neurons were able to take up oxaliplatin 

in a transporter-mediated fashion, and that OCTN1-mediated uptake of oxaliplatin appeared to 

contribute to its neuronal accumulation and treatment-limiting neurotoxicity, more so than 

OCTN2 or OCTs. The neuronal uptake of oxaliplatin exhibited features of OCTN-mediated 

transport, and was inhibited by the model substrate of OCTN1, more so than that of OCTN2, or 

OCTs. Similarly, oxaliplatin-induced loss of neuronal cell viability was also significantly reduced by 

high affinity model OCTN1 substrate and OCTs/OCTNs inhibitor, more so than substrates of 

OCTN2, or OCTs. This new information regarding OCTN-mediated mechanisms of the neuronal 

oxaliplatin uptake could be applied to the development of strategies for ameliorating oxaliplatin-

induced neurotoxicity. Whether oxaliplatin-induced neurotoxicity can be prevented in whole 

animals using strategies based on inhibiting OCTN-mediated neuronal transport, without causing 

undue side effects warrants an exploratory in vivo study of ergothioneine and acetyl-L-carnitine, 

model substrates of OCTN1 and OCTN2, respectively in a rat model of oxaliplatin-induced 

neurotoxicity. 
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CHAPTER 6. An exploratory study of 
ergothioneine and acetyl-L-carnitine for 
preventing oxaliplatin-induced neurotoxicity 
in a rat model in vivo 

 

6.1 Introduction 
In the previous chapter, the functional activities of Octn1 and Octn2 transporters were revealed in 

primary cultures of rat DRG neurons using their model substrates, ergothioneine and L-carnitine, 

respectively. Ergothioneine, more so than ALC, was shown to reduce oxaliplatin uptake and 

cytotoxicity in cultured DRG neurons in vitro, suggesting a role of Octn1 in the neuronal 

accumulation and neurotoxicity of oxaliplatin.  Therefore, in this chapter, the inhibition of Octn1 

and Octn2 on oxaliplatin-induced neurotoxicity by concurrent treatment with ergothioneine and 

ALC, respectively, was investigated in an established rat model in vivo. Three primary endpoints 

were measured to evaluate the extent of DRG neurotoxicity; DRG neuronal cell body and 

nucleolus areas, and immunoreactivity of phosphorylated neurofilament heavy (NF-H) subunit. 

Neurotoxicity is a major treatment-limiting adverse effect of oxaliplatin, with no effective 

treatment available for limiting its occurrence or severity. Many of the putative neuroprotective 

agents for the treatment of the neurotoxicity of oxaliplatin and related drugs have been obtained 

using animal models and include detoxicants, growth factors, antioxidants, anticonvulsants and 

antidepressants (Cavaletti and Marmiroli, 2010), but the results from these studies have been 

largely inconclusive. More recently, targeting drug transporters in the peripheral nervous system 

as a potential strategy for the treatment of neurotoxic side effects of oxaliplatin and other 

platinum drugs has been considered (Ceresa and Cavaletti, 2011). 

Acetyl-L-carnitine is a neuroprotective compound undergoing preclinical and clinical studies for 

the treatment of the neurotoxicity of oxaliplatin and related drugs although its mechanism of 

action is not fully understood. It is also a well characterised model substrate of Octn2, but this 

mechanism has not been considered until now. ALC has been shown to be well tolerated with no 

apparent side effects or drug-drug interactions in preclinical and clinical studies. Several 

independent groups have reported the reduction in neurotoxicity following pre- or concurrent 

daily ALC administration (30 – 100 mg/kg) in Wistar rat models of oxaliplatin-, cisplatin- or 

paclitaxel-induced neurotoxicity without interfering with the anti-tumour efficacy of these 
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compounds (Pisano et al., 2003; Ghirardi et al., 2005a; Ghirardi et al., 2005b; Flatters et al., 2006). 

In clinical studies, oral or intravenous ALC administrations have been shown to reduce the severity 

of sensory neuropathy in patients given cisplatin or paclitaxel (Bianchi et al., 2005; Maestri et al., 

2005; Altun et al., 2010). Together, these previous studies have shown ALC as a feasible treatment 

for oxaliplatin neurotoxicity, and warrants further investigation into its potential mechanism of 

neuroprotection through the competitive inhibition of oxaliplatin transport by Octn2.  

Ergothioneine is a naturally occurring amino acid known for its antioxidant properties although its 

biological functions remain incompletely understood. It is also a high affinity substrate of Octn1, 

although its use as a target for Octn1 in the treatment of oxaliplatin neurotoxicity has not been 

considered before. In vitro studies have shown that ergothioneine is radioprotective and 

neuroprotective, and protected rat pheochromocytoma (PC12) cells from cell death induced by β-

amyloid (Aruoma et al., 1997; Jang et al., 2004; Dubost et al., 2006). In vivo, ergothioneine was 

found to be well tolerated with no apparent toxicity, and protected retinal neurons from N-

methyl-D-aspartate-induced excitotoxicity and pregnant rats from diabetic embryopathy (Guijarro 

et al., 2002; Moncaster et al., 2002). More recently, concurrent daily administration of 

ergothioneine (2 or 8 mg/kg) in mice showed protection against cisplatin-induced neuronal injury 

(Song et al., 2010). These findings strengthen the rationale to evaluate the use of ergothioneine to 

target Octn1 in an attempt to reduce neuronal transport of oxaliplatin as a treatment approach 

for oxaliplatin neurotoxicity. 

There is a large body of published work on the neurotoxicity of oxaliplatin and other platinum 

drugs in Wistar rat models. Chronic oxaliplatin treatment in Wistar rats induces a reduction in 

sensory nerve conduction velocity in the tail or hind limb, altered sensory responses, and changes 

in DRG neuronal morphometry, similar to clinical features of oxaliplatin neurotoxicity reported in 

patients (Screnci et al., 1997; Holmes et al., 1998; Screnci et al., 2000; Cavaletti et al., 2001; Pisano 

et al., 2003; Ghirardi et al., 2005a; Ghirardi et al., 2005b; Jamieson et al., 2005; Ling et al., 2007a; 

Jamieson et al., 2009; Liu et al., 2009; Sakurai et al., 2009). While it is difficult to measure 

qualitative symptoms such as paraesthesias and dysesthesias in animals, quantitative 

measurement of DRG neuronal cell body and nucleolus size is a more feasible determination of 

oxaliplatin-induced DRG neurotoxicity. Chronic oxaliplatin treatment was found to cause 

significant DRG neuronal cell body and nucleolus atrophy and loss of DRG neuronal pNF-H 

immunoreactivity in the Wistar rat model (Holmes et al., 1998; Cavaletti et al., 2001; Jamieson et 

al., 2005; Jamieson et al., 2009). The epitopes of the primary antibody used in this chapter to label 

pNF-H positive DRG neurons are phosphorylated KSP repeats within the tail domain, and are 
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found the cells bodies of a subpopulation of large DRG neurons (Lawson et al., 1984; Veeranna et 

al., 2008). Chronic oxaliplatin treatment was found to reduce DRG immunostaining of pNF-H from 

21.0% in control to 5.2%, and the mean cell body area of immunoreactive neurons from 1260 µm2 

in the control to 700 µm2 (Jamieson et al., 2009).  

Given this background, this chapter aimed to determine if the inhibition on Octn1 or Octn2 by 

ergothioneine or L-carnitine, respectively, could ameliorate oxaliplatin-induced neurotoxicity in 

rats in vivo. The dose and dosing regimen for ergothioneine and ALC in this pilot study was 

selected based on the most relevant studies described earlier (Ghirardi et al., 2005a; Song et al., 

2010). Age-matched adult female Wistar rats were randomly allocated into the following 

treatment groups; control, oxaliplatin alone, oxaliplatin plus ALC (50 mg/kg), oxaliplatin plus ALC 

(100 mg/kg), oxaliplatin plus ergothioneine (1 mg/kg), or oxaliplatin plus ergothioneine (10 

mg/kg). Intraperitoneal injections of oxaliplatin (3.7 mg/kg) were administered to animals twice 

per week for a total of 4 weeks to induce neurotoxicity, whereas ergothioneine and ALC were 

given by oral gavage 5 times per week for a total of 4 weeks as inhibitors of Octn1 and Octn2, 

respectively.  

 

6.2 Methods 

 Drug treatment 6.2.1
Age-matched, 12-week old female rats were randomly allocated to the following treatment 

groups; vehicle control (n = 5), oxaliplatin alone (n = 5), oxaliplatin plus ALC (50 mg/kg) (n = 5), 

oxaliplatin plus ALC (100 mg/kg) (n = 5), oxaliplatin plus ergothioneine (1 mg/kg) (n = 5), and 

oxaliplatin plus ergothioneine (10 mg/kg) (n = 2). 

To induce neurotoxicity, animals were treated with intraperitoneal (i.p.) injections of oxaliplatin 

(3.7 mg/kg) twice weekly for 4 weeks. Oxaliplatin was prepared from Eloxatin (50 mg/10 mL) 

diluted in 5% dextrose, and administered to animals at an injection volume of 10 mL/kg (931 µM) 

between 13:00 and 15:00 on Monday and Thursday to minimise chronopharmacologic variations. 

ALC (50 or 100 mg/kg) and ergothioneine (1 or 10 mg/kg) were prepared in distilled water and 

given to animals by oral gavage (p.o) 5 times per week for 4 weeks at an injection volume of 1 

mL/kg. ALC and ergothioneine were administered Monday to Friday between 13:00 and 15:00, 

immediately prior to oxaliplatin injections on Monday and Thursday. Control animals were treated 

with the vehicle solution of distilled water (p.o) 5 times per week and 5% dextrose (i.p.) twice 
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weekly. 48 h following the completion of treatment period, L4 – L6 DRG from each animal were 

dissected and processed as described in sections 2.11 and 2.12 of this thesis for morphometric 

and pNF-H immunostaining analyses to determine the effects of ergothioneine and ALC on 

oxaliplatin-induced neurotoxicity. 

 DRG morphometry 6.2.2
Paraffin-embedded sections of L5 DRG tissues were firstly stained with haematoxylin and eosin, 

and digital images were captured using an Axiostar light microscope (Carl Zeiss Vision) attached to 

an Axiocam camera (Carl Zeiss Vision). DRG morphometry measurements including cell body area 

and nucleolus size were performed using AxioVision 3.0 software (Carl Zeiss Software). Cell body 

area was measured for the largest 10 DRG neurons containing visible nucleoli for every animal. 

Every 10th section was subjected to DRG morphometric analysis including cell body area and 

corresponding nucleolus size. A total of 6 to 14 sections were analysed per animal. Morphometric 

parameters from the 10 largest neurons in each DRG were averaged to provide the mean cell 

body area and nucleolus size of the largest DRG neurons for each animal. 

 Phosphorylated neurofilament heavy subunit (NF-H) 6.2.3

immunostaining 
DRG cryosections were firstly blocked for non-specific binding in blocking buffer containing 3% 

normal goat serum (Sigma), 20 mg/mL bovine serum albumin, 0.2% Triton X-100 in PBS for 1 h at 

room temperature. The slides were then incubated overnight at room temperature with mouse 

anti-neurofilament 200kDa, clone RT97 (1:100; Chemicon). In control slides, the primary antibody 

was replaced by immunobuffer. The next day, slides were washed, and incubated with goat anti-

mouse IgG biotin conjugated secondary antibody (1:500; Sigma-Aldrich) for 2.5 h at room 

temperature. Then, the slides were incubated in ExtrAvidin-Peroxidase (1:500; Sigma-Aldrich) for 

3 h at room temperature, and staining was visualised following 2 min incubation with SIGMAFAST 

3,3’-diaminobenzidine tetrahydrochloride (DAB) tablets (Sigma-Aldrich) at room temperature. 

Tissue sections were then dehydrated in 70%, 95% and 100% ethanol, and cleared in xylene. 

Finally, the slides were cover-slipped with DPX mounting medium and analysed by light 

microscopy. 

 Statistical analysis 6.2.4
Results were shown to be reproducible through at least two independent experiments. Data were 

analysed using descriptive statistics. The statistical significance of differences between means was 

determined from 95% confidence intervals, unpaired Student’s t tests, or one way ANOVA with 



163 
 

Bonferroni’s post-test in GraphPad Prism 5. Linear regression analysis was used to determine the 

body weight gain difference between the treatment groups. P < 0.05 was considered statistically 

significant.  

 

6.3 Results 

 Body weight and general toxicity 6.3.1
All animals maintained a healthy appearance during treatment. The body weight of all animals 

increased with time independently of treatment allocation (P < 0.0001; linear regression) (Figure 

6.1;Table 6.1). There was a numerical trend for greater absolute and relative body weight changes 

in the control group compared with the oxaliplatin-treated groups, although the difference 

between any of the treatment groups did not reach statistical significance (P > 0.05; unpaired t-

test) (Table 6.1). However, the rate of weight gain of the animals in the control group (0.31 g/day; 

95%CI, 0.26 to 0.37) was greater than that in oxaliplatin alone group (0.15 g/day; 95% CI, 0.09 to 

0.21), oxaliplatin plus ALC groups (50 mg/kg, 0.15 g/day; 95% CI, 0.09 to 0.21; 100 mg/kg, 0.14 

g/day; 95% CI, 0.08 to 0.20), and the ergothioneine plus oxaliplatin-treated groups (1 mg/kg, 0.13 

g/day; 95% CI, 0.07 to 0.19; 10 mg/kg, 0.12 g/day; 0.07 to 0.20) (P < 0.05; linear regression). No 

mortality or other visible signs of toxicity was observed throughout the treatment period. 

However, following post-mortem examination, 20 out of 22 animals treated with oxaliplatin in 

either the oxaliplatin alone or oxaliplatin plus ALC or ergothioneine groups were found with 

ascites. 

 DRG morphometry 6.3.2
Cross-sectional DRG cell body and nucleolus areas were measured in the 10 largest L5 DRG 

neurons from animals treated with the drug vehicle, oxaliplatin alone, oxaliplatin plus ALC (50 or 

100 mg/kg), and oxaliplatin plus ergothioneine (1 or 10 mg/kg). Every 10th tissue section was 

scored for analysis and a total of 5 - 14 sections per animal were examined. 

Data for DRG neuronal cell body and nucleolus areas from some animals was lost because of 

irreparable tissue embedding and/or processing errors. Paraffin-embedded L5 DRG of 1 animal 

from the control group, 1 animal from the oxaliplatin alone group, 1 animal from the oxaliplatin 

plus ALC (50 mg/kg), 2 animals from the oxaliplatin plus ergothioneine (1 mg/kg), and 1 animal 

from the oxaliplatin plus ergothioneine (10 mg/kg) were excluded from mean cell body and 

nucleolus areas analyses.  
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Figure 6.1 Body weight relative to starting weight of animals treated with the drug vehicle 

(a), oxaliplatin alone (b), oxaliplatin plus acetyl-L-carnitine (ALC) (50 mg/kg) (c), oxaliplatin plus 

ALC (100 mg/kg) (d), oxaliplatin plus ergothioneine (1 mg/kg) (e), or oxaliplatin plus ergothioneine 

(10 mg/kg) (f). Mean ± SEM was presented for all treatment groups (a – e) except for oxaliplatin 

plus ergothioneine (10 mg/kg) (f) where individual animal body weights were shown. 
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Table 6.1 Starting body weight (BW), end BW, absolute and relative changes in BW of animals 

following treatment. 

  
Starting BW (g) End BW (g) BW change (g) % BW change 

Control # 1-2 288 308 20 6.94 

 
# 2-1 251 274 23 9.16 

 
# 3-3 245 265 20 8.16 

 
# 4-1 289 296 7 2.42 

 
# 5-0 274 296 22 8.03 

 
Mean 269.4 287.8 18.4 6.94 

 
SD 20.5 17.7 6.5 2.65 

 
95% CI 229.2 to 309.6 253.1 to 322.5 5.7 to 31.1 1.75 to 12.13 

Oxaliplatin # 1-3 250 251 1 0.40 

 
# 2-0 280 296 16 5.71 

 
# 3-2 300 310 10 3.33 

 
# 3-4 232 223 -9 -3.88 

 
# 5-1 276 282 6 2.17 

 
Mean 267.6 272.4 4.8 1.55 

 
SD 26.7 35.2 9.5 3.60 

 
95% CI 215.3 to 319.9 203.4 to 341.4 -13.8 to 23.4 -5.50 to 8.60 

Ox + ALC 50 # 1-0 267 275 8 3.00 

 
# 3-1 278 266 -12 -4.32 

 
# 4-3 298 301 3 1.01 

 
# 6-1 242 263 21 8.68 

 
# 7-2 280 288 8 2.86 

 
Mean 273 278.6 5.6 2.24 

 
SD 20.6 15.9 11.9 4.66 

 
95% CI 232.6 to 313.4 247.5 to 309.7 -17.7 to 28.9 -6.90 to 11.38 

Ox + ALC 100 # 1-1 275 289 14 5.09 

 
# 2-2 268 273 5 1.87 

 
# 3-0 251 258 7 2.79 

 
# 6-0 270 278 8 2.96 

 
# 7-1 266 278 12 4.51 

 
Mean 266 275.2 9.2 3.44 

 
SD 9.0 11.3 3.7 1.32 

 
95% CI 248.3 to 283.7 253.1 to 297.3 1.9 to 16.5 0.85 to 6.03 

Ox + EGT 1 # 2-3 270 268 -2 -0.74 

 
# 4-0 292 289 -3 -1.03 

 
# 5-2 270 279 9 3.33 

 
# 6-2 235 247 12 5.11 

 
# 7-0 243 239 -4 -1.65 

 
Mean 262 264.4 2.4 1.01 

 
SD 23.0 21.1 7.5 3.02 

 
95% CI 216.9 to 307.1 223.1 to 305.7 -12.3 to 17.1 -4.91 to 6.93 

Ox + EGT 10 # 4-2 288 284 -4 -1.39 

 
# 6-3 230 239 9 3.91 
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 Mean cell body area 6.3.2.1

The mean cell body area of the 10 largest DRG neurons from the control group was 2859 ± 104 

µm2. Oxaliplatin alone treatment significantly reduced the mean cell body area of the largest 10 

neurons by 21.1% to 2256 ± 97 µm2 (P < 0.05) (Figure 6.2; Figure 6.3; Table 6.2). Following 

concurrent administration of oxaliplatin with ergothioneine at 1 mg/kg (2841 ± 268 µm2) or 10 

mg/kg (2555 µm2), DRG neuronal cell body area increased by 25.9% (P > 0.05) or 13.3%, 

respectively, compared to oxaliplatin alone treatment. Although these numerical differences did 

not reach statistical significance, DRG neuronal cell body area of the ergothioneine treatment 

group was not significantly different from that of the control group. It was notable that for 3 of 4 

animals in the ergothioneine groups, mean cell body area was greater than the upper 95% CI for 

the oxaliplatin alone group. Moreover, for 2 of these animals, mean cell body area was in the 

range of the 95% CI for the control group. Concomitant treatment with ALC at 50 mg/kg (2358 ± 

139 µm2) or 100 mg/kg (2121 ± 109 µm2) did not alter the size of DRG neuronal cell body as 

compared with the oxaliplatin alone treatment (P > 0.05), and was not significantly different from 

that of the control group (P > 0.05). The mean cell body area of the ALC-treated groups for 8 of 9 

animals was in the range of the 95% CI of the oxaliplatin alone group, whereas 0 of 9 animals was 

in the range of the 95% CI of the control group. 

 Nucleolus size 6.3.2.2

The mean nucleolus size of the 10 largest DRG neurons from the control group was 21.8 ± 1.9 

µm2. Treatment with oxaliplatin alone significantly reduced DRG nucleolus size by 58.2% to 9.13 ± 

0.26 µm2 (P < 0.05) (Figure 6.2; Figure 6.4; Table 6.2). Treatment with ergothioneine at 1 mg/kg 

(12.4 ± 1.0 µm2) or 10 mg/kg (15.0 µm2) in combination with oxaliplatin increased nucleolus size 

by 36.2% or 63.9%, respectively. Although these numerical differences did not reach statistical 

significance, it is notable that the nucleolus size for all 4 animals in the ergothioneine groups was 

above the upper 95% CI for the oxaliplatin alone group, but below the lower 95% CI for the 

control group. Overall, the average nucleolus size for the ergothioneine groups (1 or 10 mg/kg) 

was 43.0% and 31.4% smaller, respectively, than that of the control group (P > 0.05). Co-

administration with ALC at 50 mg/kg (12.2 ± 0.41 µm2) or 100 mg/kg (10.7 ± 0.36 µm2) also 

increased the size of DRG nucleoli by 33.6% or 17.7%, respectively compared to oxaliplatin alone 

treatment. Despite the numerical protection afforded by ALC (50 or 100 mg/kg) on DRG nucleolus 

size, compared to the control group, it was significantly smaller by 44.1% (P < 0.05) and 50.8% (P < 

0.05), respectively. 
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Figure 6.2 Representative images of paraffin-embedded sections of L5 DRG from animals treated 

with the drug vehicle (a,b), oxaliplatin alone (c,d), oxaliplatin plus ALC (e,f), or oxaliplatin plus 

ergothioneine (g,h). Oxaliplatin treatment alone had apparent reduction in the size of DRG neuronal cell 

body and nucleolus. Concurrent treatment with ergothioneine appeared to have some protection against 

oxaliplatin-induced cell body and nucleolar shrinkage. Scale bar = 20 µm. Magnification 200 × (a,c,e,g); 

630 × (b,d,f,h). 
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Figure 6.3 Mean cell body area of the 10 largest L5 DRG neurons from animals treated with 

the drug vehicle (Control; n = 3), oxaliplatin alone (Ox alone; n = 4), oxaliplatin plus ALC (50 mg/kg, 

Ox + ALC 50, n = 4; 100 mg/kg, Ox + ALC 100, n = 5), or oxaliplatin plus ergothioneine (1 mg/kg, Ox 

+ EGT 1, n = 3; 10 mg/kg, Ox + EGT 10, n = 1). Each data point represents the mean cell body area 

from each individual animal. Oxaliplatin treatment reduced the cell body area of the largest DRG 

neurons. Concurrent treatment with ergothioneine appeared to have some protection against 

oxaliplatin-induced DRG cell body shrinkage, more so than ALC. Solid and dashed lines denote 

95% confidence intervals for control and oxaliplatin alone treatment groups, respectively. 
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Table 6.2 Mean, standard deviation (SD) and 95% confidence intervals (CI) of cell body and nucleolar size of the 10 largest L5 DRG neurons from 

animals treated with the drug vehicle (Control; n = 3), oxaliplatin alone (Ox alone; n = 4), oxaliplatin plus ALC (50 mg/kg, Ox + ALC 50, n = 5; 100 mg/kg, Ox + 

ALC 100, n = 5), or oxaliplatin plus ergothioneine (1 mg/kg, Ox + EGT 1, n = 3; 10 mg/kg, Ox + EGT 10, n = 1).  

 
Control Oxaliplatin Ox + ALC 50 Oxaliplatin + ALC 100 Ox + EGT 1 Ox + EGT 10 

 
# 1-2 # 2-1 # 3-3 # 1-3 # 2-0 # 3-2 # 3-4 # 1-0 # 3-1 # 6-1 # 7-2 # 1-1 # 2-2 # 3-0 # 6-0 # 7-1 # 2-3 # 6-2 # 7-0 # 6-3 

CELL BODY 3043 3146 3618 2337 2723 2934 2619 2505 3056 2578 2722 2372 2255 2950 2413 2767 3210 2497 3543 2838 

AREA 3016 3093 3445 2261 2634 2733 2231 2368 2778 2397 2484 2179 2090 2721 2095 2690 3202 2494 3460 2828 

 
2810 3003 3287 2237 2607 2439 2158 2234 2686 2396 2241 2016 1994 2669 2033 2445 2986 2430 3443 2715 

 
2754 2762 3057 2147 2590 2433 2154 2084 2604 2393 2181 1908 1950 2593 1912 2379 2978 2379 3377 2545 

 
2704 2762 3039 2085 2511 2417 2146 1974 2508 2335 2133 1797 1859 2484 1849 2368 2870 2377 3375 2524 

 
2702 2721 2912 2062 2366 2413 2000 1841 2477 2252 2126 1772 1824 2338 1811 2365 2867 2349 3357 2468 

 
2699 2655 2875 1967 2071 2400 1982 1750 2426 2237 1985 1732 1781 2335 1781 2356 2807 2274 3133 2426 

 
2581 2540 2853 1953 2058 2349 1960 1749 2396 2202 1964 1674 1774 2323 1763 2350 2738 2247 3071 2410 

 
2571 2495 2792 1847 2047 2315 1960 1682 2276 2136 1937 1614 1769 2253 1745 2337 2728 2230 2996 2410 

 
2562 2488 2779 1819 2030 2311 1954 1654 2202 2116 1914 1611 1767 2160 1697 2333 2699 2195 2909 2383 

Mean 2744 2766 3066 2071 2364 2475 2116 1984 2541 2304 2169 1867 1906 2483 1910 2439 2908 2347 3266 2555 

SD 171 241 291 176 284 200 204 302 252 142 260 253 165 246 218 157 185 108 220 175 

Group mean 2859 2256 2249 2121 2841 - 

Group SD 180 194 234 311 463 - 

Group 95% CI 2507 to 3211 1876 to 2637 1790 to 2709 1512 to 2730 1933 to 3749 - 
 

 

 

 



170 
 

 
Control Oxaliplatin Ox + ALC 50 Oxaliplatin + ALC 100 Ox + EGT 1 Ox + EGT 10 

 
# 1-2 # 2-1 # 3-3 # 1-3 # 2-0 # 3-2 # 3-4 # 1-0 # 3-1 # 6-1 # 7-2 # 1-1 # 2-2 # 3-0 # 6-0 # 7-1 # 2-3 # 6-2 # 7-0 # 6-3 

NUCLEOLUS 27.5 27.5 20.3 12.7 10.2 7.5 8.4 8.4 24.8 12.5 16.0 6.4 11.4 10.3 15.4 9.5 9.4 13.6 14.7 12.9 

SIZE 29.1 19.2 25.5 8.4 10.3 8.9 7.5 7.9 7.1 13.8 17.6 11.7 8.3 11.5 12.8 11.0 11.8 15.0 18.0 16.0 

 
23.4 18.1 20.4 12.0 8.9 9.1 9.7 10.2 19.1 11.9 13.4 10.3 12.0 13.8 7.5 10.4 9.6 17.5 18.9 16.3 

 
24.3 20.1 22.1 10.2 7.4 7.9 9.6 11.3 14.0 10.4 10.5 13.3 7.0 11.0 11.8 8.7 11.3 13.7 6.2 20.4 

 
27.1 16.5 22.5 8.2 9.5 8.2 7.4 9.5 7.7 14.9 14.7 8.5 13.9 10.7 12.6 9.5 8.9 10.4 5.8 17.0 

 
25.7 21.4 18.4 7.6 9.6 7.7 9.4 9.1 7.2 13.2 9.4 13.6 9.4 11.1 11.1 7.3 12.3 11.5 15.2 13.9 

 
21.0 14.3 16.2 8.1 9.4 8.1 9.9 9.1 5.2 11.4 17.4 10.1 12.5 9.4 10.8 8.2 9.7 12.4 14.3 9.2 

 
27.3 20.2 19.5 7.2 6.9 8.1 11.4 12.8 9.9 13.6 10.6 4.3 10.3 10.7 10.7 8.1 7.4 9.1 13.1 15.0 

 
23.8 19.0 19.4 9.8 10.7 9.4 11.9 7.7 11.0 13.1 13.0 14.2 12.9 9.6 13.3 11.0 12.7 12.6 13.4 14.2 

 
27.0 18.3 19.5 9.0 12.2 8.7 7.9 13.8 11.4 14.9 14.3 9.1 12.9 13.7 12.4 11.1 11.4 14.2 19.0 14.9 

Mean 25.6 19.4 20.4 9.3 9.5 8.4 9.3 10.0 11.7 13.0 13.7 10.2 11.0 11.2 11.8 9.5 10.4 13.0 13.9 15.0 

SD 2.45 3.46 2.53 1.84 1.54 0.64 1.54 2.06 6.09 1.47 2.88 3.20 2.24 1.48 2.08 1.37 1.70 2.38 4.67 2.90 

Group mean 21.8 9.1 12.1 10.7 12.4 - 

Group SD 3.34 0.52 1.62 0.92 1.77 - 

Group 95% CI 15.27 to 28.35 8.11 to 10.14 8.91 to 15.28 8.93 to 12.54 8.96 to 15.89 - 
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Figure 6.4 Mean nucleolar size of the 10 largest L5 DRG neurons from animals treated with 

the drug vehicle (Control; n = 3), oxaliplatin alone (Ox alone; n = 4), oxaliplatin plus ALC (50 mg/kg, 

Ox + ALC 50, n = 4; 100 mg/kg, Ox + ALC 100, n = 5), or oxaliplatin plus ergothioneine (1 mg/kg, Ox 

+ EGT 1, n = 3; 10 mg/kg, Ox + EGT 10, n = 1). Each data point represents the mean nucleolar size 

from each individual animal. Oxaliplatin treatment reduced DRG nucleolus size whilst concurrent 

treatment with ALC (50 or 100 mg/kg) or EGT (1 mg/kg) showed partial protection against 

oxaliplatin-induced DRG nucleolus shrinkage. Solid and dashed lines denote 95% confidence 

intervals for control and oxaliplatin alone treatment groups, respectively. 
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 Phosphorylated neurofilament heavy subunit (NF-H) 6.3.3

immunostaining 
Immunostaining for phosphorylated NF-H was present in many of the neurons and axonal 

processes of the L5 DRG (Figure 6.5) as previously reported (Jamieson et al., 2009). Positively 

stained DRG neurons were defined as those with cell body staining intensity greater than 

background staining of the negative control. These neurons were found to vary in their intensity 

of phosphorylated NF-H immunostaining. Diffuse staining was found in the cytoplasm of the 

phosphorylated NF-H-expressing neurons, but not in the nucleus or nucleolus (Figure 6.5a,c,e,g). 

In L5 DRG from healthy control animals, 26.2 ± 1.5% of neurons stained positively for 

phosphorylated NF-H, and the mean and median cell body area of these positively stained 

neurons were 1362 ± 17.6 and 1322 µm2, respectively (Table 6.3). 

Oxaliplatin treatment appeared to reduce both the frequency and cell body area of the neurons 

that express phosphorylated NF-H. Staining of phosphorylated NF-H was still present diffusely in 

the cytoplasm of DRG neurons and heavily in axonal processes (Figure 6.5b). Oxaliplatin appeared 

to alter the size distribution of positively stained DRG neurons, inducing a leftward shift of the size 

distribution histogram with apparent increased frequency of smaller neurons and decreased 

frequency of larger neurons (Figure 6.5b,d). Mean cell body area (1216 ± 18.8 µm2) and frequency 

(20.5 ± 2.0%) of positively stained DRG neurons was also reduced in the oxaliplatin alone group by 

10.9% and 21.8%, respectively, although both measures did not reach statistical significance. 

There was a large overlap in the 95% CI of the control and oxaliplatin treatment groups, where 2 

of 5 and 3 of 5 animals in the oxaliplatin treatment group were outside the 95% CI for the control 

group for frequency and mean cell body area of immunoreactive neurons, respectively (Figure 

6.6). 

Concurrent treatment with ALC also appeared to reduce both the frequency and cell body area of 

phosphorylated NF-H-expressing neurons compared to the control group, similar to the effects 

induced by oxaliplatin treatment alone (Figure 6.5e). There was also an apparent leftward shift in 

the size distribution of the positively stained DRG neurons from ALC treated groups (50 or 100 

mg/kg), as compared to the control group as well as the oxaliplatin alone group (Figure 6.5b,d,f). 

The frequency of immunoreactive neurons in the ALC treatment groups (50 or 100 mg/kg) was 

not different from that of the oxaliplatin alone or control group (Table 6.3). Mean cell body area 

of immunoreactive neurons was not different between ALC 50 or 100 mg/kg and oxaliplatin alone 

groups, or between ALC 50 or 100 mg/kg and control groups, except for ALC 100 mg/kg (999 ± 

14.9 µm2) that was significantly lower than the control by 26.8% (P < 0.05) (Figure 6.6; Table 6.3). 
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Figure 6.5 Representative images (a,c,e,g) and size profile frequency (b,d,f,h) of phosphorylated NF-

H immunoreactive DRG neurons from animals treated with the drug vehicle (a,b), oxaliplatin alone (c,d), 

oxaliplatin plus ALC (e,f), or oxaliplatin plus ergothioneine (g,h). Both the frequency and size of 

phosphorylated NF-H immunoreactive neurons appeared to be reduced in oxaliplatin treated groups 

compared to control. Dotted line represents the median immunoreactive cell body area of the control 

group (1322 µm2). Scale bar = 20 µm; Magnification 200×. 
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Table 6.3 Frequency and mean cell body area of phosphorylated NF-H immunoreactive (IR) DRG 

neurons from animals following treatment. 

    n (IR) n (Total) Frequency of IR (%) Mean cell body area (µm2) 
Control # 1-2 367 1218 30.1 1360 

 
# 2-1 252 1109 22.7 1393 

 
# 3-3 269 908 29.6 1452 

 
# 4-1 239 1030 23.2 1254 

  # 5-0 248 988 25.1 1349 
  Mean - - 26.2 1362 
  SD - - 3.52 72 
  95% CI - - 19.3 to 33.0 1220 to 1503 

Oxaliplatin # 1-3 182 1141 15.9 1116 

 
# 2-0 226 922 24.5 1118 

 
# 3-2 238 1020 23.3 1227 

 
# 3-4 230 977 23.5 1427 

  # 5-1 155 1022 15.2 1147 
  Mean - - 20.5 1207 
  SD - - 4.5 131 
  95% CI - - 11.6 to 29.4 950 to 1463 

Ox + ALC 50 # 1-0 294 915 32.1 1075 

 
# 3-1 220 953 23.1 1400 

 
# 4-3 296 1130 26.2 1090 

 
# 6-1 152 905 16.8 1013 

 
# 7-2 172 1111 15.50 1025 

  Mean - - 22.7 1120 
  SD - - 6.83 159 
  95% CI - - 9.34 to 36.1 808 to 1433 

Ox + ALC 100 # 1-1 295 1022 28.9 861 

 
# 2-2 238 1026 23.2 1072 

 
# 3-0 225 1103 20.4 1084 

 
# 6-0 172 1098 15.7 1066 

 
# 7-1 158 1017 15.5 951 

  Mean - - 20.74 1007 
  SD - - 5.59 98 
  95% CI - - 9.9 to 31.7 815 to 1198 

Ox + EGT 1 # 2-3 249 998 24.9 1039 

 
# 4-0 212 938 29.2 1069 

 
# 5-2 232 910 25.5 1036 

 
# 6-2 144 938 15.3 1174 

 
# 7-0 206 1136 18.1 1017 

  Mean - - 22.6 1067 
  SD - - 5.70 63 
  95% CI - - 11.4 to 33.8 944 to 1190 

Ox + EGT 10 # 4-2 196 961 20.4 1045 
  # 6-3 116 1157 10.0 1014 
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Figure 6.6 Frequency (a) and mean cell body area (b) of phosphorylated NF-H 

immunoreactive (IR) DRG neurons in animals treated with the drug vehicle (Control), oxaliplatin 

alone (Ox alone), oxaliplatin plus ALC (50 mg/kg, Ox + ALC 50; 100 mg/kg, Ox + ALC 100), or 

oxaliplatin plus ergothioneine (1 mg/kg, Ox + EGT 1; 10 mg/kg, Ox + EGT 10). Solid and dashed 

lines denote 95% confidence intervals for control and oxaliplatin alone treatment groups, 

respectively. 
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Similar observations were made with DRG from animals treated with ergothioneine, where there 

was apparent reduction in the frequency and cell body area of phosphorylated NF-H 

immunoreactive neurons as compared to the control group (Figure 6.5g). Size distribution 

histograms of the positively stained neurons suggested that ergothioneine (1 or 10 mg/kg) 

induced a leftward shift, increasing the proportion of smaller neurons whilst decreasing the 

proportion of larger neurons, as compared with the control group as well as the oxaliplatin alone 

group (Figure 6.5b,d,h). Immunoreactive neuronal cell body area was significantly reduced in the 

ergothioneine 1 mg/kg (1059 ± 17.7 µm2) or 10 mg/kg (1033 ± 32.7 µm2) treatment groups by 

22.4% (P < 0.05) and 24.3% (P < 0.05), respectively when compared to the control group, but 

neither ALC treatment groups were different from the oxaliplatin alone group. In contrast, the 

frequency of positively stained neurons in the ergothioneine treatment groups (1 or 10 mg/kg) 

was not statistically different from that of the oxaliplatin alone or control group (Figure 6.6; Table 

6.3). 

 

6.4 Discussion 
In the experiments described in this chapter, the potential protective effects of the inhibition of 

Octn1 and Octn2 by ergothioneine and ALC, respectively, against the development of oxaliplatin-

induced neurotoxicity were investigated in a Wistar rat model in vivo using 3 primary endpoints; 

DRG neuronal cell body area, nucleolus size, and the frequency and size of phosphorylated NF-H 

immunoreactive DRG neurons. This study was able to reproduce the effects of chronic oxaliplatin 

treatment on DRG morphometry, but not phosphorylated NF-H immunoreactivity. Ergothioneine 

and ALC at the doses investigated were well tolerated by the animals, and there was no apparent 

toxicity additional to the oxaliplatin treatment. Ergothioneine, more so than ALC, showed trends 

towards protection against oxaliplatin-induced DRG neuronal cell body and nucleolus shrinkage. 

Neither of ergothioneine or ALC was able to reverse the apparent effects of oxaliplatin on the 

frequency or size of phosphorylated NF-H immunoreactive DRG neurons.  

Oxaliplatin treatment induced a decrease in the mean cell body area and nucleolus size of DRG 

neurons, but had a limited effect on the numbers and size profiles of phosphorylated NF-H 

immunoreactive DRG neurons. The general toxicity of oxaliplatin treatment was acceptable, 

although most animals showed ascites at post mortem and reduced rate of weight gain during the 

treatment period. Chronic oxaliplatin treatment in this study induced DRG nucleolar shrinkage to 

a greater extent than neuronal cell body atrophy. These results are consistent with previous 

findings describing a significant decrease in mean cell body area and nucleolus size of DRG 
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neurons from rats following chronic oxaliplatin treatment, with the nucleolus showing the most 

prominent pathological changes (Holmes et al., 1998; Cavaletti et al., 2001; McKeage et al., 2001; 

Jamieson et al., 2005). Previous studies have presented DRG morphometric measurements 

derived from the entire population of DRG neurons, whereas the current study focused on the 

largest 10 DRG neurons from each animal, as it has been established that the larger DRG neurons 

are more susceptible to oxaliplatin (Jamieson et al., 2005). In contrast to previous findings, 

oxaliplatin treatment in this study appeared to have no significant effect on the frequency or size 

profiles of phosphorylated NF-H neurons, although there was a numerical trend towards a 

reduction in both frequency and size (Jamieson et al., 2009). Possible explanations for this 

inconsistency may be the different oxaliplatin dosing schedule used in the two studies, since the 

severity of oxaliplatin neurotoxicity is dependent on the treatment regimen (Cavaletti et al., 

2001). In the study lead by Jamieson et al. (2005), oxaliplatin neurotoxicity was induced by twice 

weekly injections of oxaliplatin (1.85 mg/kg) over 8 weeks, in contrast to twice weekly injections 

of oxaliplatin (3.7 mg/kg) over 4 weeks in the current study. These results validated the use of this 

rat model for studying the inhibition of Octn1 and Octn2 on oxaliplatin-induced neurotoxicity, at 

least by determining DRG morphometry. 

Oral administration of ergothioneine and ALC at the doses examined in this study was found to be 

feasible and well tolerated in oxaliplatin-treated animals. Both ergothioneine and ALC showed 

trends toward protection against oxaliplatin-induced DRG nucleolar shrinkage more so than cell 

body atrophy, but limited or no apparent effect on phosphorylated NF-H immunoreactive 

neurons. The rate of body weight gain for the ergothioneine and ALC plus oxaliplatin treatment 

groups were lower than that of the control group, but comparable to that of the oxaliplatin 

treatment group. No additional signs of toxicity were apparent in animals from any of the 

combination treatment groups, even though most animals treated with oxaliplatin in either the 

oxaliplatin alone or oxaliplatin combination treatment group suffered from ascites. These findings 

suggested that ergothioneine and ALC had no apparent limiting toxicity when used in concurrent 

oxaliplatin treatment, consistent with relevant previous reports and thus confirming the potential 

suitability of these agents in combination with oxaliplatin for ameliorating oxaliplatin-induced 

neurotoxicity (Pisano et al., 2003; Ghirardi et al., 2005a; Ghirardi et al., 2005b; Song et al., 2010). 

Ergothioneine-treated animals showed trends toward protection against oxaliplatin-induced DRG 

neuronal cell body and nucleolus atrophy in this study. DRG neurons from animals following 

concurrent administration of ergothioneine at 1 or 10 mg/kg were larger in their nucleolus size 

and cell body area than those in the oxaliplatin alone treatment group, although these endpoints 
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of DRG neurotoxicity did not reach statistical significance. The current results were indicative of 

apparent partial protection by ergothioneine against oxaliplatin-induced DRG nucleolus shrinkage, 

although it was clear that the nucleolus size of ergothioneine-treated group remained significantly 

smaller than that of the control group. Ergothioneine also showed numerical protection against 

oxaliplatin-induced DRG neuronal cell body shrinkage, although this difference did not reach 

statistical significance possibly as a result of the large standard deviation and few animal numbers 

in each experimental group. The mean DRG neuronal cell body area from the ergothioneine 

treatment group was not statistically significant from that of the control group, suggesting that 

ergothioneine may have alleviated DRG neurons from damages caused by oxaliplatin.  

In contrast, ALC had some protective effect on oxaliplatin-induced reduction in DRG nucleolus size 

but not neuronal cell body area in this study. The mean DRG nucleolus size in the ALC treatment 

groups was evidently larger than those of the oxaliplatin alone treatment group, but smaller than 

those of the control group, suggesting that ALC provided some protection at this endpoint. In 

contrast, the mean cell body area of the ALC treatment groups is similar to that of the oxaliplatin 

alone treatment group, and significantly smaller than that of the control group, suggesting that 

ALC may have no protective effect at this endpoint. However, in previous studies following 

chronic oxaliplatin (Ghirardi et al., 2005a) or cisplatin (Pisano et al., 2003; Ghirardi et al., 2005b) 

treatment, ALC has been shown to revert experimental chronic neurotoxicity. It must be noted 

that different dosing schedules and measures of neurotoxicity were used in the studies 

mentioned, where behavioural and neurophysiological endpoints were the primary determinants 

of the extent of DRG neurotoxicity and these were carried out at regular intervals throughout the 

treatment period, rather than post-mortem morphometric or immunohistochemistry endpoints at 

the end of treatment period as used in the current study. Interestingly, one of these studies 

reported that ALC was able to partially reduce the severity of cisplatin-induced DRG nucleolus 

shrinkage, despite no protection offered against neuronal cell atrophy (Pisano et al., 2003), in 

support of the current findings that ALC was not able to provide protection against oxaliplatin-

induced DRG neurotoxicity, at least not against neuronal cell body atrophy. 

The frequency and size of phosphorylated NF-H-expressing DRG neurons of oxaliplatin in 

combination with ALC- or ergothioneine-treated animals were similar if not reduced when 

compared to the oxaliplatin treatment alone group. There was no significant difference in the 

frequency of DRG neurons expressing phosphorylated NF-H between any of the treatment groups 

in this study, but there was a trend towards somewhat higher expression frequency and intensity 

in the control group. The mean cell body area of the phosphorylated NF-H-expressing DRG 
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neurons was not significantly different between any of the treatment groups. Numerically, it is 

clear that control group had the largest phosphorylated NF-H immunoreactive DRG neurons 

followed by the oxaliplatin group, while oxaliplatin plus ALC or ergothioneine treatment groups 

appeared to have the smallest phosphorylated NF-H immunoreactive DRG neurons. In contrast to 

the current findings, a previous study showed that chronic oxaliplatin treatment following a 

lengthier schedule given the same cumulative dose of oxaliplatin significantly reduced 

phosphorylated NF-H immunoreactivity in DRG neurons from 21% in the control group to 5.2% in 

the oxaliplatin treatment group, and the mean cell body area of immunoreactive neurons 

significantly reduced from 1259 µm2 in the control group to 696 µm2 in the oxaliplatin treatment 

group (Jamieson et al., 2009). This suggests that the period of treatment may be critical for this 

endpoint as a determinant of DRG neurotoxicity, or that the determination of DRG neuronal 

immunoreactivity to phosphorylated NF-H was less reliable due to varying intensity of staining 

intra- and inter-experiment. 

There was apparent inconsistency in the experimental paradigms for the determination of 

oxaliplatin-induced DRG neurotoxicity in this study. Three previously established endpoints of 

oxaliplatin-induced DRG neurotoxicity were evaluated in the current study; neuronal cell body 

area, nucleolus size, and phosphorylated NF-H immunoreactivity (Holmes et al., 1998; Cavaletti et 

al., 2001; McKeage et al., 2001; Jamieson et al., 2005; Jamieson et al., 2009). The results from this 

study indicated apparent partial protection afforded by both ergothioneine and ALC against 

oxaliplatin-induced DRG nucleolar shrinkage, although it is clear that the nucleolus size of the 

combination treatment groups remain significantly smaller than that of the control group. 

Furthermore, ergothioneine showed a trend towards complete protection against cell body 

atrophy, whereas ALC had no apparent effect at this endpoint. In contrast, neither ergothioneine 

or ALC showed trends in reverting the loss of phosphorylated NF-H immunoreactivity in DRG 

neurons following oxaliplatin treatment, although there was no significant difference between the 

control and oxaliplatin alone groups. Better understanding of the endpoints for determination of 

DRG neurotoxicity, or the mechanisms by which ergothioneine or ALC protects against oxaliplatin-

induced neurotoxicity may help to explain inter-endpoint discrepancies and to better select the 

most appropriate endpoints for future studies. 

In summary, both ergothioneine and ALC were tolerable and feasible treatment for oxaliplatin 

neurotoxicity in vivo. Ergothioneine, more so than ALC, offered some protection against 

oxaliplatin-induced DRG neuronal cell body atrophy and nucleolus shrinkage, but neither 

compounds protected against the loss of phosphorylated NF-H immunoreactivity in a rat model of 
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oxaliplatin neurotoxicity. Whether the apparent protection afforded by ergothioneine against 

oxaliplatin neurotoxicity is due to pharmacological inhibition of Octn1 in rat DRG neurons 

warrants further investigation using DRG neurons from mice with genetic disruption of Octn1 in 

the next chapter. 
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CHAPTER 7. Oxaliplatin uptake and 
neurotoxicity in cultured DRG neurons from 
C57BL/6 wild type and Octn1 knockout mice 

 

7.1 Introduction 
The aim of this chapter was to compare the neuronal accumulation and neurotoxicity of 

oxaliplatin in cultured DRG neurons from wild type and Octn1 knockout mice. In the previous 

chapter, the OCTN1 substrate ergothioneine, and the OCTN2 substrate acetyl-L-carnitine were 

tested in an exploratory study using a Wistar rat model of oxaliplatin-induced neurotoxicity in 

vivo. Treatment with ergothioneine and acetyl-L-carnitine was feasible and well tolerated in rats 

given chronic oxaliplatin regimen. Ergothioneine was found to provide some protection against 

oxaliplatin-induced DRG neuronal cell body and nucleolar atrophy, more so than acetyl-L-

carnitine, suggesting that the neuronal accumulation of oxaliplatin and treatment-limiting 

neurotoxicity in rats in vivo may be mediated by OCTN1, more so than OCTN2. Therefore, the 

current chapter utilised Octn1-deficient mice for comparison to the wild type strain to further 

investigate a role of OCTN1 as a neuronal oxaliplatin transporter in the mechanism of 

neurotoxicity. 

The Octn1 knockout (Octn1-/-) mouse was first generated by Kato and colleagues, and is viable 

with no obvious phenotypic abnormality. Metabolome analysis of blood and several organs 

described a complete deficiency of a high affinity OCTN1 substrate, ergothioneine, following 

targeted disruption of the Octn1 gene in mice. Pharmacokinetic analyses revealed that the high 

distribution to the small intestines and extensive renal reabsorption found in wild type animals 

following oral administration of ergothioneine were greatly reduced in Octn1 knockout mice. In 

addition, these knockout animals exhibited greater susceptibility to intestinal oxidative stress 

(Kato et al., 2010). Targeted disruption of OCTN1 gene has successfully confirmed a pivotal role of 

OCTN1 in ergothioneine homeostasis in vivo, and has the potential to become an important tool 

for testing the contribution of OCTN1, in not only intestinal tissue injuries, but also in oxaliplatin-

induced neurotoxicity. 

OCTN1 is a sodium-dependent, electroneutral organic cation/carnitine transporter that is closely 

related to the organic cation transporters (OCTs) which have been previously shown to mediate 

oxaliplatin transport and cytotoxicity (Yonezawa et al., 2006; Zhang et al., 2006; Burger et al., 
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2010). OCTs have also been shown to contribute to the accumulation of platinum in tissues 

targeted by treatment-limiting toxicities associated with cisplatin, such as nephro- and ototoxicity 

(Ciarimboli et al., 2005b; Yonezawa et al., 2005; Filipski et al., 2008; Filipski et al., 2009; Ciarimboli 

et al., 2010). However, there is limited evidence thus far for a role of OCTN1 in oxaliplatin or 

cisplatin transport or cytotoxicity. In chapters 4 and 5 of this thesis, OCTN1 was found to facilitate 

the uptake and toxicity of oxaliplatin in cultured DRG neurons derived from Wistar rats, as well as 

HEK293 cells over-expressing rat and human homologues of OCTN1. However, in conflict with 

findings from the latter experimental model, a previous study has reported the lack of hOCTN1-

mediated cellular platinum accumulation following oxaliplatin exposure (Yonezawa et al., 2006). 

Together these findings warranted further investigation into OCTN1 and its contribution to the 

transport, cytotoxicity, and treatment-limiting neurotoxicity of oxaliplatin. 

Many genetic and experimental manipulation techniques are currently well established in the 

mouse, but not in the rat. In contrast, neurotoxicity of oxaliplatin and other platinum-based drugs 

has been well characterised in rat models, whereas the use of mouse models has been limited (Ta 

et al., 2009; Renn et al., 2011). Numerous studies in rat models of oxaliplatin-induced 

neurotoxicity have together established that platinum accumulation within the DRG and its 

sensory neurons is a major determinant of the neurotoxicity of oxaliplatin (Screnci et al., 1997; 

Holmes et al., 1998; Screnci et al., 2000; Cavaletti et al., 2001; Pisano et al., 2003; Ghirardi et al., 

2005a; Ghirardi et al., 2005b; Jamieson et al., 2005; Ling et al., 2007a; Jamieson et al., 2009; Liu et 

al., 2009; Sakurai et al., 2009). However, it is clear that the use of rat models in the study of 

oxaliplatin-induced neurotoxicity is limited by the lack of genetic manipulation techniques 

available in the mouse, such as gene knockout which enables exploration of a gene of interest and 

its role in a whole animal in vivo setting (Zambrowicz et al., 1998; Nord et al.). The rat as an 

experimental model of oxaliplatin-induced neurotoxicity is also inadequate for parallel studies of 

the anti-tumour chemotherapeutic activity and neurotoxicity of oxaliplatin as most cancer models 

are developed in mice. Therefore, these information provides a rationale for the use of cultured 

mouse DRG neurons in the current study of oxaliplatin transport and neurotoxicity. 

Recently, several studies have described features of oxaliplatin-induced neurotoxicity in mice to 

be comparable to that previously established in the rat model. Chronic oxaliplatin treatment in 

mice was found to significantly reduce nerve conduction velocity and action potential amplitude, 

and induce neuronal cell body atrophy and multi-nucleolated DRG neurons with eccentric nucleoli 

(Renn et al., 2011). Moreover, the development of mechanical cold allodynia and cold 

hyperalgesia in mice has been characterised following a single or repeated dose of oxaliplatin 
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(Gauchan et al., 2009a; Gauchan et al., 2009b; Ta et al., 2009; Nassini et al., 2011; Renn et al., 

2011). These findings suggested that the mouse presents similar symptoms and pathological 

features of oxaliplatin-induced neurotoxicity as the rat (Holmes et al., 1998; Cavaletti et al., 2001; 

Ling et al., 2007a; Sakurai et al., 2009), and suggests that the mouse is a suitable model to conduct 

parallel studies of anti-tumour activity and neurotoxicity related to oxaliplatin for preclinical 

discovery of potential neuroprotective compounds. 

Given this background, this chapter aimed to provide comparative analyses of oxaliplatin uptake 

and neurotoxicity in cultured DRG neurons from wild type and Octn1 knockout mice, so as to 

assess the effects of targeted disruption of the OCTN1 gene on the neuronal accumulation and 

neurotoxicity of oxaliplatin. Firstly, [14C] oxaliplatin uptake by cultured DRG neurons from wild 

type and Octn1 knockout mice was determined in parallel with oxaliplatin-induced loss of 

neuronal cell viability. Next, the effect of ergothioneine on oxaliplatin-induced neurotoxicity was 

also examined in both wild type and Octn1 knockout mice. Lastly, several OCT/OCTN substrates 

were tested for their effects on [14C] oxaliplatin uptake in a preliminary attempt to determine 

members of OCTs/OCTNs that may be responsible for the neuronal accumulation and 

neurotoxicity of oxaliplatin in wild type and Octn1 knockout mice. 

 

7.2 Methods 
The experiments described in this chapter made use of dissociated DRG neurons isolated from L1 

– 5 DRG of adult C57BL wild type and Octn1 knockout mice. Harvesting, dissociating, plating and 

culturing of mouse DRG neurons were detailed in sections 2.2 and 2.3 of this thesis. 

 Transport studies 7.2.1
DRG neurons were seeded at 10,000/well and incubated with [14C] oxaliplatin (0.3 µCi/mL; 6.0 

µM) in the presence or absence of unlabeled ergothioneine (1 mM), L-carnitine (1 mM) or MPP+ (1 

mM) for 2 h at 37⁰C. At designated times, cells were washed three times with ice-cold buffer, air-

dried, and lysed in 1% Triton X-100 solution for 6 to 12 h with gentle agitation. After cell lysis, 150 

µL from each well was collected for quantification of radioactivity using LSC-6100 liquid 

scintillation counter (Aloka Co Ltd.). Uptake of radiolabeled substrates was presented as the 

cell/medium ratio (µL per mg of protein), the radioactivity accumulated in the cells as a fraction of 

initial concentration of radioactive compound in the transport buffer. Cellular protein content 

from each well was determined using a Bio-Rad Protein Assay following manufacturer’s protocols, 

where absorbance was measured at 595 nm. 
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 Cytotoxicity assay 7.2.2
Dissociated DRG neurons were seeded at 5000 cells/well and cultured as described in section 2.3. 

Oxaliplatin with or without ergothioneine (1 mM) were prepared in culture medium and 

incubated with cultured DRG neurons for 48 h at 37⁰C with 5% CO2/95% air. The MTT assay was 

used to determine cell viability. In brief, medium containing drugs was aspirated, replaced with 

MTT solution (5 mg/mL) freshly prepared in 50% PBS and 50% culture medium and incubated for 

1 h at 37⁰C with 5% CO2/95% air, protected from light. The MTT solution was subsequently 

aspirated, cells were lysed in dimethylsulfoxide (DMSO), and optical density was measured at 570 

nm. Cell viability was presented as a percentage of control in the absence of oxaliplatin or 

ergothioneine. 

 Statistical analysis 7.2.3
Results were shown to be reproducible in at least two independent experiments. Data were 

analysed using descriptive statistics. The statistical significance of differences between means was 

determined from 95% confidence intervals, unpaired Student’s t tests, or one way ANOVA with 

Bonferroni’s post-test in GraphPad Prism 5. P < 0.05 was considered statistically significant. 

 

7.3 Results 
Primary cultures of DRG neurons were established by dissection of L1 – L5 DRG from adult 

C57BL/6J wild type and Octn1 knockout mice. Neuronal cell yield was similar between wild type 

and Octn1 knockout strains, approximately 25,000 DRG neurons per animal. General appearance 

of DRG neuronal culture established from wild type and Octn1 knockout mice was also similar, 

both of which consisted of a mixture of phase-bright DRG neurons as well as supporting 

fibroblasts and axonal processes. 

 [3H] Ergothioneine uptake 7.3.1
Following 1 h exposure, uptake of [3H] ergothioneine by cultured DRG neurons from wild type 

mice at 37°C was 3.4-fold greater (2.03 ± 0.26 µL/mg protein, P < 0.001) than cultured DRG 

neurons from Octn1 knockout mice (0.59 ± 0.04 µL/mg protein) (Figure 7.1).  

 Oxaliplatin cytotoxicity 7.3.2
Oxaliplatin cytotoxicity in cultured DRG neurons from wild type and Octn1 knockout mice was 

determined using a MTT assay following a 48 h drug exposure. Neuronal viability of control
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Figure 7.1 Uptake of [3H] ergothioneine (5 µM) at 37°C for 1 h by cultured DRG neurons from 

wild type (WT) and Octn1 knockout (KO) mice. Data are shown as mean ± standard error (n = 6) 

from two independent experiments. ***, P < 0.001. 
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untreated DRG neurons from wild type and Octn1 knockout mice were similar. Normalised to 

control in the absence of oxaliplatin (100 ± 2.4%), DRG neuronal cell viability of wild type mice was 

significantly reduced by 27.5% (72.5 ± 2.0%, P < 0.001) and 46.2% (53.8 ± 1.7%, P < 0.001) by 

treatment with oxaliplatin at 30 and 100 µM, respectively. Similarly, DRG neuronal cell viability of 

Octn1 knockout mice was also reduced in the presence of oxaliplatin at 30 and 100 µM by 27.9% 

(72.1 ± 1.4%, P < 0.001) and 46.9% (53.1 ± 1.7%, P < 0.001), respectively. There was no significant 

difference in DRG neuronal cell viability between wild type and Octn1 knockout mice at the two 

oxaliplatin concentrations examined (30 µM, 72.5 vs. 72.1%, P > 0.05; 100 µM, 53.8 vs. 53.1%, P > 

0.05) (Figure 7.2). 

 Effect of ergothioneine treatment on oxaliplatin-induced loss 7.3.3

of DRG neuronal viability 
The effect of Octn1 model substrate, ergothioneine, on oxaliplatin-induced loss of DRG neuronal 

viability in wild type mice was compared to that from Octn1 knockout mice. Neuronal cell viability 

was studied following both pre- and concurrent ergothioneine treatment in cultured DRG neurons 

from wild type mice, whereas for cultured DRG neurons from Octn1 knockout mice, only 

concurrent ergothioneine treatment was examined at this endpoint. 

 Wild type 7.3.3.1

Oxaliplatin induced a concentration dependent loss of DRG neuronal cell viability in wild type mice 

that was reduced with concurrent, but not pre-treatment of ergothioneine (Figure 7.3). Following 

48 h drug exposure, oxaliplatin at 30 and 100 µM resulted in a loss of neuronal cell viability of 

36.2% (63.8 ± 2.8%, P < 0.001) and 53.4% (46.6 ± 0.4%, P < 0.001), respectively, compared to 

control (100 ± 2.1%). Concurrent ergothioneine treatment significantly reduced the loss of 

neuronal cell viability by 20.4% (84.2 ± 7.9%, P < 0.05) and 21.7% (68.3 ± 0.9%, P < 0.01), 

compared to oxaliplatin treatment alone at 30 and 100 µM, respectively. Viability of neurons was 

not compromised by concurrent treatment of ergothioneine (96.1 ± 2.1%, P > 0.05), when 

compared to control without oxaliplatin or ergothioneine (100 ± 2.1%). In contrast, pre-treatment 

with ergothioneine introduced apparent toxicity to mouse DRG neuronal cell viability. Normalised 

to control in the absence of oxaliplatin or ergothioneine, ergothioneine pre-treatment alone 

significantly reduced neuronal cell viability by 15.4% (84.6 ± 1.0%, P < 0.01). Pre-treatment with 

ergothioneine had no apparent effect on the loss of neuronal viability induced by oxaliplatin at 30 

µM (64.7 ± 3.8 vs. 63.8 ± 2.8%, P > 0.05) or 100 µM (42.6 ± 3.9 vs. 46.6 ± 0.4%, P > 0.05) (Figure 

7.3). 
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Figure 7.2 Viability of cultured DRG neurons from wild type (WT) and Octn1 knockout (KO) 

mice following 48 h incubation with oxaliplatin. Oxaliplatin reduced neuronal cell viability in a 

concentration dependent manner. Each data point represents mean ± standard error (n = 6) from 

two independent experiments. 
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Figure 7.3 DRG neuronal cell viability of wild type mice following 48 h exposure to oxaliplatin 

without ergothioneine (No EGT), or with ergothioneine (1 mM) pre- (Pre EGT) or concurrent 

treatment (Co EGT). Data are shown as mean ± standard error (n ≥ 4) from at least two 

independent experiments. *, P < 0.05; **, P < 0.01 (vs. No EGT at respective oxaliplatin 

concentration). 
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 Octn1 knockout 7.3.3.2

In DRG neurons from Octn1 knockout mice, oxaliplatin also induced a concentration dependent 

loss of cell viability that was not significantly affected by concurrent ergothioneine treatment 

(Figure 7.4). Following 48 h drug exposure, oxaliplatin at 30 and 100 µM resulted in a loss of 

neuronal cell viability of 23.8% (76.2 ± 2.3%, P < 0.01) and 45.7% (54.3 ± 4.3%, P < 0.001), 

respectively, compared to control (100 ± 1.1%). Concurrent ergothioneine treatment showed 

apparent numerical protection against oxaliplatin-induced loss of neuronal cell viability at both 

oxaliplatin concentrations examined (30 µM, 89.7 ± 5.3 vs. 76.2 ± 2.3%, P > 0.05; 100 µM, 61.6 ± 

9.7 vs. 54.3 ± 4.3%, P > 0.05), although this did not reach statistical significance. Neuronal cell 

viability was not affected by concurrent treatment with ergothioneine (93.2 ± 4.6%, P > 0.05), 

compared to control without oxaliplatin or ergothioneine (100 ± 1.1%) (Figure 7.4).  

  [14C] Oxaliplatin uptake 7.3.4
Following 2 h exposure, uptake of [14C] oxaliplatin by cultured DRG neurons from wild type mice at 

37°C was approximately 20% greater (1.48 ± 0.05 µL/mg protein, P < 0.05) than cultured DRG 

neurons from Octn1 knockout mice (1.18 ± 0.08 µL/mg protein) (Figure 7.5).  

 Effect of various substrates on [14C] oxaliplatin uptake 7.3.5
In DRG neurons from wild type mice, ergothioneine reduced [14C] oxaliplatin uptake by 40.9% 

(59.1 ± 20.3%, P > 0.05), as compared to control at 37°C (100 ± 2.0%), although this did not reach 

statistical significance. In contrast, L-carnitine (104 ± 6.1%, P > 0.05) and MPP+ (99.5 ± 12.7, P > 

0.05) showed no apparent effect on the uptake of [14C] oxaliplatin by these neurons (Table 7.1). 

In DRG neurons from Octn1 knockout mice, ergothioneine significantly reduced [14C] oxaliplatin 

uptake by 56.6% (43.4 ± 3.3%, P < 0.05), as compared to control at 37°C (100 ± 7.1%). Similar to 

DRG neurons from wild type mice, L-carnitine (92.7 ± 21.4%, P > 0.05) and MPP+ (104 ± 4.9%, P > 

0.05) also had no significant effect on the uptake of [14C] oxaliplatin by DRG neurons from Octn1 

knockout mice (Table 7.1). 

 

7.4 Discussion 
In the experiments described in this chapter, oxaliplatin uptake and toxicity in DRG neurons 

cultured from wild type and Octn1 knockout mice were compared to investigate a role of OCTN1 

in the neuronal accumulation and neurotoxicity of oxaliplatin. Non-conditional knockout of the 

Octn1 gene in DRG neurons from Octn1 knockout mice was determined by ergothioneine uptake.  
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Figure 7.4 Octn1 knockout mouse DRG neuronal cell viability following 48 h exposure to 

oxaliplatin without ergothioneine (- EGT), or with concurrent ergothioneine (1 mM) treatment (+ 

EGT). Data are shown as mean ± standard error (n ≥ 4) from at least two independent 

experiments. 
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Figure 7.5 Uptake of [14C] oxaliplatin (6 µM) at 37°C for 2 h by cultured DRG neurons from 

wild type (WT) and Octn1 knockout (KO) mice. Data are shown as mean ± standard error (n = 6) 

from two independent experiments. *, P < 0.05. 
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Table 7.1 Uptake of [14C] oxaliplatin (6 µM) at 37°C for 2 h by cultured DRG neurons from 

wild type and Octn1 knockout mice in the absence (Control) or presence of unlabelled 

ergothioneine (1 mM, EGT), L-carnitine (1 mM, L-car), or MPP+ (1 mM, MPP+). Data are shown as 

mean ± standard error (n ≥ 2) from at least two independent experiments. *, P < 0.05 (vs. 

respective Control). 

  Wild type Octn1 knockout 

Control 100 ± 2.04 100 ± 7.12 

+ EGT 59.1 ± 20.3 43.4 ± 3.34* 

+ L-car 104 ± 6.07 92.7 ± 21.4 

+ MPP+ 99.5 ± 12.7 100; 109 
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Ergothioneine uptake by DRG neurons from wild type mice was 3-fold higher than Octn1 knockout 

mice following a 2 h exposure in this study (Table 7.2), but this difference was less than previously 

described for other tissues. Kato et al. reported approximately 20- to 60-fold greater 

ergothioneine concentration in OCTN1-abundant tissues such as the liver, kidney, and 

erythrocytes from wild type relative to knockout mice following oral administration (Kato et al., 

2010), whereas the tissue concentration in DRG has not been previously determined. Findings 

from the current study suggested that OCTN1-mediated transport may be responsible for 

approximately 70% of total ergothioneine uptake by cultured mouse DRG neurons (Table 7.2). 

This implies that the remaining 30% of DRG neuronal membrane permeation of ergothioneine 

may be attributed to other transporter(s). Together with previous observations that 

ergothioneine was taken up by empty vector-transfected HEK293 cells and that Octn1 knockout 

mice demonstrated a transient increase in plasma and blood ergothioneine levels following oral 

administration (Kato et al., 2010), it may be plausible that transporter(s) other than OCTN1 may 

also contribute to ergothioneine transport in this rodent species. 

This study suggested that the loss of functional OCTN1 transport activity significantly reduced the 

neuronal uptake of oxaliplatin. Neuronal oxaliplatin uptake by DRG neurons from wild type mice 

was significantly higher by 1.25-fold than that from Octn1 knockout mice following a 2 h exposure 

(Table 7.2). These results suggested that OCTN1-mediated transport contributed to 20% of total 

oxaliplatin uptake in mouse DRG neurons (Table 7.2), and that the remaining 80% of oxaliplatin 

uptake by mouse DRG neurons may be facilitated by transporter(s) other than OCTN1 under the 

limited condition of one exposure period (2 h) and one exposure concentration (2 µM) examined 

in this study. 

In contrast, oxaliplatin-induced loss of DRG neuronal cell viability was similar in both wild type and 

knockout mice in this study (Table 7.2). The concentration-dependent loss of DRG neuronal cell 

viability induced by oxaliplatin was not found to be significantly different between wild type and 

Octn1 knockout strains, suggesting that OCTN1-mediated neuronal uptake of oxaliplatin may not 

confer an increase in neurotoxicity in mice. The apparent discordance between cellular platinum 

accumulation and cytotoxicity observed in the current study has been documented in several 

previous findings in other cell types (Zhang et al., 2006; Kitada et al., 2008). It may be plausible 

that the difference in DRG neuronal cell viability between wild type and knockout mice following 

48 h oxaliplatin exposure conferred by the 20% difference in DRG neuronal oxaliplatin uptake may 

not have been detectable by the MTT assay following the lengthy exposure period used in the 

current study. 
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Table 7.2 Summary of ergothioneine uptake, oxaliplatin uptake and cytotoxicity, and 

concurrent cytoprotection of ergothioneine on oxaliplatin-induced cytotoxicity in cultured DRG 

neurons from wild type (WT) and Octn1 knockout (KO) mice. [14C] Oxaliplatin uptake in the 

presence of unlabeled ergothioneine (EGT), L-carnitine (L-car), or MPP+ is presented qualitatively, 

where + indicates an inhibitory effect and - indicates no apparent effect. Oxaliplatin cytotoxicity is 

presented as the percentage of neuronal cell viability relative to control. Ergothioneine 

cytoprotection is presented as a percentage of change relative to neuronal cell viability following 

oxaliplatin treatment at corresponding concentrations. 

  WT KO 
Apparent 

contribution of 
OCTN1 (% of WT) 

Ergothioneine uptake   
(µL/mg protein)  2.03 ± 0.26 0.59 ± 0.04 1.44 (71%) 

Oxaliplatin uptake 
(µL/mg protein)  1.48 ± 0.05 1.18 ± 0.08 0.3 (20%) 

Inhibition on oxaliplatin 
uptake (%) 

+ EGT + + N/A 

+ L-car - - N/A 

+ MPP+ - - N/A 

Oxaliplatin toxicity 
(% of control) 

30 µM 72.5 ± 2.0 72.1 ± 1.4 0.4 (< 1%) 

100 µM 53.8 ± 1.7 53.1 ± 1.7 0.7 (1.3%) 

Inhibition on oxaliplatin 
toxicity by ergothioneine 

(%) 

30 µM 11.9 13.5 N/A 

100 µM 27.8 7.32 N/A 
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Ergothioneine concurrent treatment, more so than pre-treatment, was found to reduce 

oxaliplatin-induced loss of DRG neuronal viability in wild type mice in this study. Concurrent 

incubations with ergothioneine significantly reduced oxaliplatin toxicity in DRG neurons at both 

concentrations of oxaliplatin examined, suggesting that OCTN1-mediated neurotoxicity of 

oxaliplatin may be reduced by the competitive inhibition of OCTN1 transport in the presence of 

OCTN1 model substrate ergothioneine. No apparent toxicity was observed in the control where 

ergothioneine in the absence of oxaliplatin was introduced approximately 120 h after initial 

seeding. In contrast, pre-treatment where ergothioneine in the absence of oxaliplatin was added 

approximately 72 h after initial seeding had apparent reduction on the viability of DRG neurons. 

This may have confounded subsequent results where no protection was found following 

oxaliplatin exposure in neurons pre-treated with ergothioneine. Interestingly, it appeared from 

these results that ergothioneine treatment initiated at 120 h after seeding resulted in 

approximately 20% greater neuronal cell viability than at 72 h, despite both pre- and concurrent 

treatment exposing neurons to ergothioneine for a total of 48 h, suggesting that ergothioneine 

neuroprotection against oxaliplatin-induced DRG neurotoxicity in the mice may depend on 

concurrent oxaliplatin exposure. 

Concurrent ergothioneine treatment protected against oxaliplatin-induced DRG neuronal viability 

in wild type mice more so than Octn1 knockout mice. In wild type mice, loss of DRG neuronal 

viability following oxaliplatin exposure was significantly reduced in the presence of ergothioneine 

by up to 29%, whereas in Octn1 knockout mice, oxaliplatin-induced loss of neuronal viability was 

reduced by up to 13%, although this did not reach statistical significance (Table 7.2). Greater 

protection presented by ergothioneine in wild type than knockout mice against oxaliplatin-

induced neurotoxicity may be attributed to a higher neuronal uptake of ergothioneine by wild 

type than knockout mice. Together these findings suggested that ergothioneine neuroprotection 

against oxaliplatin-induced neurotoxicity may depend on OCTN1 expression and functional 

transport activity. 

Neuronal uptake of oxaliplatin was inhibited by OCTN1 substrate ergothioneine in both wild type 

and knockout mice, but not by substrates of OCTN2 or OCTs. Ergothioneine was found to reduce 

neuronal uptake in Octn1 knockout mice to a similar extent to that in wild type mice (Table 7.2), 

suggesting the presence of an Octn1-independent mechanism of oxaliplatin uptake in mouse DRG 

neurons. Gene knockout mice are known to exhibit minimal phenotypic differences, possibly as a 

result of compensation by other transporter gene products in vivo, or functional redundancy 

provoked by homologous transporters with overlapping substrate selectivity, and this may be the 
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case for the neuronal transport of oxaliplatin in Octn1 knockout mice (Wijnholds et al., 1997; 

Jonker et al., 2003). However, substrates of OCTN2 or OCTs did not appear to interfere with 

neuronal uptake of oxaliplatin in both wild type and Octn1 knockout mice in this study (Table 7.2), 

suggesting that other OCTs or OCTNs may have been unlikely to have taken part in the neuronal 

uptake of oxaliplatin in Octn1 knockout mice. The current study may not disregard the potential 

involvement of other neuronal transporters of oxaliplatin in mouse DRG neurons in the neuronal 

accumulation and/or neurotoxicity of oxaliplatin, although the expression of OCTN1 in DRG 

tissues relative to other tissues or other OCTs/OCTNs in this species has not been previously 

characterised. 

In summary, the loss of functional OCTN1 transport activity in mouse DRG neurons was found to 

reduce oxaliplatin uptake more so than its neurotoxicity. Concurrent ergothioneine treatment 

protected against oxaliplatin-induced loss of DRG neuronal viability in wild type mice more so 

than Octn1 knockout mice. The neuronal uptake of oxaliplatin appeared to be inhibited by the 

model substrate of OCTN1, but not by that of OCTN2 or OCTs in both wild type mice and Octn1 

knockout mice. It may be speculated that the neuronal uptake and neurotoxicity of oxaliplatin 

may involve mechanisms other than OCTN1 transport, at least in this rodent species and the 

restricted context of this study. Further definitive studies of the role of OCTN1 in the neuronal 

accumulation or neurotoxicity of oxaliplatin in DRG neurons cultured from wild type and Octn1 

knockout mice are required. 
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CHAPTER 8. General Discussion 
 

This chapter aims to discuss the significance of the findings presented in chapters 3 to 7 of this 

thesis in light of a possible role of the organic cation/carnitine transporters in mediating 

oxaliplatin transport and toxicity. Evidence for oxaliplatin transport mediated by the organic 

cation/carnitine transporters was firstly presented from the various experimental models used in 

this thesis; genetically modified HEK293 cells, and DRG neurons cultured from Wistar rats, C57BL 

wild type and Octn1 knockout mice. Several potential mechanisms of cytoprotection against 

oxaliplatin toxicity offered by the OCTN1 substrate ergothioneine were then proposed. Findings of 

OCTN-mediated oxaliplatin transport were next discussed in regards to the treatment-limiting 

neurotoxicity associated with oxaliplatin. The implications of the new information presented in 

this thesis were finally discussed in relation to the development of potential strategies for 

reducing treatment-limiting neurotoxicity in patients on oxaliplatin-based cancer chemotherapy.  

 

8.1 Oxaliplatin transport 
Membrane transporters were recently recognised as a potential mechanism of cellular uptake of 

oxaliplatin that may determine the sensitivity or resistance of tumours and/or the severity of 

treatment-limiting toxicities of oxaliplatin. In the past, passive diffusion through the lipid bilayer 

was considered the dominant route of cellular uptake and mechanism of distribution of oxaliplatin 

within tissues and through the body. The concept of carrier-mediated uptake of oxaliplatin by 

membrane transporters has emerged in the recent years. Seven independent studies have 

suggested a role of OCT1, OCT2 and/or OCT3 in mediating the cellular uptake and/or cytotoxicity 

of oxaliplatin (Yonezawa et al., 2006; Zhang et al., 2006; Yokoo et al., 2007; Lovejoy et al., 2008; 

Yokoo et al., 2008; Burger et al., 2010; Li et al., 2011). Limited information exists on the role of 

other membrane transporters, such as a class of closely related transporters, the organic 

cation/carnitine transporters. This thesis was the first study to report that OCTN1 and OCTN2 can 

both transport oxaliplatin. 

 OCTN1 8.1.1
The studies described in this thesis of OCTN1 in SLC22A4-over-expressing HEK293 cells, -knockout 

mice and -wild type Wistar rats consistently demonstrated that OCTN1 contributed to the cellular 

uptake of oxaliplatin into DRG neurons and other cell types. Direct evidence to support a role of 
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OCTN1 in the cellular uptake of oxaliplatin was derived from findings in two complementary 

genetically modified experimental models in vitro. Firstly, HEK293 cells were manipulated to over-

express rat and human OCTN1 genes to investigate whether OCTN1 mediated oxaliplatin 

transport. The over-expression of rOctn1 in HEK293 cells increased their oxaliplatin uptake by 45% 

and 55% compared with that in Mock-transfected cells following a 1 and 2 h exposure, 

respectively. Similarly, the over-expression of hOCTN1 in HEK293 cells increased their oxaliplatin 

uptake by 30% compared to that in Mock-transfected cells following a 1 h exposure. This 

magnitude of increase in oxaliplatin uptake conferred by the over-expression of OCTN1 was 

similar to that reported for OCT2 and OCT3 in some previous studies of oxaliplatin transport 

(Yokoo et al., 2007; Yokoo et al., 2008; Li et al., 2011), suggesting that OCTN1 may transport 

oxaliplatin as efficiently as OCT1, OCT2 and/or OCT3. However, much higher differential 

oxaliplatin uptake of up to 30-fold increase in platinum accumulation following oxaliplatin 

exposure by the over-expression of OCT1 or OCT2 has also been reported in previous studies 

(Yonezawa et al., 2006; Zhang et al., 2006; Burger et al., 2010; Li et al., 2011). An OCTN1-mediated 

mechanism of oxaliplatin transport was further supported by studies using cultured DRG neurons 

from Octn1 knockout mice. Targeted disruption of the OCTN1 gene in Octn1 knockout mice was 

found to reduce oxaliplatin uptake by cultured DRG neurons derived from this species by 

approximately 20% relative to those cultured from wild type mice, suggesting that OCTN1 may be 

responsible in part for mediating the influx of oxaliplatin into DRG neurons of wild type mice. 

Pharmacological inhibition of OCTN1 by its prototypical substrate ergothioneine reduced 

oxaliplatin uptake in DRG neurons from wild type Wistar rats, suggesting that ergothioneine may 

compete with oxaliplatin for OCTN1-mediated uptake in these cells. Together, these findings were 

the first to have substantiated a contribution of OCTN1 in the membrane transport of oxaliplatin. 

The finding of OCTN1-mediated oxaliplatin transport in SLC22A4-over-expressing HEK293 cells 

was in disagreement with a previous study that reported a lack of contribution of hOCTN1 to the 

cellular uptake of oxaliplatin (Yonezawa et al., 2006). The studies in this thesis showed that the 

uptake of oxaliplatin was significantly increased by 1.4-fold in HEK/hOCTN1 over-expressing cells 

compared to empty vector-transfected controls, whereas Yonezawa et al. found that the cellular 

accumulation of platinum following oxaliplatin exposure was not different between HEK293 cells 

over-expressing hOCTN1 and those over-expressing an empty vector. The inconsistent results 

between these two studies may be due to the differences in experimental designs. In the current 

study, cellular oxaliplatin uptake was determined by liquid scintillation counting following 1 or 2 h 

oxaliplatin exposure to [14C] oxaliplatin (1 µM) in stably-transfected HEK293 cells, whereas 

Yonezawa et al. measured platinum accumulation by ICP-MS following 1 h exposure to unlabeled 
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oxaliplatin (500 µM) in transiently-transfected HEK293 cells (Yonezawa et al., 2006). It may be 

possible that a contribution of OCTN1 to oxaliplatin transport was unmasked in the current study 

by the use of 500-fold lower exposure concentration of oxaliplatin, which may have minimised 

saturation of the transporter system. In addition, the different transfection protocols used in the 

two studies may have introduced different amounts of OCTN1 expression at the cellular level 

(Alwine, 1985; Nanbu et al., 1994; Nanbu and Nagamine, 1997). 

Further evidence supporting a role of OCTN1 in mediating oxaliplatin transport stemmed from 

several observations. Oxaliplatin inhibited OCTN1-mediated uptake of ergothioneine in a 

concentration-dependent manner during a short exposure in SLC22A4-over-expressing HEK293 

cells, consistent with oxaliplatin interacting directly with OCTN1 to compete with ergothioneine 

for OCTN1-mediated uptake. Moreover, the over-expression of OCTN1 also increased oxaliplatin 

cytotoxicity towards HEK293 cells by approximately 2-fold. This increase in cytotoxicity was similar 

to that reported for the over-expression of OCT1, OCT2 and/or OCT3  (Yonezawa et al., 2006; 

Zhang et al., 2006; Yokoo et al., 2007; Lovejoy et al., 2008; Yokoo et al., 2008). However, other 

studies have shown higher differential of up to 70-fold increase in oxaliplatin cytotoxicity by the 

over-expression of OCT1 or OCT2 (Yonezawa et al., 2006; Zhang et al., 2006; Lovejoy et al., 2008; 

Burger et al., 2010). Similarly, rat DRG neurons that were shown to have greater OCTN1 functional 

activity than mouse DRG neurons were also found to be more sensitive to oxaliplatin as 

determined by DRG neuronal cell viability. Taken together, these findings suggested that 

oxaliplatin may be a substrate of OCTN1, and that OCTN1 may determine the sensitivity of some 

cell types to oxaliplatin. 

 OCTN2 8.1.2
The studies described in this thesis have also demonstrated that OCTN2 mediates oxaliplatin 

transport, at least in SLC22A5-over-expressing HEK293 cells. Direct evidence of OCTN2-mediated 

oxaliplatin uptake was provided by studies of isogenic HEK293 cell lines over-expressing rOctn2 

and hOCTN2, which accumulated more oxaliplatin and were more sensitive to the growth 

inhibitory effect of oxaliplatin than Mock-transfected control cells. Oxaliplatin growth inhibition in 

HEK293 cells over-expressing rOctn2 was reduced by an OCTN2 substrate acetyl-L-carnitine more 

so than Mock-transfected control cells, further supporting a role of OCTN2 in mediating oxaliplatin 

transport. Moreover, oxaliplatin was found to inhibit OCTN2-mediated uptake of L-carnitine in a 

concentration-dependent manner during a short exposure in SLC22A5-over-expressing HEK293 

cells, consistent with oxaliplatin interacting directly with OCTN2. OCTN2-mediated transport of 

oxaliplatin appeared to depend on cell type. For example, DRG neurons from Wistar rats, which 
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had demonstrated readily detectable functional transport activity of OCTN2, took up oxaliplatin in 

a manner that was not inhibited by the prototypical OCTN2 substrate L-carnitine. These 

observations suggested that OCTN2 may not contribute to the cellular transport of oxaliplatin in 

rat DRG neurons despite its role in oxaliplatin transport in SLC22A5-over-expressing HEK293 cells. 

The findings described in this thesis support several recent reports in the literature concerning the 

inhibition of OCTN2-mediated carnitine transport and disturbance in carnitine homeostasis by 

platinum drugs related to oxaliplatin. There are evidence in the literature to suggest an increased 

urinary excretion of carnitine in patients undergoing oxaliplatin-, cisplatin-, or carboplatin-based 

chemotherapy (Heuberger et al., 1998; Mancinelli et al., 2007; Haschke et al., 2010) and in 

cisplatin-treated mice (Lancaster et al., 2010). Cisplatin was demonstrated to inhibit carnitine 

transport by OCTN2 and to down-regulate OCTN2 gene expression (Lancaster et al., 2010), 

although its cellular transport was not thought to involve OCTN2 (Yonezawa et al., 2006; Lancaster 

et al., 2010). The findings suggested that cisplatin-induced disturbance in carnitine homeostasis in 

patients and mice may be involved in its nephrotoxicity (Lancaster et al., 2010). Similar 

observations of the inhibition of OCTN2-mediated carnitine transport by other chemotherapeutic 

drugs including carboplatin, etoposide, vincristine, doxorubicin, docetaxel, and paclitaxel have 

also been reported (Lancaster et al., 2010; Hu et al., 2012). In addition, etoposide was found to be 

transported by OCTN2 using SLC22A5-over-expressing HEK293 cells and to induce urinary 

carnitine wasting in mice and patients, thought to be a potential mechanism of etoposide-induced 

toxicities (Kobayashi et al., 2005; Stumpp et al., 2008; Okada et al., 2009; Hu et al., 2012). A 

putative substrate pharmacophore of OCTN2 has been suggested to partially overlap with the 

putative inhibitor pharmacophore of OCTN2, so it may be plausible that a compound can interact 

with OCTN2 and disturb its transport activity either as a substrate, an inhibitor, or both (Diao et 

al., 2009; Diao et al., 2010; Ekins et al., 2012). Taken together, these findings suggested that 

oxaliplatin and related chemotherapeutic drugs may interact with OCTN2 either by competing 

with carnitine for OCTN2-mediated transport or acting as an inhibitor of OCTN2, which may 

ultimately lead to altered carnitine homeostasis and their treatment-limiting toxicities. 

 Other mechanisms 8.1.3
Transport mechanisms in addition to OCTN-mediated uptake appeared to contribute to the 

uptake of oxaliplatin in HEK293 cells and cultured DRG neurons. Empty vector-transfected control 

HEK293 cells, which do not express significant functional OCTN1 or OCTN2 transport activity, were 

found to take up 45 – 70% and 25 – 40% of the total oxaliplatin accumulated by OCTN1- and 

OCTN2-over-expressing HEK293 cells, respectively. This observation suggested the existence of 
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other mechanisms for the cellular transport of oxaliplatin across the cellular membranes, at least 

in HEK293 cells. Given that these findings were derived following long exposures to oxaliplatin, 

passive membrane permeation may be a likely mechanism of accumulation of oxaliplatin in these 

empty vector-transfected HEK293 cells. It may also be likely that other transporters of oxaliplatin, 

such as the OCTs, are endogenously expressed in these HEK293 cells. OCTN1-mediated transport 

did not appear to be the only means of oxaliplatin transport in DRG neurons given that a complete 

abolishment of oxaliplatin uptake in cultured DRG neurons from Octn1 knockout mice was not 

observed, and that an excess of ergothioneine (1 mM) inhibited only approximately 50% of 

oxaliplatin uptake by rat DRG neurons. The accumulation of oxaliplatin in DRG neurons from 

Octn1 knockout mice and that which was not inhibited by ergothioneine in rat DRG neurons may 

be attributed to both passive diffusion transport as well as carrier-mediated or active transport 

other than that mediated by OCTN1. Approximately 20% of the oxaliplatin uptake by rat DRG 

neurons persisted under low temperature where cellular energy consumption and transport 

processes are presumably minimal and may represent a background membrane permeation of 

oxaliplatin into these cells, although temperature may influence both passive diffusion transport 

and carrier-mediated or active transport systems (Lei et al., 2000; Sugano et al., 2010). It is 

unclear the relative extent to which temperature affects these two cellular transport systems. 

Further studies are required to clarify the contribution of OCTN1 relative to other neuronal 

transport systems in the uptake and neurotoxicity of oxaliplatin. 

 Future directions 8.1.4
Further studies are warranted of oxaliplatin transport mediated by OCTN1 and OCTN2. The over-

expression of OCTN1 and OCTN2 genes in HEK293 cells was shown for the first time in this thesis 

to increase oxaliplatin uptake and cytotoxicity, although their oxaliplatin transport kinetic 

parameters that could infer their relative transport specificity or efficiency for oxaliplatin were not 

defined. Km and Vmax values of platinum accumulation following oxaliplatin exposure could be 

determined in the established stably-transfected HEK293 cells over-expressing OCTN1 and OCTN2 

genes and compared to that of empty vector-transfected controls. In addition, these parameters 

could be compared with that of oxaliplatin transport by the OCTs and/or that of OCTN1-mediated 

ergothioneine transport and OCTN2-mediated L-carnitine transport to determine their relative 

transport specificity or efficiency of oxaliplatin to their endogenous substrates ergothioneine and 

L-carnitine. There is limited information in the literature regarding OCTN-mediated transport of 

platinum-based drugs related to oxaliplatin, which was beyond the scope of this thesis. Future 

work could also compare OCTN-mediated transport of oxaliplatin with that of cisplatin, 

carboplatin, and/or metabolites of oxaliplatin by using the established stably-transfected HEK293 
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cell lines to investigate the transporter preference for these platinum compounds. Given that this 

and other findings have suggested that oxaliplatin and related drugs affect OCTN-mediated 

transport (Heuberger et al., 1998; Mancinelli et al., 2007; Haschke et al., 2010; Lancaster et al., 

2010; Hu et al., 2012) and that OCTNs have been shown to transport a number of drugs including 

doxorubicin, mitoxantrone, gabapentin, verapamil, cephaloridine, and valproic acid (Koepsell et 

al., 2007; Okabe et al., 2008), another important consideration is whether the effect of oxaliplatin 

on OCTN-mediated transport might result in drug-drug interactions. This could be investigated by 

the determination of cellular platinum accumulation following concurrent exposure of oxaliplatin 

and other drugs which have been shown to be OCTN substrates in the established stably-

transfected HEK293 cell lines. The inhibition of OCTN-mediated oxaliplatin uptake by other drugs 

may have potential clinical implications as it may indicate a potential drug-drug interaction. 

Future studies of oxaliplatin transport could also extend to a common variant of the OCTN1 gene, 

L503F that is found in approximately 40% of the human population (Peltekova et al., 2004; 

Taubert et al., 2005; Taubert et al., 2006; Urban et al., 2007; Taubert et al., 2009) to investigate 

this polymorphism on the uptake and cytotoxicity of oxaliplatin. It has been suggested that the 

L503F variant of the OCTN1 protein significantly increased transport of its prototypical substrate 

ergothioneine and the anticonvulsant gabapentin compared with the reference allele (Urban et 

al., 2008), but whether it also alters the transport of oxaliplatin and related platinum drugs has 

not been determined before. HEK293 cells could be stably transfected with the OCTN1-L503F 

gene and studied for their transport of and sensitivity to oxaliplatin as described in chapter 4 of 

this thesis. Altered oxaliplatin transporting properties of the encoded OCTN1 protein by the L503F 

genetic variant may have potential clinical implications as a determinant of the pharmacokinetics 

and/or toxicities of oxaliplatin. 

 

8.2 Cytoprotective mechanisms of ergothioneine 
The cytoprotective actions of ergothioneine demonstrated by this study against oxaliplatin toxicity 

were consistent with some previous reports of other forms of cytotoxicity. Ergothioneine was 

found to exert some level of cytoprotection against oxaliplatin toxicity in all the experimental 

models examined in this study. In chapter 4, ergothioneine was shown to significantly reduce the 

growth inhibitory effect of oxaliplatin in HEK293 mock- and OCTN1-transfected cells in vitro. In 

chapter 5, the neuronal uptake and neurotoxicity of oxaliplatin were also significantly inhibited by 

ergothioneine in cultured rat DRG neurons in vitro. In chapter 6, daily oral administration of 

ergothioneine to oxaliplatin-treated Wistar rats in vivo appeared to provide at least partial 
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protection against oxaliplatin-induced DRG neuronal cell body and nucleolus atrophy that are 

established endpoints for determining the extent of oxaliplatin neurotoxicity (Screnci et al., 1997; 

Holmes et al., 1998; Screnci et al., 2000; Cavaletti et al., 2001; Grover et al., 2002; Ghirardi et al., 

2005a; Jamieson et al., 2005; Liu et al., 2009). These findings from this thesis were consistent with 

evidence in the literature of the cytoprotective and/or antioxidant properties of ergothioneine 

against a broad range of cytotoxicities (Reglinski et al., 1988; Hartman, 1990a; Akanmu et al., 

1991; Aruoma et al., 1997; Aruoma et al., 1999; Moncaster et al., 2002; Jang et al., 2004; 

Colognato et al., 2006; Franzoni et al., 2006; Dong et al., 2007; Ey et al., 2007; Paul and Snyder, 

2010; Song et al., 2010), although ergothioneine protection against the toxicity of oxaliplatin or 

related compound, or the dependence of its cytoprotection upon the cellular expression or 

functional transport activity of OCTN1, have not often been considered before.  

Ergothioneine cytoprotection against oxaliplatin toxicity appeared to depend at least in part upon 

its transport mediated by OCTN1. The observation that ergothioneine reduced oxaliplatin growth 

inhibition by up to 7-fold more in OCTN1-over-expressing HEK293 cells (65-fold in HEK/rOctn1; 36-

fold in HEK/hOCTN1) compared with empty vector-transfected control HEK293 cells (10-fold) was 

the first indication that OCTN1-mediated transport may be important in the mechanism of this 

form of ergothioneine cytoprotection in this cell type. Similarly, cultured DRG neurons from 

Wistar rats or C57BL mice were protected from oxaliplatin neurotoxicity in vitro in a manner that 

appeared to depend on the cellular level of OCTN1 functional transport activity as measured by 

their capability for taking up ergothioneine. Ergothioneine uptake by cultured DRG neurons was 

greatest for Wistar rats (6.81 µL/mg protein), less for C57BL wild type (2.03 µL/mg protein), and 

was the least for Octn1 knockout mice (0.59 µL/mg protein). The extent of protection against the 

neurotoxicity of oxaliplatin afforded by ergothioneine was correspondingly the greatest for Wistar 

rats, less for C57BL wild type mice, and the least for Octn1 knockout mice. In support of these 

findings, ergothioneine was found to inhibit the uptake of oxaliplatin in cultured DRG neurons, 

which may have in turn conferred the observed reduction in oxaliplatin-induced loss of neuronal 

viability. Moreover, OCTN1-mediated mechanism of ergothioneine cytoprotection against 

oxaliplatin toxicity was further substantiated by the observation that ergothioneine 

cytoprotection in cultured DRG neurons from both Wistar rats and C57BL wild type mice 

depended at least in part on its concurrent exposure with oxaliplatin. Oxaliplatin-induced loss of 

DRG neuronal cell viability and DRG neuronal atrophy in both Wistar rats and C57BL wild type 

mice were consistently reduced to a greater extent when exposure to ergothioneine was 

concurrent with oxaliplatin compared with that prior to oxaliplatin. Taken together, these findings 
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suggested that ergothioneine may protect against the toxicity of oxaliplatin through the 

competitive inhibition of OCTN1-mediated uptake of oxaliplatin. 

Mechanisms in addition to the inhibition of OCTN1-mediated transport of oxaliplatin also 

appeared to contribute to the cytoprotective action of ergothioneine against oxaliplatin toxicity. 

Several observations made in this thesis cannot be adequately explained by mechanism based on 

the inhibition of OCTN1-mediated transport of oxaliplatin. Firstly, a significant reduction in 

oxaliplatin growth inhibition (10-fold, P < 0.05) was induced by ergothioneine in HEK/Mock cells 

that had low functional OCTN1 transport activity. It seemed unlikely therefore for OCTN1-

mediated transport to have had major contributions to the cytoprotection of ergothioneine in 

HEK/Mock cells, suggesting that ergothioneine may exert cellular protection against oxaliplatin 

toxicity through mechanisms other than those involving the inhibition of OCTN1-mediated 

transport of oxaliplatin. Moreover, ergothioneine exposure that preceded oxaliplatin treatment in 

rat DRG neurons was also found to reduce oxaliplatin-induced loss of neuronal viability, although 

the extent of protection was less than that of concurrent ergothioneine exposure. Because rat 

DRG neurons were exposed to ergothioneine and oxaliplatin in a sequential manner, it seemed 

unlikely for ergothioneine neuroprotection to arise as a result of competitive inhibition of 

oxaliplatin uptake by OCTN1. However, it may be possible that ergothioneine made use of OCTN1 

in these OCTN1-expressing DRG neurons to firstly mediate its own cellular accumulation before it 

exerted intracellular cytoprotective actions by mechanisms yet to be defined. 

Ergothioneine has demonstrated antioxidant and cytoprotective properties in vitro and in vivo in 

previous studies apparently separate from its role as a high affnity OCTN1 substrate, which may 

have potential implications for understanding of the mechanism of its protection against the 

toxicity of oxaliplatin. Previous studies had suggested a potential role of increased oxidative stress 

in the neurotoxicity of platinum drugs including oxaliplatin (Joseph et al., 2008; Carozzi et al., 

2010). Other studies have described ergothioneine to function as a scavenger of singlet oxygen, 

hydroxyl radicals, hypochlorous acid and peroxynitrite that otherwise can induce lipid 

peroxidation, damage protein and DNA, and/or deplete intracellular antioxidants in vitro (Akanmu 

et al., 1991; Aruoma et al., 1997; Aruoma et al., 1999; Moncaster et al., 2002; Jang et al., 2004; 

Paul and Snyder, 2010; Song et al., 2010; Cheah and Halliwell, 2011). Ergothioneine was 

previously shown to protect OCTN1-expressing pheochromocytoma (PC12) cells in vitro from β-

amyloid-induced apoptosis through the inhibition of peroxynitrite formation and nitration of 

protein tyrosine residues as well as cisplatin-induced neuronal injury in mice in vivo through the 

inhibition of oxidative stress and lipid peroxidation and restoring acetylcholinesterase activity in 
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the brain (Jang et al., 2004; Nakamura et al., 2008; Song et al., 2010). Taken together, it seemed 

plausible that ergothioneine cytoprotection against oxaliplatin toxicity observed in the current 

study at least in part may have stemmed from the antioxidant actions of ergothioneine which may 

depend upon OCTN1-mediated cellular uptake of ergothioneine. 

A further potential mechanism of the cytoprotection offered by ergothioneine may involve a 

direct chemical interaction between ergothioneine and oxaliplatin. The ability of ergothioneine to 

chelate metal cations including copper, mercury, zinc, cadmium, cobalt, iron, and nickel has been 

documented by several groups (Hanlon, 1971; Motohashi et al., 1976; Zhu et al., 2011). As an 

example, ergothioneine was found to form a redox-inactive ergothioneine-copper complex that 

thereby reduced copper-induced oxidative damage of DNA and protein (Zhu et al., 2011). It is 

therefore plausible that ergothioneine may have reacted with oxaliplatin to prevent its DNA 

binding and cytotoxicity given that concurrent ergothioneine exposure with oxaliplatin conferred 

greater cellular protection than ergothioneine exposure prior to oxaliplatin in cultured DRG 

neurons. Several observations made in this thesis argue against extracellular binding of 

ergothioneine to oxaliplatin in cell culture media as a major mechanism of ergothioneine 

protection against oxaliplatin toxicity. Firstly, ergothioneine exposure that preceded oxaliplatin 

treatment in rat DRG neurons was found to confer cytoprotection when oxaliplatin was added to 

the culture medium after the removal of ergothioneine. Moreover, the degree of ergothioneine 

cytoprotection following concurrent exposure of oxaliplatin and ergothioneine differed between 

cell types in a manner that appeared to depend upon the expression level and functional activity 

of OCTN1. Although these findings may infer that ergothioneine did not appear to react with 

oxaliplatin in cell culture media, the possibility that ergothioneine cytoprotection may stem at 

least in part from ergothioneine reacting with oxaliplatin to prevent its DNA binding and 

cytotoxicity following its uptake by OCTN1-mediated transport may not be disregarded. 

 Future directions 8.2.1
Several potential molecular mechanisms of ergothioneine cytoprotection have been proposed 

based on findings in this thesis and warrant further studies to better understanding its potential 

for development as a treatment strategy for limiting oxaliplatin neurotoxicity. An important 

question raised from this thesis is whether tissue or cellular levels of ergothioneine could be 

correlated with the extent of protection against oxaliplatin toxicity. The current studies used 

ergothioneine at a concentration of 1 mM because this is a level achievable in tissues in vivo 

(Cheah and Halliwell, 2011). Whether the extent of cellular accumulation of ergothioneine by 

cultured DRG neurons and HEK293 cells in vitro correlates with the degree of cellular protection 
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against oxaliplatin toxicity could be tested in future studies. Cellular levels of ergothioneine could 

be measured directly using previously reported HPLC or LC-MS methods (Mayumi et al., 1978; 

Taubert et al., 2009). Future studies could also further the understanding of the effect of 

ergothioneine pre-treatment on oxaliplatin transport and toxicity. This thesis has shown the pre-

treatment of ergothioneine to provide some protection against oxaliplatin toxicity, although the 

mechanism behind this cytoprotection was not determined in this study. Ergothioneine treatment 

could be given prior to oxaliplatin exposure to OCTN1- and empty vector-transfected HEK293 cells 

to investigate whether the cytoprotection against oxaliplatin toxicity under this condition is 

mediated by the over-expression of the OCTN1 gene. In addition, whether ergothioneine pre-

treatment alters the uptake of oxaliplatin by OCTN1 could also be investigated in OCTN1- and 

empty vector-transfected HEK293 cells. Importantly, ergothioneine dosing in the Wistar rat model 

of oxaliplatin neurotoxicity described in chapter 6 of this thesis may be optimised in future 

experiments by firstly understanding baseline blood and DRG tissue ergothioneine levels in vivo in 

healthy adult Wistar rats with a view to optimising the ergothioneine dosing schedule for in vivo 

neuroprotective studies. 

The possibility that ergothioneine cytoprotection against oxaliplatin toxicity arises at least in part 

from its antioxidant properties could also be studied in future work. OCTN1- and empty vector-

transfected HEK293 cells given pre- and/or concurrent treatment of ergothioneine with oxaliplatin 

could be examined for their oxidative DNA damage by the comet assay (Colognato et al., 2006). 

Moreover, whether the cytoprotection of ergothioneine from pre- and/or concurrent treatment 

on oxaliplatin toxicity stems from protection against damage to the mitochondria could be 

addressed in future work. There is evidence to suggest that oxaliplatin induces impairment in ATP 

generation in the mitochondria electron transport chain (Joseph and Levine, 2009; Zheng et al., 

2011; Xiao and Bennett, 2012; Xiao et al., 2012), so it may be possible that ergothioneine exerts 

cytoprotection against oxaliplatin toxicity by attenuating mitochondrial damage. OCTN1- and 

empty vector-transfected HEK293 cells given pre- and/or concurrent treatment of ergothioneine 

with oxaliplatin could also be tested for their mitochondrial damage by the mitochondrial 

respiration assay (Zheng et al., 2011). Should ergothioneine protect against oxaliplatin toxicity by 

alleviating mitochondrial injury, a reduction in oxaliplatin-induced loss of ATP production and 

oxygen consumption by the mitochondria may be anticipated. 

Another question raised from this thesis is whether ergothioneine cytoprotection stems at least in 

part from its intracellular or extracellular reaction with oxaliplatin. To address this, future studies 

could determine the stability of oxaliplatin in the presence of ergothioneine in cell culture media 
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as well as characterise chemical reactions occurring between oxaliplatin and ergothioneine by 

HPLC and ICP-MS, and their effects on its DNA and protein reactivity in cell-free systems in vitro as 

previous described (Bell et al., 2008). Moreover, the possible formation of an ergothioneine-

platinum metal ion complex could be detected in OCTN1-over-expressing HEK293 cells following 

the co-incubation of oxaliplatin and ergothioneine and compared with that of empty vector-

transfected control cells by positive electrospray tandem mass spectrometry and collision-induced 

dissociation spectroscopy (Ey et al., 2007). Whether the cytoprotective actions of ergothioneine 

against the toxicity of oxaliplatin also extend to other platinum-based drugs could be investigated 

in OCTN1-over-expressing HEK293 cells in future studies. A similar extent of protection against 

other platinum compounds as that of oxaliplatin may be anticipated if the cytoprotection afforded 

by ergothioneine was largely derived from the binding and formation of an ergothioneine-

platinum complex and detoxification of the platinum compound. 

 

8.3 Implications for understanding mechanisms of 

oxaliplatin neurotoxicity 
Treatment-limiting peripheral neurotoxicity remains a major challenge in oxaliplatin-based 

chemotherapy. Oxaliplatin neurotoxicity has been associated with significant morphological 

changes in DRG neurons, including cell body and nucleolus atrophy, and the reduction in sensory 

nerve conduction velocity (Cavaletti et al., 1998; Holmes et al., 1998; Luo et al., 1998; Krarup-

Hansen et al., 1999; Cavaletti et al., 2001; McKeage et al., 2001; Jamieson et al., 2005), although 

its exact mechanism of toxicity is yet to be elucidated. Several putative hypotheses have been 

proposed to explain the mechanisms underlying the neurotoxicity of oxaliplatin. This includes the 

induction of DRG neuronal apoptosis following the distortion of the tertiary DNA structure by 

platinum-DNA adducts. A second hypothesis involves a role of oxidative stress and mitochondrial 

dysfunction in DRG neuronal apoptosis, where a reduction in the activity of enzymes in DNA base 

excision, repair of oxidative damage, and redox regulations may modulate the neurotoxicity of 

oxaliplatin (Zhang et al., 2007; Jiang et al., 2008). Preferential accumulation of platinum within the 

DRG tissue and sensory neurons is considered a major determinant of the neurotoxicity of 

oxaliplatin (McDonald et al., 2005; Ta et al., 2006), but the biological processes responsible for this 

phenomenon in this tissue and cell type are poorly understood. Increasing evidence suggests a 

role of carrier-mediated uptake of oxaliplatin by membrane transporters in the uptake and 

toxicity of oxaliplatin. Candidate membrane transporters have since been identified on the basis 

of their ability to transport platinum complexes in other cell types, such as the copper 
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transporters, P-glycoprotein, and multidrug resistance associated proteins (Hall et al., 2008; 

Ceresa and Cavaletti, 2011). A potential role of the organic cation/carnitine transporters or the 

organic cation transporters in the neurotoxicity of oxaliplatin has not been considered until now, 

although seven previous studies demonstrated that the closely related organic cation transporters 

mediate oxaliplatin transport (Yonezawa et al., 2006; Zhang et al., 2006; Yokoo et al., 2007; 

Lovejoy et al., 2008; Yokoo et al., 2008; Burger et al., 2010; Li et al., 2011). The disturbance of the 

expression or function of several ion channels in DRG neurons, including the transient receptor 

potential channels, potassium channels, and the hyperpolarisation activated channel is a more 

recently proposed mechanism thought to underlie the neurotoxicity of oxaliplatin (Gauchan et al., 

2009b; Ta et al., 2010; Descoeur et al., 2011; Nassini et al., 2011; Kawashiri et al., 2012).  

 OCTN1 8.3.1
The findings in this thesis have implications for current understanding of the mechanisms of the 

neurotoxicity of oxaliplatin in DRG neurons particularly in regards to a potential role of OCTN1. 

OCTN1 may facilitate the neurotoxicity of oxaliplatin through mediating the DRG neuronal uptake 

of oxaliplatin. Ergothioneine was found to reduce oxaliplatin-induced loss of DRG neuronal cell 

viability in cultured rat DRG neurons, consistent with the observation that ergothioneine inhibited 

DRG neuronal uptake of oxaliplatin in these cells. In support of these findings, rat DRG neurons 

were more sensitive to oxaliplatin toxicity and exhibited greater functional activity of OCTN1 than 

mouse DRG neurons, suggesting that the neurotoxicity of oxaliplatin in DRG neurons may 

correlate with the level of OCTN1 expression and activity. In contrast, targeted disruption of the 

OCTN1 gene in DRG neurons from Octn1 knockout mice did not confer a loss of sensitivity to 

oxaliplatin despite a clear difference in DRG neuronal uptake of oxaliplatin and ergothioneine 

between wild type and Octn1 knockout mice, suggesting that OCTN1 may have a limited role in 

oxaliplatin neurotoxicity at least in this model. Although some of these findings were discordant, it 

appears that OCTN1 may determine the DRG neurotoxicity of oxaliplatin at least in the Wistar rat 

model. 

The expression of OCTN1 proteins in cultured rat DRG neurons found in this study supports their 

role in the neurotoxicity of oxaliplatin. OCTN1 proteins were localised to the DRG neurons in the 

mixed culture system, at least in rat DRG neuronal cultures, consistent with the cell type thought 

to be targeted by oxaliplatin in treatment-limiting neurotoxicity (Screnci et al., 1997; Holmes et 

al., 1998; Luo et al., 1999; Screnci et al., 2000; Grothey, 2003; Jamieson et al., 2005; Ta et al., 

2006). Although their sub-cellular localisation in DRG neurons was not defined in this study, it may 

be speculated that OCTN1 proteins localise to the plasma membrane of DRG neurons to facilitate 
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the cellular uptake of oxaliplatin in this cell type (Kawasaki et al., 2004; Sugiura et al., 2006). 

Better understanding of OCTN1 and its role in DRG neurotoxicity of oxaliplatin requires further 

clarification of the sub-cellular localisation of OCTN1 in DRG neurons and whether OCTN1 proteins 

may be preferentially expressed in a subpopulation of DRG neurons that are selectively targeted 

by oxaliplatin. 

 OCTN2 and OCTs 8.3.2
The findings in this thesis suggested that OCTN2 and the OCTs may have a limited role in the 

neurotoxicity of oxaliplatin, at least in the Wistar rat species. This and other studies have 

previously demonstrated that oxaliplatin transport and cytotoxicity can be mediated by OCTN2, 

OCT1, OCT2 and/or OCT3 in over-expressing HEK293 cells (Yonezawa et al., 2006; Zhang et al., 

2006; Yokoo et al., 2007; Yokoo et al., 2008; Burger et al., 2010), but their potential role in the 

neuronal uptake and neurotoxicity of oxaliplatin in DRG neurons has never been considered 

before. OCTN2 mRNA expression level and functional transport activity were readily detectable in 

rat DRG tissue and cultured rat DRG neurons, but at a lower level than that for OCTN1. The 

prototypical OCTN2 substrate L-carnitine had limited or no apparent effect on oxaliplatin-induced 

loss of neuronal viability in cultured rat DRG neurons, consistent with its lack of effect on 

oxaliplatin uptake in this cell type. These observations suggested a lack of effect of L-carnitine on 

oxaliplatin uptake by rat DRG neurons, and that OCTN2-mediated transport may not be an 

important mechanism contributing to the neuronal uptake and neurotoxicity of oxaliplatin. 

Oxaliplatin uptake and toxicity in rat DRG neurons were also unaffected by the polyspecific OCTs 

substrate MPP+, suggesting that the OCTs may have minimal contributions to the neuronal uptake 

and neurotoxicity of oxaliplatin. These findings were supported by the low or absent mRNA 

expression level and functional transport activity of rOct1, rOct2 and rOct3 in rat DRG tissue and 

cultured rat DRG neurons, which also argued against their participation in the neuronal transport 

and neurotoxicity of oxaliplatin.  

 Other mechanisms 8.3.3
Membrane proteins other than OCTNs have been implicated in the neurotoxicity of oxaliplatin. 

Recent work in this laboratory has demonstrated the expression and localisation of copper 

transporter CTR1 to plasma membranes and cytoplasmic vesicular structures of rat DRG neurons 

(Liu et al., 2009; Ip et al., 2010). These CTR1-expressing DRG neurons were found to undergo 

significant  atrophy following chronic oxaliplatin treatment, more so than CTR1-negative neurons 

(Liu et al., 2009), suggesting that CTR1 may have a role in the neurotoxicity of oxaliplatin. Whether 

CTR1 contributes to oxaliplatin neurotoxicity through mediating its cellular transport remains 
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controversial (Komatsu et al., 2000; Katano et al., 2003; Samimi et al., 2004b; Yoshizawa et al., 

2007; Safaei et al., 2008; Rabik et al., 2009), but these findings provided evidence for oxaliplatin 

interacting with CTR1 in rat DRG neurons. The modulation of the expression of efflux transporters 

P-glycoprotein and multidrug resistance associated proteins in rat DRG tissue has also been 

previously reported following treatment with platinum drugs related to oxaliplatin (Balayssac et 

al., 2006). More recent evidence also suggests a role of ion channels in mediating both acute and 

chronic neurotoxicity of oxaliplatin. Oxaliplatin-induced cold hyperalgesia and mechanical 

allodynia have been associated with, and may be at least in part due to, changes in the expression 

and sensitivity of transient receptor potential (TRP) channels TRPM8 and TRPA1, potassium 

channels TREK1 and TRAAK, and the hyperpolarisation activated channel HCN1 in DRG neurons 

(Gauchan et al., 2009b; Ta et al., 2010; Descoeur et al., 2011; Nassini et al., 2011; Kawashiri et al., 

2012). Direct evidence of sodium channel isoform NaV1.6 in mediating symptoms of acute cooling-

aggravated neurotoxicity in DRG neurons was derived from the abolishment of oxaliplatin-induced 

cooling effect from Scn8amed/med mice which lack functional NaV1.6 (Sittl et al., 2012). Taken 

together with the findings from this thesis, it may be speculated that oxaliplatin interferes with a 

number of ion channels and membrane transporters in DRG neurons through mechanisms yet to 

be fully elucidated and these physiological disturbances may contribute to the neurotoxicity of 

oxaliplatin. 

 Future directions 8.3.4
It remains to be determined whether OCTN1 facilitates the neurotoxicity of oxaliplatin in vivo in 

future studies. This thesis has attempted to demonstrate exploratory in vivo proof of concept of a 

potential OCTN1-mediated mechanism of oxaliplatin neurotoxicity by showing a trend towards a 

protective effect of OCTN1 substrate ergothioneine against oxaliplatin-induced DRG neurotoxicity 

in Wistar rats, although these results were preliminary and warrant further investigation. The in 

vivo contribution of OCTN1 to the neurotoxicity of oxaliplatin could be evaluated in C57BL wild 

type and Octn1 knockout mice given a single or chronic administration of oxaliplatin. Post-mortem 

DRG tissue may be examined for their platinum accumulation and DRG morphometry as measures 

of the neuronal uptake and neurotoxicity of oxaliplatin, respectively. DRG tissues from Octn1 

knockout mice may be anticipated to have low cellular accumulation and toxicity as determined 

by DRG neuronal cell body and nucleolus size compared with DRG tissues from wild type mice, 

should OCTN1 have a role in the neurotoxicity of oxaliplatin in vivo in this species. 

Future studies may also extend to the clinical setting in patients with cancer undergoing 

oxaliplatin-based chemotherapy to investigate whether their OCTN1 status correlates with the 
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severity of oxaliplatin neurotoxicity. The expression and functional activity of OCTN1 could be 

determined in patient blood samples because of clinical and ethical limitations in obtaining their 

DRG tissues. Previous studies have shown a high inter-individual variability in blood ergothioneine 

levels in humans, but that they correlate with tissue ergothioneine levels, OCTN1 mRNA 

expression levels, and the presence or absence of a specific functional single nucleotide 

polymorphism (SNP) in the SLC22A4 gene (L503F). This variant alters the transport properties of 

its encoded OCTN1 protein, and occurs in approximately 40% of the population (Peltekova et al., 

2004; Taubert et al., 2005; Taubert et al., 2006; Urban et al., 2007; Taubert et al., 2009). Patient 

blood could be used to determine baseline OCTN1 activity, quantify OCTN1 mRNA levels, and 

genotype for the OCTN1-L503F SNP. Blood ergothioneine levels could be measured by HPLC and 

LC-MS methods based on reports in the literature (Mayumi et al., 1978; Taubert et al., 2009). RNA 

samples could be extracted for the determination of OCTN1 mRNA expression levels by 

quantitative real-time PCR in a similar approach to that described in chapter 3 of this thesis. DNA 

samples could be collected for the determination of OCTN1 genotype. The neurotoxicity 

outcomes from treatment could be determined using appropriate clinical endpoints in patients 

during and after oxaliplatin therapy. 

 

8.4 Implications for understanding of DRG biology 
The DRG belongs to the peripheral nervous system and typically consists of neuronal cell bodies, 

proximal process of their axons, Schwann cell sheaths, and satellite cells. DRG primary neurons 

are important for conveying sensory information from the peripheral tissues to the brain and 

spinal cord (Lieberman, 1976). Sub-populations of DRG neurons have been arbitrarily classified 

according to their size and neurochemical properties. Small DRG neurons are unmyelinated small 

diameter axonal processes with slow conduction velocity that relay temperature and pain 

information (Harper and Lawson, 1985; Perl, 1992). A subset of these small DRG neurons have 

been characterised by their expression of substance P, a neuropeptide associated with pain 

(Hokfelt et al., 1976; Ju et al., 1987; Jamieson et al., 2005). In contrast, large DRG neurons are 

heavily myelinated large diameter axonal processes with fast conduction velocity that relay touch, 

proprioception, and vibration information. A subset of these large DRG neurons have been 

characterised by their expression of major structural constituents of cellular cytoskeletion, 

phosphorylated neurofilament heavy subunit (pNF-H) and the calcium-binding protein 

parvalbumin (Lawson et al., 1984; Kai-Kai, 1989; Perry et al., 1991; Carr and Nagy, 1993; Jamieson 

et al., 2005). A limited number of studies have reported the expression of membrane transporters 
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for oxaliplatin and related platinum compounds in DRG and their potential implication in 

neurotoxicity. These include the copper transporters, P-glycoprotein, and the multidrug resistance 

associated proteins (Balayssac et al., 2006; Liu et al., 2009; Ip et al., 2010). One study has reported 

the mRNA expression of the organic cation/carnitine transporters OCTN1 and OCTN2 in rat DRG 

(Kristufek et al., 2002), but their protein expression and functional transport activity in this tissue 

or cell type has not been determined before. 

The expression and functional transport activity of OCTN1 in cultured DRG neurons were 

determined for the first time in this thesis and are suggestive of an as yet undefined but important 

physiological role for OCTN1 in this tissue and cell type. OCTN1 had relatively high mRNA 

expression and functional activity in DRG tissue and cultured DRG neurons from Wistar rats, 

compared with OCTN2 and OCTs. Cultured DRG neurons from wild type mice also demonstrated 

significant OCTN1 functional activity, relative to those from Octn1 knockout mice. Although the 

exact physiological function of OCTN1 is unclear, the existence of an evolutionary conserved, 

strongly expressed high affinity transporter of ergothioneine may imply an important role of 

ergothioneine, at least in DRG tissues, neurons, and other highly expressed tissues. The 

expression of OCTN1 proteins found in this study was localised to the DRG neuronal cell bodies in 

the mixed primary DRG culture, but not in non-neuronal supporting cells, consistent with its role 

in mediating the uptake of its high affinity substrate ergothioneine. Intracellular antioxidant and 

cytoprotective actions of ergothioneine have been documented in other cell types and OCTN1-

mediated ergothioneine uptake may be the primary purpose of OCTN1 expression in the DRG 

given that this peripheral tissue lies outside the blood brain barrier and is more vulnerable to 

drugs and toxins (Cheah and Halliwell, 2011; Gründemann, 2011).  

Future studies could investigate the role of the organic cation/carnitine transporters in the normal 

functioning of DRG tissue and sensory neurons. This study has demonstrated the expression and 

functional transport activity of OCTN1 and OCTN2 in rat DRG tissue and cultured rat DRG neurons, 

and that they were higher compared with that of the OCTs, but whether these transporters may 

be implicated in maintaining a healthy morphology or physiology of DRG neurons remains to be 

determined. DRG tissues and/or cultured DRG neurons from Octn1 knockout mice and juvenile 

visceral steatosis (jvs) mice, which contain a loss-of-function mutation of Octn2 (Koizumi et al., 

1988; Hayakawa et al., 1990; Horiuchi et al., 1994; Ohashi et al., 2001) could be studied in 

comparison to their respective wild type strains, C57BL/6J and C3H/HeJ mice. DRG neuronal cell 

body area, nucleolus size, and the frequency and size of neurons immunoreactive to 

phosphorylated neurofilament heavy subunit and substance P could be potential endpoints to 
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determine whether OCTN1 and/or OCTN2 are important for the morphology of healthy DRG 

neurons, and if so, whether a sub-population of DRG neurons may be affected by the dysfunction 

of OCTN1 and/or OCTN2 more so than another. Sensory nerve conduction velocity could be 

measured in whole animals to assess whether the dysfunction of OCTN1 or OCTN2 in Octn1 

knockout mice and jvs mice, respectively, disturbs the normal physiology of DRG neurons and 

peripheral nerves. 

 

8.5 Implications for oxaliplatin-based chemotherapy 
The findings of this thesis have several potential implications for the clinical application of 

oxaliplatin-based chemotherapy in the treatment of patients with cancer. The new information 

reported in the current thesis regarding a potential OCTN1-mediated mechanism of DRG neuronal 

transport of oxaliplatin could be further investigated towards the development of strategies for 

reducing treatment-limiting oxaliplatin neurotoxicity and improving patient outcomes from 

oxaliplatin-based cancer chemotherapy. The in vitro studies presented in this thesis provided the 

first preclinical proof of OCTN1-related mechanisms of oxaliplatin transport and a rationale for 

targeting OCTN1 with a pharmacological inhibitor for the purpose of lowering this treatment-

limiting neurotoxicity. The exploratory in vivo study in a Wistar rat model of oxaliplatin 

neurotoxicity presented in this thesis has also demonstrated the tolerability and promising 

potential of concurrent administration of OCTN1 substrate ergothioneine in reducing 

neurotoxicity associated with chronic oxaliplatin treatment. That targeting OCTN1 may be a 

feasible approach to ameliorate oxaliplatin neurotoxicity is supported by several additional 

considerations from the literature. The Octn1 knockout mice is viable and has no obvious 

phenotypic abnormality, suggesting that OCTN1 inhibition may be tolerable (Kato et al., 2010). 

Moreover, only transient and intermittent OCTN1 inhibition may be required to protect against 

oxaliplatin-induced neurotoxicity because ergothioneine has a long half-life in vivo (Kawano et al., 

1982; Song et al., 2010), while oxaliplatin has a very short plasma half-life and is given only once 

every 2 to 3 weeks (Ip et al., 2008). 

 Future directions 8.5.1
Whether targeting OCTN1-mediated neuronal transport of oxaliplatin can ameliorate its 

neurotoxicity in whole animals or human subjects without causing undue side effects or 

attenuating its anti-tumour efficacy remains to be determined in future studies. The therapeutic 

approach of targeting OCTN1 for the treatment of oxaliplatin neurotoxicity may only be useful if 
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the pharmacological inhibition of OCTN1 by ergothioneine does not interfere with the 

chemotherapeutic activity of oxaliplatin in colorectal cancer, the major current indication for 

oxaliplatin (de Gramont et al., 2000; André et al., 2004; Cassidy et al., 2004). However, the 

contribution of OCTN1 to the anti-tumour activity of oxaliplatin is currently undefined. Recent 

studies have described low expression of OCTN1 compared with OCT1, OCT2, OCT3 and other 

drug transporters in human colorectal cancer-derived cell lines from the NCI-60 panel, and that 

these colorectal cancer cells rely upon OCT1, OCT2 and/or OCT3 for their uptake of oxaliplatin 

(Zhang et al., 2006; Okabe et al., 2008; Yokoo et al., 2008; Burger et al., 2010). In contrast, 

ergothioneine is transported by OCTN1 with high affinity and specificity, but is not known to be 

transported by OCT1, OCT2, OCT3 or OCTN2 (Nakamura et al., 2008; Cheah and Halliwell, 2011; 

Gründemann, 2011). In this way, selective targeting of OCTN1 by pharmacological inhibition with 

ergothioneine may be achieved in anticipation of reducing the neurotoxicity of oxaliplatin without 

interfering with its therapeutic activity against colorectal cancer, although further definitive 

studies are required. However, if OCTN1-mediated transport of oxaliplatin is involved in the major 

route of excretion of oxaliplatin, given its abundant mRNA expression in the kidney comparable to 

the DRG in Wistar rats, then its inhibition might result in a pharmacokinetic drug-drug interaction 

leading to increased toxicity. 

These potential challenges of OCTN1 inhibition by ergothioneine may be addressed using in vivo 

animal models to complement in vitro experimental models. Firstly, the effect of ergothioneine on 

the anti-tumour activity of oxaliplatin in vivo could be investigated using colorectal cancer cell 

lines HCT116, HT29 and SW620 that have been previously shown to exhibit higher expression of 

OCT1, OCT2, and/or OCT3 relative to OCTN1 (Zhang et al., 2006; Okabe et al., 2008; Yokoo et al., 

2008), as well as colon 38 tumours which are sensitive to oxaliplatin and syngeneic with C57BL/6J 

mice from which the Octn1 knockout mouse was derived (Raymond et al., 1998a; Kato et al., 

2010). HCT116, HT29, SW620, and/or colon 38 tumour-bearing C57BL or nude mice may be given 

oxaliplatin with or without ergothioneine using dosing protocols optimised for the neurotoxicity 

of oxaliplatin, or with drug vehicle alone for controls. Tumour diameter, volume, growth delay, 

and time to target tumour volume or euthanasia may be suitable endpoints to evaluate the anti-

tumour effect of oxaliplatin. In addition, urine samples may be collected from animals at suitable 

times for platinum analysis by ICP-MS to determine whether OCTN1 inhibition by ergothioneine 

affects the urinary excretion of oxaliplatin. Ergothioneine would be anticipated to lower the 

neurotoxicity of oxaliplatin as determined by endpoints such as post-mortem analysis of DRG 

tissue platinum content and DRG morphometry, without significant effects on oxaliplatin 
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excretion or its activity in tumours should OCTN1 have a selective role in the neuronal transport of 

oxaliplatin in this species. 

To substantiate these anti-tumour activity studies in vivo, human colorectal cancer-derived cell 

lines of the NCI-60 panel, including HCT119, HCT29, WiDr, Colo-205, LoVo, LS174T, SW480, SW620 

and HT1080 could be studied along with HEK293 cells stably transfected with hOCTN1 as a 

positive control for their sensitivity to and uptake of oxaliplatin in vitro by the MTT growth 

inhibition assay and ICP-MS, respectively. These findings may be correlated to their relative 

OCTN1 mRNA expression levels determined by quantitative real-time PCR, their ability to 

accumulate ergothioneine as measured using LC-MS methods, as well as the effect of 

ergothioneine on their sensitivity to and uptake of oxaliplatin. Furthermore, knockdown or 

knockout of the OCTN1 gene in these cell lines may be achieved by small interfering (si) RNA, 

small hairpin (sh) RNA or zinc finger nuclease. The effect of the loss of OCTN1 mRNA expression 

and functional transport activity on their cellular transport and sensitivity to oxaliplatin may be 

compared with corresponding controls. 

Future studies may also extend to the clinical setting to identify individual patients who might be 

at increased risk of developing neurotoxicity associated with oxaliplatin-based chemotherapy. 

Patient blood samples could be taken prior to oxaliplatin-based chemotherapy and used to 

determine potential predictive factors for increased risks, such as their genotype for the OCTN1-

L503F SNP, OCTN1 mRNA levels and functional activity. Low mRNA expression or functional 

transport activity of OCTN1, low blood ergothioneine levels, or the presence of L503F SNP in the 

OCTN1 protein may implicate individuals that may be more susceptible to the neurotoxicity of 

oxaliplatin. 

 

8.6 Conclusions 
In conclusion, this thesis set out to further understanding of the mechanisms underlying the 

treatment-limiting neurotoxicity associated with oxaliplatin-based chemotherapy that may involve 

the neuronal transport of oxaliplatin mediated by the organic cation/carnitine transporters 

(OCTNs) and/or the organic cation transporters (OCTs). It was demonstrated for the first time that 

OCTN1 and OCTN2 both transport oxaliplatin and have functional transport activity in rat DRG 

neurons. OCTN1-mediated transport of oxaliplatin appeared to at least in part contribute to its 

neuronal accumulation and treatment-limiting neurotoxicity, more so than OCTN2 or OCTs. The 

new preclinical information regarding a potential OCTN1-mediated mechanism of the DRG 
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neuronal uptake and neurotoxicity of oxaliplatin may have promising prospects for the 

development of strategies for improving patient outcomes from oxaliplatin-based cancer 

chemotherapy. Whether tissue-selective expression profiles of oxaliplatin transporters such as 

OCTN1 could be exploited to selectively reduce oxaliplatin-induced neurotoxicity without causing 

undue side effects or attenuating its anti-tumour activity urgently requires further investigation. 
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Appendix 
 

Publications resulting in part or in full from this thesis 

Journal Article 

Nancy N Jong, Takeo Nakanishi, Johnson J Liu, Ikumi Tamai, Mark J McKeage. Oxaliplatin transport 

mediated by organic cation/carnitine transporters OCTN1 and OCTN2 in overexpressing human 

embryonic kidney 293 cells and rat dorsal root ganglion neurons. J Pharmacol Exp Ther. 2011; 

338(2):537-47. 

Abstracts 

Nancy N Jong, Johnson J Liu, Mark J McKeage, Takeo Nakanishi, Ikumi Tamai. Oxaliplatin transport 

mediated by organic cation/carnitine transporters OCTN1 and OCTN2 in over-expressing HEK293 

cells and rat dorsal root ganglion neurons. Oral presentation at ASCEPT Christchurch NZ Meeting 

2011. 28th – 30th August 2011, Christchurch, New Zealand. 

Nancy N Jong, Johnson J Liu, Mark J McKeage, Takeo Nakanishi, Ikumi Tamai. Oxaliplatin transport 

mediated by organic cation/carnitine transporters OCTN1 and OCTN2 in over-expressing HEK293 

cells and rat dorsal root ganglion neurons. Oral presentation at the New Zealand Society for 

Oncology (NZSO) Conference 2011. 12th – 13th May 2011, Auckland, New Zealand. 

Nancy N Jong, Johnson J Liu, Mark J McKeage, Takeo Nakanishi, Ikumi Tamai. OCTN1- and OCTN2-

mediated uptake of oxaliplatin in rat dorsal root ganglion neurons and HEK293 cells over-

expressing OCTN1 or OCTN2. Poster presentation at the 102nd American Association for Cancer 

Research (AACR) Annual Meeting. 2nd – 6th April 2011, Orlando, Florida, USA. 

Nancy N Jong, Johnson J Liu, Mark J McKeage, Takeo Nakanishi, Ikumi Tamai. Differential 

expression of organic cation transporters in rat dorsal root ganglia. Oral presentation at the 25th 

Japanese Society for the Study of Xenobiotics (JSSX) Annual Meeting. 7th – 10th October 2010, 

Tokyo, Japan. 

Nancy N Jong, Johnson J Liu, Mark J McKeage. Differential expression of organic cation 

transporters in rat dorsal root ganglia. Poster presentation at the 43rd Australasian Society of 

Clinical and Experimental Pharmacologists and Toxicologists (ASCEPT) Annual Scientific Meeting. 

29th November – 2nd December 2009. Sydney, Australia.  
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ABSTRACT
The organic cation/carnitine transporters OCTN1 and OCTN2
are related to other organic cation transporters (OCT1, OCT2,
and OCT3) known for transporting oxaliplatin, an anticancer
drug with dose-limiting neurotoxicity. In this study, we sought
to determine whether OCTN1 and OCTN2 also transported
oxaliplatin and to characterize their functional expression and
contributions to its neuronal accumulation and neurotoxicity in
dorsal root ganglion (DRG) neurons relative to those of OCTs.
[14C]Oxaliplatin uptake, platinum accumulation, and cytotoxic-
ity were determined in OCTN-overexpressing human embry-
onic kidney (HEK) 293 cells and primary cultures of rat DRG
neurons. Levels of mRNA and functional activities of rat
(r)Octns and rOcts in rat DRG tissue and primary cultures were
characterized using reverse transcription-polymerase chain reac-
tion and uptake of model OCT/OCTN substrates, including [3H]1-
methyl-4-phenylpyridinium (MPP�) (OCT1–3), [14C]tetraethylammo-
nium bromide (TEA�) (OCT1–3 and OCTN1/2), [3H]ergothioneine
(OCTN1), and [3H]L-carnitine (OCTN2). HEK293 cells overex-

pressing rOctn1, rOctn2, human OCTN1, and human OCTN2
showed increased uptake and cytotoxicity of oxaliplatin compared
with mock-transfected HEK293 controls; in addition, both uptake
and cytotoxicity were inhibited by ergothioneine and L-carnitine. The
uptake of ergothioneine mediated by OCTN1 and of L-carnitine me-
diated by OCTN2 was decreased during oxaliplatin exposure. rOctn1
and rOctn2 mRNA was readily detected in rat DRG tissue, and they
were functionally active in cultured rat DRG neurons, more so than
rOct1, rOct2, or rOct3. DRG neuronal accumulation of [14C]oxaliplatin
and platinum during oxaliplatin exposure depended on time, con-
centration, temperature, and sodium and was inhibited by ergot-
hioneine and to a lesser extent by L-carnitine but not by MPP�.
Loss of DRG neuronal viability during oxaliplatin exposure was
inhibited by ergothioneine but not by L-carnitine or MPP�. OCTN1
and OCTN2 both transport oxaliplatin and are functionally ex-
pressed by DRG neurons. OCTN1-mediated transport of oxaliplatin
appears to contribute to its neuronal accumulation and treatment-
limiting neurotoxicity more so than OCTN2 or OCTs.

Introduction
Combination chemotherapy based on oxaliplatin plus a

fluoropyrimidine (FOLFOX or XELOX) is widely used for

palliative first-line systemic therapy for metastatic colorectal
cancer and as adjuvant chemotherapy after surgical resec-
tion of locally advanced colorectal cancer (de Gramont et al.,
2000; André et al., 2004; Cassidy et al., 2004). Addition of
oxaliplatin to standard fluoropyrimidine chemotherapy im-
proves objective response rates in previously untreated met-
astatic colorectal cancer from approximately 20 to 50% (de
Gramont et al., 2000) and further reduces risk of colorectal
cancer recurrence as adjuvant chemotherapy by 23% (André
et al., 2004). Neurotoxicity is a major treatment-limiting side
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effect of oxaliplatin-based combination chemotherapy, occur-
ring most commonly as chronic sensory neuropathy with
glove and stocking paresthesia and dysesthesia, loss of pe-
ripheral tendon reflexes, vibration sensation and propriocep-
tion, and sensory ataxia (Grothey, 2003). This neurotoxicity
cumulates with repeated oxaliplatin treatment, causes long-
standing neurological symptoms and deficits, and is a major
reason for the withdrawal, reduction, delay, and omission of
colorectal cancer treatment (Gamelin et al., 2004; Green et
al., 2005).

Platinum accumulation within the dorsal root ganglion
(DRG) and its sensory neurons is a major determinant of the
neurotoxicity of oxaliplatin (Screnci et al., 1997, 2000; Hol-
mes et al., 1998; Luo et al., 1999; Ta et al., 2006). The
biological processes responsible for platinum accumulation in
DRG tissue and neurons are poorly understood, although
candidate membrane transporters have been identified on
the basis of their ability to transport platinum complexes in
other cell types (Hall et al., 2008).

OCTN1 (SLC22A4) and OCTN2 (SLC22A5) are organic
cation/carnitine transporters (OCTNs) of the SLC22 family
that are also known as sodium-dependent ergothioneine and
carnitine transporters, respectively (Tamai et al., 1997,
1998). Information in the literature so far concerning the role
of OCTNs in the transport of oxaliplatin and the association
of OCTN expression with cellular and tissue uptake and
toxicity of oxaliplatin and other platinum drugs is limited
(Yonezawa et al., 2006). However, oxaliplatin is a known
substrate of a closely related class of transporter (Zhang et
al., 2006; Koepsell et al., 2007; Yokoo et al., 2008; Burger et
al., 2010), the organic cation transporters (OCTs), which also
belong to the SLC22 family and include three facilitative
transporters, OCT1 (SLC22A1), OCT2 (SLC22A2), and OCT3
(SLC22A3). OCTs have been shown to contribute to the ac-
cumulation of platinum in tissues targeted during the treat-
ment-limiting toxicities of cisplatin, such as nephrotoxicity
and ototoxicity (Ciarimboli et al., 2005, 2010; Yonezawa et
al., 2005; Filipski et al., 2008, 2009), but there have been no
previous studies of the expression or functional activity of
OCTNs or OCTs in DRG tissue or neurons or of their role in
the neuronal accumulation and neurotoxicity of oxaliplatin.

In the present study, we sought to first determine whether
OCTN1 and/or OCTN2 transported oxaliplatin by measuring
[14C]oxaliplatin uptake and oxaliplatin-induced cytotoxicity
and its inhibition of OCTN1-mediated uptake of ergothion-
eine and OCTN2-mediated uptake of L-carnitine in HEK293
cells overexpressing their rat and human genes, specifically
rOctn1, rOctn2, hOCTN1, and hOCTN2, relative to mock-
transfected control cells. Then we studied the mRNA expres-
sion of rOctn1 and rOctn2 in DRG tissues from adult female
Wistar rats compared with that in other normal tissues and
that of rOcts. Adult female Wistar rats were used as a source
of tissues because of the existence of a large body of published
work on the neurotoxicity of oxaliplatin and other platinum
drugs in this specific animal model to which transporter
expression profiles to be generated could subsequently be
related (Screnci et al., 1997, 2000; Cavaletti et al., 2001;
Pisano et al., 2003; Ghirardi et al., 2005; Liu et al., 2009).
Then, we studied the functional activity of rOctns and rOcts
in primary cultures of rat DRG neurons from postnatal fe-
male Wistar rats, by measuring uptake of radiolabeled model
OCTN and OCT substrates including TEA�, MPP�, L-carni-

tine, and ergothioneine. Experimental protocols are well es-
tablished for culturing primary sensory neurons isolated
from the DRG of rats (Delree et al., 1989), but the cell yield
is very low from these tiny peripheral nervous ganglia, lim-
iting the scale of work that could be undertaken on OCTN-
and OCT-mediated transport in DRG tissue. Finally, we
studied the cellular accumulation of [14C]oxaliplatin and
platinum and the loss of viability of cultured DRG neurons
during their exposure to oxaliplatin to determine whether
the neuronal transport and neurotoxicity of oxaliplatin could
be reduced by inhibition of OCTNs or OCTs.

Materials and Methods
Chemicals. [Ethyl-1-14C]tetraethylammonium bromide (55 Ci/

mol), [3H]1-methyl-4-phenylpyridinium (80 Ci/mol), and L-[N-methyl-
3H]carnitine hydrochloride (85 Ci/mol) were purchased from Ameri-
can Radiolabeled Chemicals (St. Louis, MO). [3H]Ergothioneine (100
Ci/mol) and [14C]oxaliplatin (54 Ci/mol) were purchased from
Moravek Biochemicals (Brea, CA). Unlabeled oxaliplatin was ob-
tained from both Wako Pure Chemicals (Osaka, Japan) and as a gift
from Dr. Ryoichi Kizu at Doshisha Women’s College (Kyoto, Japan).
Other reagents were purchased from Sigma-Aldrich (St. Louis, MO)
or Wako Pure Chemicals unless otherwise specified.

Cell Culture. Lumbar dorsal root ganglia (L1–L6) were dissected
from 20-day-old female Wistar rats euthanized with pentobarbitone,
following guidelines from the institutional animal ethics committees,
and dissociated DRG neurons were acquired as described previously
(Delree et al., 1989). In brief, DRGs were first separated from adher-
ent connective tissue and nerve trunks under microscope, cut into
smaller pieces, and digested in collagenase (5 mg/ml)/dispase (5
mg/ml) for 30 min at 37°C. Subsequently, DRG were trypsinized
using 0.25% trypsin in Neurobasal A medium (Invitrogen, Carlsbad,
CA) containing 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 2
mM glutamine for 30 min at 37°C and then triturated using fire-
softened Pasteur pipettes to dissociate tissue structure and release
cells. DRG neurons were isolated by Percoll centrifugation (density,
1.040 g/ml) for 20 min at 800g at room temperature. The resultant
cell pellet was resuspended in Neurobasal A medium containing 10%
horse serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 2 mM
glutamine, and 1% N-2 supplement. Typically, one rat would yield
approximately 30,000 DRG neurons. The cells were cultured at 37°C
in a humid atmosphere of 5% CO2-95% air. After 24 h, fresh culture
medium containing 20 �M 5-fluoro-2-deoxyuridine and 60 �M uri-
dine was added for 2 days to remove non-neuronal cells from culture.
Then, the normal culture medium was replaced every other day until
the 6th postdissection day when the DRG neurons were ready for
experiment. For uptake studies, 0.5 to 1.0 � 104 cells/well (2.5–5.0 �
103 cells/cm2) were seeded onto a collagen-coated 12-well plate or
poly-L-lysine-coated 24-well plate.

HEK293 cells overexpressing rat and human organic cation trans-
porter isoforms HEK/rOctn2, HEK/hOCTN1, and HEK/hOCTN2
were previously established in our laboratory (Tamai et al., 2001;
Fujita et al., 2009), whereas HEK/rOctn1 was transfected for this
study using methods similar to those described previously (Naka-
mura et al., 2008). HEK293 cells were cultured using a 10-cm2

culture dish in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 100 U/ml penicillin, 100 �g/ml strep-
tomycin, 6 mg/ml HEPES, and 1 mM pyruvic acid under a humidified
atmosphere at 37°C and 5% CO2-95% air. Cells were split every 3 to
4 days and, for uptake studies, were seeded at 1.5 � 105 cells/well
(7.5 � 104 cells/cm2) onto a 24-well plate 2 days before experiments.

Cytotoxicity Assays. A sulforhodamine B (SRB) assay was used
to detect the effect of oxaliplatin on cell proliferation of HEK293 cells
expressing rOctn1, rOctn2, hOCTN1, and hOCTN2. Cells were
seeded at 4000/well (1.1 � 104 cells/cm2) (n � 6) on 96-well plates and
allowed to adhere in drug-free medium for 6 h before oxaliplatin
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exposure as described previously (Fan et al., 2010). In brief, oxalip-
latin was serially diluted and added to the cell cultures and incu-
bated for 72 h at 37°C with 5% CO2. Drug exposure was terminated
by fixing the cells with 10% trichloroacetic acid solution for 1 h at
4°C, and cellular protein content was determined by staining with
0.57% SRB dissolved in 1% acetic acid for 30 min. Unbound dye was
removed by washing with 1% acetic acid, and plates were allowed to
air-dry. Bound dye was solubilized in 10 mM Tris base (pH 10) for 30
min, and optical density was measured at 540 nm. Normalized
absorbance was plotted against concentration, and IC50 values were
generated from curve fits using GraphPad Prism 5 software (Graph-
Pad Software Inc., San Diego, CA).

Cultured DRG neurons were seeded at 5000 cells/well (1.4 � 104

cells/cm2) (n � 6) on collagen-coated 96-well plates and cultured as
described previously for 6 days before drug exposure. Oxaliplatin,
ergothioneine, L-carnitine, and MPP� were prepared in assay me-
dium (Neurobasal A medium containing 2% horse serum) and incu-
bated with cultured DRG neurons for 48 h. The 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to
determine cell viability. In brief, medium containing drugs was as-
pirated, replaced with MTT (5 mg/ml) freshly prepared in 50% phos-
phate-buffered saline (PBS) and 50% Neurobasal A medium contain-
ing 10% horse serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 2
mM glutamine, and 1% N-2 supplement and incubated for 1 h. The
MTT solution was subsequently aspirated, cells were lysed in di-
methyl sulfoxide, and optical density was measured at 570 nm.

RT-PCR. Adult female Wistar rats (n � 6) were euthanized, and
their lumbar DRG, brain, spinal cord, liver, kidney, and intestine
were collected. Total RNA (250 ng) was extracted using an Aurum
Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad Laboratories,
Hercules, CA) and reverse-transcribed to cDNA using a SuperScript
First-Strand Synthesis System (Invitrogen) following the manufac-
turer’s protocols. cDNA was subjected to conventional PCR amplifi-
cation for rOct1, rOct2, rOct3, rOctn1, rOctn2, and rat glyceralde-
hyde 3-phosphate dehydrogenase (rGapdh) using a C1000 Thermal
Cycler (Bio-Rad Laboratories) and gene-specific primers (Invitrogen)
(Table 1). The temperature profile was as follows: 5 min at 94°C, and
then 40 cycles of 15 s at 94°C, 30 s at 52°C, and 30 s at 72°C. PCR
products were electrophoresed on 2% agarose gel, stained with
ethidium bromide, and visualized using Gel Doc 2000 (Bio-Rad Labo-
ratories).

Real-Time PCR. cDNA (10 ng) of DRG and reference tissues
synthesized from total RNA as described previously was added to
TaqMan Universal PCR Master Mix, inventoried FAM-labeled probe
for rOct1, rOct2, rOct3, rOctn1, and rOctn2, and VIC-labeled probe
for 18S ribosomal RNA (Applied Biosystems, Foster City, CA). Mul-
tiplex real-time PCR was performed using a 7900HT Fast Real-Time
PCR System and SDS 2.3 software (Applied Biosystems). The fluo-
rescence value at each corresponding cycle number was plotted in
SigmaPlot 10 software (Systat Software Inc., Chicago, IL) using a

sigmoidal three-parameter curve fitting, and the cycle number at
which the fluorescence value was 50% of the maximum was deter-
mined as the threshold cycle (Liu and Saint, 2002). Relative mRNA
expression levels were determined using the 2��CT method (Livak
and Schmittgen, 2001), where CT denotes threshold cycles for each
reaction, and �CT � CT, OCT � CT, rRNA.

Western Blotting. Total protein was extracted from fresh lumbar
DRG tissue in a lysis buffer containing 50 mM Tris-HCl, pH 7.4, 250
mM sucrose, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40, 0.1% SDS, and
Complete Protease Inhibitor Cocktail Tablets (Roche, Indianapolis,
IN). The homogenates were sonicated for 10 min followed by centrif-
ugation for 5 min at 10,000g at 4°C to remove cellular debris, and the
protein concentration of the resultant supernatant was determined
using the bicinchoninic acid assay as described by Liu et al. (2009).
Protein samples (100 �g) were denatured for 5 min at 95°C, sepa-
rated on 8% SDS-polyacrylamide gel electrophoresis, and trans-
ferred onto nitrocellulose membranes. After overnight blocking at
4°C with 2% ECL Advance Blocking Reagent (Amersham Biosci-
ences, Chalfont St. Giles, Buckinghamshire, UK), membranes were
incubated overnight at 4°C with polyclonal rabbit antibodies against
rOct2, rOct3, and rOctn1 (1:500) (Alpha Diagnostic International,
San Antonio, TX) and horseradish peroxidase-conjugated anti-rabbit
secondary antibody (1:1000–1:2000) (Amersham Pharmacia, Tokyo,
Japan). Immunoreactive bands were visualized by an ECL Advance
Western Blotting Detection System (Amersham Biosciences). Mem-
branes were subsequently stripped and reprobed with monoclonal
mouse anti-�-actin (1:20,000) (Abcam Inc., Cambridge, MA) and
horseradish peroxidase-conjugated anti-mouse secondary antibody
(1:5000) (Amersham Biosciences) for the loading control.

Immunocytochemistry. Primary culture of DRG prepared on
chamber slides as described above was washed with prewarmed PBS
and fixed with 4% paraformaldehyde for 15 min at room tempera-
ture. The cells were subsequently permeabilized using 0.2% Triton
X-100 in PBS for 15 min and treated with Image-iT FX Signal
Enhancer (Invitrogen) for 30 min under humid conditions. Next, cells
were incubated with blocking solution (PBS containing 0.2% Triton
X-100, 3% goat serum, and 2% bovine serum albumin) for 60 min at
room temperature with gentle agitation, followed by overnight incu-
bation with primary antibodies, polyclonal rabbit anti-rOct2, rOct3,
or rOctn1 (1:500) (Alpha Diagnostic International) diluted in immu-
nobuffer (PBS containing 0.2% Triton X-100 and 3% goat serum) at
4°C. After several washes in PBS containing 0.2% Triton X-100, cells
were incubated with the secondary antibody, Alexa Fluor 488-la-
beled anti-rabbit IgG (H�L) (1:500) (Invitrogen) diluted in immu-
nobuffer for 3 h at 4°C, protected from light. After incubation, cells
were washed and cover-slipped with Vectashield mounting medium
with 4,6-diamidino-2-phenylindole (Vector Laboratories, Burlin-
game, CA). Images were captured using a Leica DMR upright fluo-
rescence microscope (Leica Microsystems, Wetzler, Germany) at-
tached to a cooled color Nikon digital camera and analyzed using

TABLE 1
RT-PCR primer sequences of rat organic cation transporters and rGapdh

Gene Accession No. Primer Pairs Primer Sequence 5�–3� Amplicon Size

bp

rOct1 NM_012697 Forward TAT GGT TCT CTT GTG CTG TGC T 493
Reverse TTG GTC TCT GGG AGA AGA AGA G

rOct2 NM_031584 Forward GTC ACC ATC CTC ATC AAT GCT A 354
Reverse GGC TTT TAC GAT TTT GTT CTG G

rOct3 NM_019230 Forward CCG AAT TTT TCT GTG TTT GTG A 478
Reverse CAC TTG TGA ACC AAG CAA ACA T

rOctn1 NM_022270 Forward TGG CTT CAA TGG TAT GTC AGT C 487
Reverse CTC CCA GTT GGT TGA GAA AAT C

rOctn2 NM_019269 Forward TTC CAC TAT CTT CGA TCC CAG T 404
Reverse AAT AGG CAG AGG TGA TTC CAA A

rGapdh NM_017008 Forward TGC TGA GTA TGT CGT GGA GTC T 291
Reverse ACA GTC TTC TGA GTG GCA GTG A

bp, base pairs.
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Nikon ElipseNet (Nikon, Melville, NY) and ImageJ software (Na-
tional Institutes of Health, Bethesda, MD).

Uptake Studies. Functional activity of OCTs and OCTNs in
primary cultures of DRG was determined by uptake of radiolabeled
substrates [14C]TEA�, [3H]MPP�, [3H]ergothioneine, and [3H]L-car-
nitine. DRG neurons were first washed and preincubated in pre-
warmed transport buffer containing 125 mM NaCl, 4.8 mM KCl, 5.6
mM D-glucose, 1.2 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, and
25 mM HEPES (pH 7.4) for 10 min. Transport buffer was subse-
quently aspirated and replaced with fresh transport buffer contain-
ing either [14C]TEA� (0.5 �Ci/ml; 9.1 �M), [3H]MPP� (0.5 �Ci/ml;
6.3 �M), [3H]ergothioneine (0.5 �Ci/ml; 5.0 �M), or [3H]L-carnitine
(0.5 �Ci/ml; 5.9 �M) to initiate uptake. At designated times, trans-
port buffer containing radiolabeled substrates was aspirated, and
cells were washed three times with ice-cold buffer, air-dried, and
lysed in 200 �l of 1% Triton X-100 solution for 6 to 12 h. After cell
lysis, 150 �l from each well was collected for quantification of radio-
activity using LSC-6100 liquid scintillation counter (Aloka Co Ltd.,
Tokyo, Japan). Uptake of radiolabeled substrates was presented as
the cell/medium ratio (microliters per milligram of protein), the
radioactivity accumulated in the cells as a fraction of initial concen-
tration of radioactive compound in the transport buffer. Cellular
protein content from each well was determined using a Bio-Rad
Protein Assay (Bio-Rad Laboratories).

For characterization of sodium-dependent ergothioneine and
L-carnitine uptake, 125 mM NaCl was replaced with equimolar
N-methylglucamine.

To determine the effect of oxaliplatin on OCTN1 and OCTN2, a
range of concentrations of unlabeled oxaliplatin were coincubated for
3 min at 37°C with [3H]ergothioneine (0.5 �Ci/ml; 5.0 �M) and
[3H]L-carnitine (0.5 �Ci/ml; 5.9 �M) in HEK293 cells overexpressing
rat and human OCTN1 and OCTN2, respectively.

Radiolabeled [14C]oxaliplatin (0.05 �Ci/ml; 1.0 �M) uptake by
HEK293 cells overexpressing rOctn1, rOctn2, hOCTN1, and
hOCTN2 was measured with an approach similar to that described
above to determine the contribution of rOctn1 and rOctn2 in the
transport of oxaliplatin. Uptake of [14C]oxaliplatin (0.1 �Ci/ml; 2.0
�M) by cultured DRG neurons was determined for 2 h, during which
transport buffer was replaced by minimal essential medium (MEM)
supplemented with MEM vitamin solution (100�) and MEM essen-
tial amino acids solution (50�) to maintain cell viability during the
2-h incubation.

Platinum uptake by cultured DRG neurons used inductively cou-
pled plasma mass spectrometry (ICP-MS). In brief, cells were incu-
bated in transport buffer containing oxaliplatin (30–100 �M) in the
absence or presence of ergothioneine (1 mM), MPP� (1 mM), or
L-carnitine (1 mM) for 30 min at 37°C in 5% CO2 or up to 120 min for
platinum uptake kinetics studies. After incubation, cells were
washed once with ice-cold PBS and twice with PBS containing 10
mM EDTA and lysed in 70% nitric acid at room temperature for at
least 2 h. Platinum content was determined using ICP-MS at Lab-
PLUS (Auckland, New Zealand). Cellular protein content was quan-
tified using a method described previously (Bible et al., 1999).

Data Analysis. Results were shown to be reproducible through at
least two independent experiments. Data were analyzed using de-
scriptive statistics. The statistical significance of differences between
means was determined from 95% confidence intervals or by unpaired
Student’s t tests in GraphPad Prism 5. P 	 0.05 was considered
statistically significant. Linear and nonlinear regression analyses were
used to determine relationships between experimental variables.

Results
Oxaliplatin Transport and Cytotoxicity in OCTN-

Overexpressing HEK293 Cells. HEK293 cells overex-
pressing rOctn1, rOctn2, hOCTN1, and hOCTN2 demon-
strated higher oxaliplatin uptake than mock-transfected

control cells (Fig. 1, a and b). The uptake of [14C]oxaliplatin
by HEK293/rOctn1 and HEK293/rOctn2 cells was approxi-
mately 2- and 4-fold higher, respectively, after a 1- or 2-h
incubation with oxaliplatin compared with that in mock con-
trol cells (P 	 0.01). The uptake of oxaliplatin by HEK/
hOCTN1 and HEK/hOCTN2 cells was approximately 1.5-
and 2.5-fold higher compared with that in mock control cells
(P 	 0.001).

Oxaliplatin inhibited OCTN1-mediated uptake of ergothi-
oneine and OCTN2-mediated uptake of L-carnitine in OCTN-
transfected HEK293 cells. During a 3-min exposure, the con-
centration of oxaliplatin inhibiting ergothioneine uptake by
50% was 3.0 mM in HEK/rOctn1 cells and 0.95 mM in HEK/
hOCTN1 cells (Fig. 1, c and d) and that inhibiting L-carnitine
uptake by 50% was 3.0 mM in HEK/rOctn2 cells and 8.9 mM
in HEK/hOCTN2 cells (Fig. 1, c and d).

HEK293 cells overexpressing rOctn1, rOctn2, hOCTN1,
and hOCTN2 were more sensitive to growth inhibition by
oxaliplatin than mock-transfected control cells (Fig. 1, e and
f; Table 2). The IC50 values for oxaliplatin inhibition of cell
growth in HEK/rOctn1 (1.32 �M) and HEK/rOctn2 (0.71 �M)
were approximately 2- and 4-fold lower than that in HEK/
mock cells (2.93 �M, P 	 0.05), respectively (Fig. 1e). The
IC50 values for oxaliplatin inhibition of cell growth in HEK/
hOCTN1 (2.96 �M) and HEK/hOCTN2 (1.92 �M) were ap-
proximately 3- and 4-fold lower than those in control HEK/
mock cells (8.09 �M, P 	 0.05), respectively (Fig. 1f).
Ergothioneine reduced oxaliplatin-induced growth inhibition
of HEK293/rOctn1 and HEK293/hOCTN1 cells more so than
that of the corresponding mock control cells (Table 2). Acetyl-
L-carnitine reduced oxaliplatin-induced growth inhibition of
HEK293/rOctn2 but not that of HEK293/hOCTN2 or mock
cells (Table 2).

Functional Expression of rOctns in rat DRG Neu-
rons. rOctns displayed a specific pattern of functional ex-
pression in rat DRG tissue and primary culture. Rat DRG
tissue showed readily detectable mRNA for Octn1 and Octn2
(Fig. 2, a and b; Table 3), comparable to reference tissues
including liver, kidney, and intestine. Octn1 protein was
detectable by Western blotting (Fig. 3a) localized to DRG
neuronal cell bodies (Fig. 4, a and b). Primary cultures of rat
DRG neurons showed linear uptake of the model Octn1 sub-
strate ergothioneine during a 1-h exposure at 37°C that was
higher than that at 4°C (5.4 versus 1.0 �l/mg protein/h, P 	
0.05) (Fig. 2c). Cultured DRG neurons showed linear uptake
of the Octn2 model substrate L-carnitine during a 1-h expo-
sure at 37°C that was higher than that at 4°C (2.4 versus 0.2
�l/mg protein/h, P 	 0.05) (Fig. 2d). [3H]Ergothioneine up-
take by cultured DRG neurons was sodium-dependent and
inhibited by unlabeled ergothioneine (P 	 0.05) but not by
acetyl-L-carnitine, L-carnitine, or MPP� (P 
 0.05) (Fig. 2e).
L-Carnitine uptake by cultured DRG neurons was sodium-
dependent and significantly inhibited by approximately
2-fold by known OCTN2 substrates including unlabeled
L-carnitine, acetyl-L-carnitine, and MPP� (P 	 0.05) but to a
lesser extent by ergothioneine (Fig. 2f).

In contrast, the organic cation transporters Oct1, Oct2, and
Oct3 displayed lower transport activity and lower or unde-
tectable mRNA levels in rat DRG tissue and primary cul-
tures. Oct1 mRNA was undetectable in DRG tissue but was
readily detected in the reference liver tissue (Fig. 5a), as
reported previously (Koepsell et al., 2007). Oct2 mRNA ex-
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pression was only faintly detectable in DRG tissue at levels
almost 200-fold lower than that in kidney, a known Oct2-
expressing tissue (Koepsell et al., 2007). Oct3 mRNA was
detected in DRG tissue, but the expression level was lower
than that of Octn1 and Octn2 and approximately 6-fold lower
than that in intestine. Oct2 and Oct3 protein was detectable
in DRG tissue by Western blotting when immunoreactive
bands were detected between 60 and 70 kDa, corresponding

to a predicted molecular mass of 66 and 61 kDa for rOct2
(Fig. 3b) and rOct3 (Fig. 3c), respectively. In DRG cultures,
immunoreactivity to rOct2 (Fig. 4c) and rOct3 (Fig. 4d) was
evident in DRG neuronal cell bodies as revealed by immuno-
cytochemistry but apparently in fewer cells than for Octn1
(Fig. 4b). The uptake of MPP�, a model substrate of Oct1,
Oct2, and Oct3 (Koepsell et al., 2007), by cultured DRG
neurons was similar at 37 and at 4°C (7.2 versus 4.2 �l/mg

Fig. 1. Oxaliplatin uptake, cytotoxicity,
and inhibition of ergothioneine and L-car-
nitine uptake in HEK293 cells overex-
pressing rOctn1, rOctn2, hOCTN1, and
hOCTN2. a, uptake of [14C]oxaliplatin (1
�M) at 37°C and pH 7.4 for 1 or 2 h as
indicated by HEK/mock vector-trans-
fected (�), HEK/rOctn1 (u), and HEK/
rOctn2 (f) cells (P values versus HEK/
mock). b, uptake of [14C]oxaliplatin (1
�M) at 37°C and pH 7.4 for 1 h by HEK/
mock vector-transfected (�), HEK/
hOCTN1 (u), and HEK/hOCTN2 (f) cells
(P values versus HEK/mock). c, unlabeled
oxaliplatin inhibited ergothioneine (5.0
�M) uptake (3 min) by HEK/rOctn1 cells
(F) and L-carnitine (5.9 �M) uptake (3
min) by HEK/rOctn2 cells (f), in a con-
centration-dependent manner. d, unla-
beled oxaliplatin inhibited ergothioneine
(5.0 �M) uptake (3 min) by HEK/hOCTN1
cells (F) and L-carnitine (5.9 �M) uptake
(3 min) by HEK/hOCTN2 cells (f), in a
concentration-dependent manner. e, ox-
aliplatin cytotoxicity in HEK/mock vec-
tor-transfected (E), HEK/rOctn1 (F), and
HEK/rOctn2 (f) cells determined after a
72-h drug exposure by a SRB assay.
f, oxaliplatin cytotoxicity in HEK/mock
vector-transfected (E), HEK/hOCTN1
(F), and HEK/hOCTN2 (f) cells deter-
mined after a 72-h drug exposure by a
SRB assay. Each bar or data point repre-
sents the mean � S.E. (n � 6), and curves
are nonlinear regression fits to data. ���,
P 	 0.001; ��, P 	 0.01.

TABLE 2
Oxaliplatin cytotoxicity in HEK293 cells overexpressing rOctn1, rOctn2, hOCTN1, and hOCTN2 in the absence or presence of ergothioneine or
acetyl-L-carnitine
Mean, S.D., 95% CI, and percentage of control of oxaliplatin cytotoxicity (IC50) in HEK293 cells overexpressing rat and human OCTN1 and OCTN2 after treatment with
oxaliplatin alone. P 	 0.05 (versus mock) was considered statistically significant. Fold inhibition values represent ratios of oxaliplatin IC50 values in the presence or absence
of ergothioneine (1 mM) or acetyl-L-carnitine (1 mM).

IC50 Values for Growth Inhibition Fold Inhibition of Cytotoxicity

Mean SD 95% CI Percentage of Control Ergothioneine Acetyl-L-Carnitine

�M
Mock 2.93 1.06 2.60–3.29 N.A. 9.1 1.15
rOctn1 1.32 1.09 1.11–1.58 45 (P 	 0.05) 64.8 N.A.
rOctn2 0.71 1.09 0.60–0.84 24 (P 	 0.05) N.A. 3.3
Mock 8.09 1.11 6.58–9.94 N.A. 11.1 1.02
hOCTN1 2.96 1.09 2.50–3.50 37 (P 	 0.05) 36.1 N.A.
hOCTN2 1.92 1.10 1.59–2.31 24 (P 	 0.05) N.A. 1.02

N.A., not applicable.
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protein/h, P 
 0.05) (Fig. 5d), consistent with a transporter-
independent process. The DRG neuronal uptake of TEA�, a
model substrate of Oct1–3 and Octn1–2 (Koepsell et al.,
2007), was numerically different at 37 and 4°C (0.9 versus 0.3
�l/mg protein/h), but this difference did not reach statistical

significance overall and individually only for the final time
point (Fig. 5e).

rOctn-Mediated Uptake and Toxicity of Oxaliplatin
in Rat DRG Neurons. Next, we showed that the uptake and
toxicity of oxaliplatin in primary cultures of rat DRG neurons
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Fig. 2. Functional expression of rOctn1
and rOctn2 in rat DRG tissue and pri-
mary culture. a and b, RT-PCR and real-
time quantitative RT-PCR analyses of
mRNA expression of rOctn1 (a) and
rOctn2 (b) in rat DRG (D) compared with
brain (B), spinal cord (S), liver (L), kid-
ney (K), and intestine (I). Representative
gels of RT-PCR products for rOctn1,
rOctn2, and rGapdh (bottom) and quan-
titative expression levels (2��Ct) (top) for
each gene normalized to 18S rRNA are
shown. c and d, functional activity of
rOctn1 (c) and rOctn2 (d) in primary cul-
tures of rat DRG neurons determined by
uptake of model OCTN substrates, ergo-
thioneine (5.0 �M) (c) and L-carnitine
(5.9 �M) (d) at 37°C (F) and 4°C (E) at
pH 7.4 for up to 60 min. e and f, func-
tional activity of Octn1 and Octn2 in cul-
tured rat DRG neurons as measured by
uptake of [3H]ergothioneine (e) and
[3H]L-carnitine (f) at 37°C (control,
black) was suppressed by the absence of
sodium (replaced by equimolar N-methyl-
glucamine) and the presence of OCTNs
substrates and/or inhibitors (1 mM) [ergo-
thioneine, acetyl-L-carnitine (ALC), L-carni-
tine, and MPP�], and at 4°C (�) (all pH 7.4
for 1 h). Each bar or data point represents
the mean � S.E. (n � 6). ���, P 	 0.001; ��,
P 	 0.01; �, P 	 0.05. bp, base pairs.

TABLE 3
Real-time quantitative RT-PCR analyses of mRNA expression of OCTs and OCTNs in rat DRG and other tissues
Relative mRNA expression levels of OCTs and OCTNs were normalized to 18S rRNA and expressed as 2��CT (�10�4) values. Values represent the mean � S.E. (n � 6
animals).

rOct1 rOct2 rOct3 rOctn1 rOctn2

DRG N.D. 9.26 � 2.82 8.12 � 1.69 29.9 � 8.3 17.3 � 4.7
Brain N.D. 25.4 � 4.6 26.4 � 6.2 51.9 � 14.7 19.1 � 5.1
Spinal cord N.D. 61.2 � 32.7 17.6 � 4.9 180 � 60 41.3 � 15.2
Liver 84.0 � 27.2 N.D. N.D. 22.0 � 11.0 20.4 � 8.5
Kidney 55.0 � 32.5 1768 � 541 N.D. 57.2 � 25.4 37.0 � 22.4
Intestine 20.4 � 6.1 N.D. 48.1 � 14.3 42.9 � 19.6 72.6 � 33.2

N.D., not detectable.
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was mediated by rOctns. Uptake of [14C]oxaliplatin by cul-
tured rat DRG neurons was reduced at low temperature (17%
of control; P 	 0.001) and in the absence of sodium (79% of
control; P 	 0.01) and was inhibited by ergothioneine (46% of
control; P 	 0.001) but not by L-carnitine (Fig. 6a). The
accumulation of platinum by cultured rat DRG neurons dur-
ing exposure to oxaliplatin showed a nonlinear dependence
on time and oxaliplatin concentration (Fig. 6b). Platinum
accumulation was also dependent on temperature (32% of
control; P 	 0.001) and inhibited by ergothioneine (63% of
control; P 	 0.001) and to a lesser extent by L-carnitine (90%
of control; P 	 0.05), but not by MPP� (107% of control; P 

0.05) (Fig. 6c). Cultured rat DRG neurons lost viability dur-
ing exposure to oxaliplatin at 30 �M (67% of control, P 	
0.001) and 100 �M (50% of control, P 	 0.001) for 48 h. The
loss of neuronal viability induced by oxaliplatin was pre-
vented by addition of ergothioneine to the culture medium
(30 �M oxaliplatin, 102 versus 67%, P 	 0.001; 100 �M
oxaliplatin, 97 versus 50%, P 	 0.001) but was unaffected by
addition of L-carnitine or MPP� (Fig. 6d). However, oxalip-
latin inhibited the uptake of both ergothioneine and L-carni-
tine by cultured rat DRG neurons (Fig. 6e).

Discussion
This study demonstrates that oxaliplatin is transported by

rat and human OCTN1 and OCTN2. Direct evidence was
provided by studies of isogenic HEK293 cell lines overex-

pressing rOctn1, rOctn2, hOCTN1, and hOCTN2, which ac-
cumulated more oxaliplatin than mock-transfected control
cells. Isogenic HEK293 cells overexpressing OCTN1 and
OCTN2 showed increased sensitivity to the growth inhibitory
effect of oxaliplatin compared with mock-transfected control
cells. Furthermore, oxaliplatin inhibited OCTN1-mediated
uptake of ergothioneine and OCTN2-mediated uptake of
L-carnitine, consistent with oxaliplatin interacting directly
with OCTN1 and OCTN2. Taken together, these findings
suggested that oxaliplatin is a competitive substrate for
OCTN1 and OCTN2 and that OCTN1 and OCTN2 determine
the sensitivity of some cell types to oxaliplatin.

Next, the study investigated whether OCTN1 and/or
OCTN2 mediated the neuronal uptake and neurotoxicity of
oxaliplatin. Neurotoxicity is the dose-limiting clinical side
effect of oxaliplatin (Grothey, 2003). In previous studies,
oxaliplatin neurotoxicity was associated with accumulation
of platinum by DRG tissue and its sensory neurons in female
Wistar rats or related animal models (Screnci et al., 1997,
2000; Holmes et al., 1998; Luo et al., 1999; Ta et al., 2006). In
the current study, DRG tissue and primary cultures from
female Wistar rats were first shown to have significant
mRNA expression and functional activity of rOctn1 and
rOctn2. Then, oxaliplatin was found to inhibit the DRG neu-
ronal uptake of ergothioneine and L-carnitine at high concen-
trations of oxaliplatin that, during these short exposures (3
min), did not affect the viability or membrane integrity of
DRG neurons. The neuronal uptake of oxaliplatin was shown
to depend on temperature and the presence of sodium, which
are features of OCTN-mediated transport (Tamai et al., 1998;
Nakamura et al., 2008), and their accumulation of platinum
showed a nonlinear dependence on time and concentration of
oxaliplatin exposure. Next, ergothioneine and, to a lesser
extent, L-carnitine, but not MPP�, were shown to inhibit the
uptake of oxaliplatin, accumulation of platinum, and/or ox-
aliplatin-induced loss of viability in cultured rat DRG neu-

rOct2

β-ac�n �� 42 kDa

�� 66 kDa rOct3
β-ac�n � 42 kDa

� 61 kDarOctn1

β-ac�n � 42 kDa

� 62 kDa

cba

β � 42 kDa � 42 kDaβ

Fig. 3. Protein expression of rOct2, rOct3, and rOctn1 in rat DRG. Eight
percent SDS-polyacrylamide gel electrophoresis of DRG tissue homoge-
nate shows immunoreactive bands for rOctn1 (a), rOct2 (b), and rOct3 (c)
between 60 and 70 kDa with �-actin (42 kDa) as the loading control.
Similar results were obtained in replicate experiments.

Fig. 4. Neuronal localization of rOctn1
protein in rat DRG. a, representative
phase-contrast image of DRG primary
culture showing two typical cell types:
DRG neurons (solid arrow) and fibro-
blasts (dashed arrow). b to d, immunocy-
tochemistry localizes rOctn1 (b), rOct2 (c),
and rOct3 (d) proteins to cell bodies of
DRG neurons in culture. Organic cation
transporter isoform staining is shown in
green; colocalization with 4,6-diamidino-
2-phenylindole nuclei staining is in blue.
Original magnification, 200�.
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rons. Taken together, these findings suggest that OCTN1-
mediated transport is an important mechanism contributing
to the neuronal accumulation and resulting neurotoxicity of
oxaliplatin more so than that mediated by OCTN2 or OCTs.

The individual contributions of Octn1 and Octn2 to the
uptake of oxaliplatin appeared to be different, depending on
the different cell types used in the current study. In the
HEK293 cells, OCTN2 conferred greater oxaliplatin uptake
than OCTN1, resulting in increased sensitivity to oxalipla-
tin. Our previous studies showed that OCTNs localized to the
plasma membranes of overexpressing HEK293 cell consis-
tent with their role in the transport of organic cations into
cells in this model (Tamai et al., 2001; Kawasaki et al., 2004;
Sugiura et al., 2006). In contrast, oxaliplatin uptake and
toxicity in DRG neurons from female Wistar rats were inhib-
ited more by ergothioneine (rOctn1) than by L-carnitine
(rOctn2). These apparent differences in the contributions of
Octn1 and Octn2 to the uptake of oxaliplatin may be due to
differences in the relative activities of Octn1 and Octn2 be-

tween these different cell types, because rOctn1 appeared to
be more highly expressed and functionally active than
rOctn2 in rat DRG. Differences in their respective binding
affinities for ergothioneine (Km � 4.6 �M) and L-carnitine to
(Km � 25.4 �M) (Sekine et al., 1998; Nakamura et al., 2008)
may also have contributed to their apparent differing activ-
ities. Differences in the abundance of their respective pro-
teins and their localization within the DRG neuron may have
contributed to their differing activities but were not defined
in the current study. Selective gene knockdown by RNA
interference, although a conceptionally attractive approach
for deconvoluting the contribution of individual transporters,
may not be achievable in primary cultures of DRG neurons
because of their high sensitivity to off-target toxicities of RNA
interference reagents (Read et al., 2009; Ehlert et al., 2010).

Membrane proteins other than OCTNs have been impli-
cated in the transport and toxicity of platinum drugs in other
cell types, including the organic cation transporters OCT1,
OCT2, and OCT3 (Ciarimboli et al., 2005; Yonezawa et al.,
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Fig. 5. Analysis of functional expression
of rOct1, rOct2, and rOct3 in rat DRG
tissue and primary culture. a to c, RT-
PCR and real-time quantitative RT-PCR
analyses of mRNA expression of rOct1
(a), rOct2 (b), and rOct3 (c) in rat DRG
(D) compared with brain (B), spinal cord
(S), liver (L), kidney (K), and intestine (I).
rOct mRNA levels are shown as represen-
tative gels of RT-PCR products (bottom)
and as quantitative expression levels
(2��Ct) (top) for each gene normalized to
18S rRNA. d and e, analysis of functional
activity of rOct1, rOct2, and rOct3 in cul-
tured rat DRG neurons demonstrated by
analysis of temperature dependence of
the uptake of model OCT substrates
MPP� (6.3 �M) (d) and TEA� (9.1 �M) (e)
at 37°C (F) and 4°C (E) (P 
 0.05) at pH
7.4 for up to 60 min. Each bar or data
point represents the mean � S.E. (n � 6).
N.D., not detectable; bp, base pairs.
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2005, 2006; Zhang et al., 2006; Filipski et al., 2008, 2009;
Burger et al., 2010; Ciarimboli et al., 2010) and the copper
transporters CTR1 (Ishida et al., 2002), ATP7A (Samimi et
al., 2004) and ATP7B (Komatsu et al., 2000). In the current
study, levels of mRNA in rat DRG tissue for OCT1, OCT2,
and OCT3 were lower than the readily detectable levels for
OCTN1 and OCTN2. The uptake of MPP�, a known sub-
strate of OCT1, OCT2, and OCT3 (Koepsell et al., 2007), was
the same at 37 and 4°C, consistent with a lack of functional
expression of these OCTs in rat DRG. Likewise, uptake of
TEA�, a model compound transported by all OCTs but with
greater affinity to OCT1, OCT 2, and OCT3 than to OCTN1
or OCTN2 (Koepsell et al., 2007), was not significantly dif-
ferent at 37 and 4°C. This apparent lower functional expres-
sion of rOct1, rOct2, and rOct3 compared with that of rOctn1
and rOctn2 by rat DRG neurons suggests that OCTs may not
have a significant role in mediating the neuronal uptake and

neurotoxicity of oxaliplatin, at least in tissues and cells from
the female Wistar rats that we examined. However, OCT
expression is known to influenced by many factors, including
animal species, gender, strain, disease, and exposures (Koep-
sell et al., 2007); therefore, our study does not rule out the
possibility of OCTs having a significant role in the uptake of
oxaliplatin by DRG neurons in contexts other than as explic-
itly studied. We recently showed a specific pattern of expres-
sion of copper transporters in rat DRG tissue (Ip et al., 2010)
and that CTR1-expressing DRG neurons become atrophied
after oxaliplatin treatment (Liu et al., 2009). The relative
contributions of copper transporters, OCTs, and OCTNs to
the neurotoxicity of oxaliplatin remain to be determined de-
finitively. However, the findings of the current study suggest
that OCTN1 may be responsible for approximately 50% of the
uptake of oxaliplatin by rat DRG neurons, with a lesser
contribution from OCTN2, and no significant uptake medi-
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Fig. 6. Oxaliplatin uptake, cytotoxicity,
and inhibition of ergothioneine and L-car-
nitine uptake in primary cultures of rat
DRG neurons. a, [14C]oxaliplatin (2 �M)
uptake by cultured rat DRG neurons after
a 2-h incubation was dependent on tem-
perature (37°C versus 4°C; P 	 0.001) and
the presence of sodium (P 	 0.01) and was
inhibited by unlabeled ergothioneine (1
mM; P 	 0.001) but not by L-carnitine (1
mM). b, platinum accumulation by cul-
tured rat DRG neurons determined by
ICP-MS during exposure to oxaliplatin for
up to 2 h at 30 �M (E), 100 �M (F), and
300 �M (f). Inset, plot of exposure con-
centration (micromolar) versus the initial
rate of platinum uptake (picomoles of
platinum per milligram of protein per
minute). Curves represent fits to data of
one-phase exponential equations y �
ymax(1 � e�kx), where ymax is the steady-
state cellular concentration of platinum
and k is the rate constant. The initial rate
of platinum accumulation was calculated
as k � ymax. c, platinum accumulation in
cultured rat DRG neurons, determined
using ICP-MS after a 30-min exposure to
oxaliplatin (100 �M), was temperature-
dependent and inhibited by ergothioneine
(1 mM) and to a lesser extent by L-carni-
tine (1 mM) (P 	 0.05) but not by MPP� (1
mM). d, loss of viability of cultured rat
DRG neurons induced by oxaliplatin (Ox;
30 and 100 �M exposure for 48 h) was
inhibited by ergothioneine (Ergo; 1 mM)
but not by L-carnitine (L-car; 1 mM), or
MPP� (1 mM). ���, P 	 0.001 (versus 0
�M oxaliplatin); †††, P 	 0.001 (versus
respective 30 and 100 �M oxaliplatin). e,
unlabeled oxaliplatin (0.1 or 1 mM) inhib-
ited ergothioneine (5.0 �M) and L-carni-
tine (5.9 �M) uptake by cultured rat DRG
neurons. Each bar represents the mean �
S.E. (n � 6). �, P 	 0.05 (versus control).
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ated by OCT1, OCT2, or OCT3, at least in the restricted
context in which these studies were performed.

The new information we now report about OCTN-mediated
mechanisms of the neuronal uptake of oxaliplatin could be
applied to the development of strategies for improving pa-
tient outcomes from oxaliplatin-based cancer chemotherapy.
In this article, we provide the first preclinical proof of OCTN-
related mechanisms of oxaliplatin neurotoxicity and a ratio-
nale for targeting OCTNs with pharmacological inhibitors for
the purpose of lowering this dose-limiting toxicity. We
showed that a known OCTN1 competitive substrate, ergot-
hioneine (Nakamura et al., 2008), reduced the uptake of
oxaliplatin by cultured rat DRG neurons and attenuated
their accumulation of platinum and loss of viability during in
vitro exposure to oxaliplatin. OCTN substrates have been
associated with a reduction in chemotherapy-induced neuro-
toxicity in previous studies (Pisano et al., 2003; Ghirardi et
al., 2005; Song et al., 2010), but their exploratory findings
occurred in the absence of the insights we now provide into
OCTN transport-related neurotoxic and neuroprotective
mechanisms. Whether oxaliplatin-induced neurotoxicity can
be prevented in whole animals or human subjects using
strategies based on inhibiting OCTN-mediated neuronal
transport, without causing undue side effects or attenuating
the antitumor chemotherapeutic activity of oxaliplatin, re-
mains to be determined in future studies. However, this
approach is supported by several additional considerations
and data. First, the Octn1 knockout mouse is viable and has
no obvious phenotypic abnormality (Kato et al., 2010), sug-
gesting that OCTN1 inhibition may be tolerable. Second,
tissue-selective expression profiles of oxaliplatin transport-
ers such as that described in this article could be exploited to
selectively reduce oxaliplatin-induced neurotoxicity because
OCTs rather than OCTNs appear to contribute to oxaliplatin
uptake and antitumor activity in colorectal carcinoma
(Zhang et al., 2006; Yokoo et al., 2008), the major current
clinical indication for oxaliplatin. Last, only transient and
intermittent OCTN1 inhibition may be required to protect
against oxaliplatin-induced neuropathy because oxaliplatin
has a very short plasma half-life (Ip et al., 2008) and is given
only once every 2 to 3 weeks. However, if OCTN1 is involved
in the excretion of oxaliplatin, its inhibition might result in a
pharmacokinetic drug-drug interaction leading to increased
toxicity.

In conclusion, OCTN1 and OCTN2 both transport oxalip-
latin and are functionally expressed by DRG neurons.
OCTN1-mediated transport of oxaliplatin appears to contrib-
ute to its neuronal accumulation and treatment-limiting neu-
rotoxicity more so than OCTN2 or OCTs.
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