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This study examined a new model of paclitaxel-induced neuropathic pain and the 

effects of systemic paclitaxel on the gap junction protein subunit Cx43 and potassium 

inwardly-rectifying channel Kir4.1 within the dorsal root ganglia. In the new neuropathic 

pain model, subplantar injections of paclitaxel resulted in decreased conduction 

velocities of A-beta fiber compound action potentials in the sciatic (5.9%) and tibial 

nerves (6.8%) as well as in M (10.6%) and H (10.2%) waves. By using repeated 

recordings it was found that following paclitaxel injection, conduction velocities in the 

contralateral plantar nerve increased (9.2%). Systemic injections of paclitaxel resulted in 

reduced Kir4.1 immunolabeling in the dorsal root ganglia compared to vehicle injections. 

This reduction was observed in total labeling (32.4%) as well as in areas of intense 

labeling (28.7%). Reductions in overall Cx43 immunolabeling (25%) and area (25%) 

following systemic paclitaxel injections were not statistically significant.  

The results of these studies suggest that subplantar injections of paclitaxel can 

result in reduced peripheral nerve conduction velocities. The results also show that a 

unilateral neuropathy can result in contralateral changes in conduction velocities. The 

effects of paclitaxel on reducing Kir4.1 levels suggest that neuropathic pain caused by 

paclitaxel may share mechanisms in common with other types of neuropathies which 

show similar changes in Kir4.1 levels. 
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INTRODUCTION 

Pain can be defined as noisome sensory and emotional experiences that inform 

the body about current and/or impending tissue damage. The perception of pain by the 

central nervous system is called nociception and it results from the activation of 

nociceptors located throughout peripheral tissues. The pain system can be divided into 

peripheral and central components and described in terms of its anatomical and 

functional aspects. The peripheral component of pain includes primary sensory afferent 

fibers (called nociceptors) that transmit pain signals to the central nervous system 

(CNS) - a process often referred to as nociception. The central component of pain is the 

central nervous system and it encompasses the spinal cord and brain. Nociceptive 

signals conveyed from the periphery to the CNS are modulated by a variety of 

mechanisms throughout the system. The sensation of pain normally occurs only in the 

presence of a painful stimulus and lasts only as long as the stimulus. However, damage 

to the nociceptive system can give rise to neuropathic pain and can result in the 

sensation of pain in the absence of any stimulus.  

 

Peripheral Components of Pain 

Painful sensory information is detected by nociceptors and conveyed centrally by 

dorsal root ganglion (DRG) neurons. The cell bodies of DRG neurons lie in ganglia 

outside the CNS and outside the blood-brain-barrier. The DRG neurons have two 

axonal processes, one that projects to the CNS and forms synapses with neurons in the 

spinal cord dorsal horn, and one that projects to the periphery. A characteristic of 

nociceptors is the ability to increase firing rate as stimulus intensity increases.  
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Nociceptors can be classified according to the type of stimulus that activates them - 

mechanical nociceptors, thermal nociceptors, polymodal nociceptors, and silent 

nociceptors. Polymodal nociceptors respond to mechanical, thermal, or chemical 

stimuli. Silent nociceptors, such as those located within the viscera, may remain 

unresponsive until sensitized by noxious long-lasting mechanical stimuli or by chemical 

signals such as those associated with inflammation. 

Nociception is the detection and transmission of pain signals and usually involves 

Aδ-type fibers and C-type fibers; although, some cutaneous pain may be transmitted by 

Aβ fibers (Djouhri and Lawson, 2004). Aβ fibers are usually associated with large light 

DRG neurons; C fibers are usually associated with small dark DRG neurons; and Aδ 

fibers can be associated with both large light and small dark DRG neurons (Willis and 

Coggeshall, 2004).  Most small dark DRG cell types can be further divided into 

peptidergic and nonpeptidergic neurons. 

Primary afferent fibers carrying nociceptive information enter the spinal cord via 

the dorsal roots and terminate within the dorsal horn of the spinal cord. The dorsal horn 

is anatomically divided into six laminae (I-VI) based on neuron packing density and size 

(Figure 1). Most incoming nociceptive primary afferent fibers form synapses in lamina I 

and lamina II. Lamina I receives mostly Aδ fiber input. Lamina II is called the substantia 

gelatinosa, due to its lack of myelinated fibers, and receives mostly C fiber input. 

Laminae III and IV receive mostly Aβ fiber input and though these fiber types can play a 

role in pain, they are frequently not associated with transmitting acute nociceptive 

signals (Figure 2). 
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Figure 2. Peripheral axon input to the dorsal horn. 
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Pain Signaling in the Peripheral Nervous System 

Specific proteins located in the axonal membranes of nociceptors transduce 

stimuli into depolarizing electrical currents. These proteins include a variety of channels, 

including those permeable to sodium and calcium, transient receptor potential ion 

channels, and acid sensing ion channels. Initiation of an action potential is due to 

voltage-gated ion channels, in particular, the sodium channel. 

Two classes of sodium channels have been identified in primary afferents based 

on their sensitivity to the sodium channel blocker- tetrodotoxin (TTX). TTX-sensitive 

channels are found in virtually all types of sensory neurons whereas TTX-insensitive 

channels are located only on nociceptors. TTX-sensitive channels activate and 

inactivate rapidly, while TTX-insensitive channels are slower to activate and deactivate 

slowly if at all during depolarization (reviewed by Ji and Strichartz, 2004). While both 

types of sodium channel are upregulated following nerve injury, the unique response of 

TTX-insensitive channels to sustained depolarization suggests that they may play a 

pivotal role in neuropathic pain (reviewed by Woolf and Mannion, 1999). Nociceptor 

membrane potentials can also be affected by direct binding of chemical messengers 

such as serotonin or ATP. A number of signaling pathways have been implicated in 

nociceptor activation and sensitization. These include mitogen-activated protein kinases 

(MAPK), c-Jun N-terminal kinase (JNK), and phosphoinositide 3-kinases (PI3K) along 

with second-messengers such as protein kinase C (PKC), cyclic adenosine 

monophosphate (cAMP), and nitric oxide (NO) (Hucho and Levine, 2007; reviewed by 

Julius and Basbaum, 2001; Woolf and Ma, 2007). Suprathreshold nociceptor activation 

initiates action potentials that propagate towards the dorsal horn of the spinal cord. All 
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primary afferent fibers use glutamate as a primary neurotransmitter at dorsal horn 

synapses. However, a number of other chemical messengers are synthesized by DRG 

neurons and are associated with nociception. These include  adenosine, ATP, calcitonin 

gene-related peptide (CGRP), nerve growth factor (NGF), brain-derived neurotrophic 

factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), and substance P. 

 

Neuropathic Pain 

Neuropathic pain can result from damage to any part of the sensory nervous 

system associated with detecting and transmitting pain signals. Stimulus-dependent 

neuropathic pain is frequently associated with hyperalgesia (increased response to a 

noxious stimulus) and allodynia (pain elicited by a normally non-noxious stimulus). 

Spontaneous pain can occur in a stimulus-independent manner; that is, pain may be 

perceived in the absence of any external stimulus (reviewed by Woolf and Mannion, 

1999). The development of neuropathic pain may involve a variety of changes in the 

pain pathways. Some of the mechanisms that have been proposed to underlie 

neuropathic pain include changes in DRG neuron excitability, ectopic discharge of 

primary afferents, disinhibition, central sensitization, cell death, and phenotypic switches 

(reviewed by Woolf, 2004). Ectopic discharges are due to changes in excitability and 

may result from upregulation of voltage-gated sodium channels. Disinhibition in the 

dorsal horn creates an imbalance between excitatory and inhibitory modulation of pain 

signals. Central sensitization refers to an increase in the excitability of dorsal horn 

neurons. Death of GABAergic inhibitory interneurons or DRG neurons can lead to 

abnormal painful sensations that are the of increased excitation or imbalanced sensory 
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input. Phenotypic switches in DRG neurons occur, for example, when substance P 

(normally produced only by C-fibers) begins to be expressed by Aβ-fibers.  

Through these, and other, mechanisms, excessive activation of nociceptors can 

sensitize dorsal horn neurons to the point where Aβ-fiber input (normally non-

nociceptive) can activate nociceptive pathways. If the activation is prolonged, Aβ-fiber 

endings in the dorsal horn can sprout into lamina II, an area normally innervated by 

noxious C-fiber input. As a result, normally non-nociceptive Aβ-fiber input (such as 

touch) comes to be interpreted as painful. Thus, neuropathic pain likely results as a 

sequela of abnormal sensory input, altered modulation within the dorsal horn, and, as 

described below, altered glial activity.  

 

Glial Contributions to Pain 

Physical or chemical damage to nerve fibers or their cell bodies leads to glial 

activation (reviewed by Watkins et al., 2001). Glial activation- or reactive gliosis- is a 

condition often characterized by hypertrophy, proliferation, and increased GFAP 

expression (reviewed by Ohara et al., 2009). While glia contribute to the normal 

processing of nociceptive information, activated glia appear to play an important role in 

neuropathic pain (Gosselin et al., 2010; reviewed by Watkins et al., 2003). In models of 

pain that lead to glial activation, intrathecal injection of glial inhibitors (such as 

fluorocitrate and minocycline) can reduce pain-related behaviors (reviewed by Watkins 

et al., 2007). In the peripheral nervous system, satellite glial cells and Schwann cells 

can become activated after injury, and like astrocytes and microglia in the CNS, can 
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contribute to neuropathic pain (reviewed by Campana, 2007; Gosselin et al., 2010; 

Takeda et al., 2009).  

Neuronal cell bodies within the DRG are surrounded by satellite glial cells. The 

axons of DRG neurons are wrapped by Schwann cells. These glial cells, like those in 

the CNS, serve the important function of maintaining the extracellular environment. Part 

of this maintenance involves buffering of potassium ions (Kofuji and Newman, 2004) For 

example, active DRG neurons release potassium, and satellite glia can take up 

extracellular potassium through inwardly-rectifying K+ channels and (perhaps) 

redistribute these ions throughout the glial syncytium via gap junctions (Butt and Kalsi, 

2006; Olsen and Sontheimer, 2008). This homeostatic buffering of potassium ions helps 

to control neuronal excitability.  Schwann cells play a similar role at nodal regions of the 

axon during depolarization and repolarization of the axonal membrane (Chiu, 1991; Mi 

et al., 1996). Changes in the buffering capacity of satellite glia in the DRG are 

associated with increased pain (reviewed by Ohara et al., 2009). Within the DRG, 

potassium ions appear to be taken up primarily through inwardly-rectifying (Kir4.1) 

potassium channels and then redistributed to other satellite glia through gap junctions 

containing Cx43-type subunits. Reducing Kir4.1 channel expression leads to an 

increase in pain-like behavior in rats; while reducing Cx43 expression in an animal 

model of pain leads to reduced pain-like behavior. These changes in pain-like behavior 

are thought to arise from changes in the ability of satellite glia to buffer potassium ions 

and maintain the homeostatic balance of potassium. 
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Animal Models of Pain 

Much of what is known about the neural mechanisms underlying pain has been 

learned through the use of animal pain models. Both inflammatory pain models and 

neuropathic pain models have contributed to the understanding of pain mechanisms. 

The use of animal pain models has advantages and limitations compared to clinical 

studies. Advantages include the ability to manipulate various aspects of pain and study 

their effects, for example, axotomy of complete or partial nerves, blocking of cellular 

activity like glial metabolic activity, and knockout or ablation of a particular receptor or 

substrate. Animal models are economical and offer the advantage of safety over human 

subjects. In addition, pain-related mRNAs can often be obtained only from animals 

(Mogil et al., 2010). Limitations include limited ability to measure pain-related behaviors 

and the correlation of these behaviors with the observed effects. Also, drug efficacy in 

animal models does not always translate to drug efficacy in humans (Mogil et al., 2010).  

Animal pain models fall into two general categories: inflammatory and 

neuropathic models.  Inflammatory models usually involve local administration of a 

substance, such as complete Freund’s adjuvant or formalin that results in a localized 

inflammatory response. These models usually do not involve direct physical trauma to 

the nerve and are usually short-lasting. 

 Neuropathic pain models involve injury directly to the central nervous system 

(brain and spinal cord) or to the peripheral nervous system (Jarvis and Boyce-Rustay, 

2009; Jimenez-Andrade et al., 2010; Moalem and Tracey, 2006; Mogil, 2009; Schmelz, 

2009; Sorkin and Yaksh, 2009). Peripheral neuropathic pain models include chronic 

constriction injury (CCI), spinal nerve ligation (SNL), partial sciatic nerve ligation, and 
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spared nerve injury (SNI) (reviewed by Kim et al., 1997). Spared nerve injury (SNI) 

models involve partial axotomy of nerves (for example, transecting the common 

peroneal and sural branches of the sciatic nerve while leaving the tibial nerve intact). 

Chronic constriction injury involves placing a ligature around a nerve, either including 

the entire nerve or only part of the nerve. All of the above mentioned pain models 

produce pain-related behaviors, but these can vary between models. In an effort to 

better understand chemotherapeutic-induced peripheral neuropathy, animal models of 

neuropathic pain have been developed using chemotherapeutic drugs like paclitaxel, 

vincristine, carboplatin, and cisplatin (Cata et al., 2006b). These drugs are usually 

injected intravenously or intraperitoneally. Paclitaxel and vincristine interfere with tubulin 

and interrupt mitosis by acting on microtubules; whereas, carboplatin and cisplatin bind 

to DNA bases, inhibiting DNA synthesis and function (reviewed by Malik and Stillman, 

2008).  

 

Paclitaxel-Induced Neuropathic Pain 

Paclitaxel is a diterpene alkaloid used to treat a variety of cancers (Rowinsky et 

al., 1990). It belongs to the taxane class which includes docetaxel, a semisynthetic 

analogue of paclitaxel. Paclitaxel has a chemical structure that includes a four-

membered ring with an ester side chain and it is metabolized primarily to 6α-

hydroxypaclitaxel by two cytochrome P450 isozymes (Fu et al., 2009). Paclitaxel was 

originally isolated from the bark of the Pacific yew (Taxus brevifolia), but has since been 

obtained by the conversion of a related compound, isolated from the European yew, into 

paclitaxel. The chemical structure of paclitaxel was first published by Wani et al. (1971) 
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(Figure 3). Paclitaxel binds to microtubules and causes them to polymerize; however, at 

lower concentrations it stabilizes microtubule dynamics without polymerization (Schiff et 

al., 1979; Manfredi et al., 1982; Jordan and Kamath, 2007). 

 

 

 

 

The use of paclitaxel to treat cancer can result in neuropathic pain. A study by Forsyth 

et al. (1997) found that this was the case in 97% of breast cancer patients receiving 

paclitaxel. The neuropathic pain resulting from paclitaxel frequently, but not always, 

ceases after the drug is discontinued. As the number of people receiving paclitaxel 

increases so will the number who are afflicted with neuropathic pain.   

Paclitaxel produces a sensory neuropathy manifested by abnormal sensations 

affecting mostly the distal lower extremities, though the upper extremities may also be 

affected (Rowinsky et al., 1993; Dougherty et al., 2004). Paclitaxel-induced neuropathy 

often occurs early in treatment, and its’ clinical presentation is similar to that of other 

chemotherapeutic drugs (Cata et al., 2006b), Pain is characterized by numbness and 

tingling that usually appears in a so-called glove-and-stocking pattern (Cata et al., 

Figure 3. Structure of paclitaxel.  

 AcO 
 

http://en.wikipedia.org/wiki/File:Taxol.svg


11 

2006b). Patients also report burning sensations in response to cold (Dougherty et al., 

2004). The factors that contribute to the neuropathy include dose and injection 

frequency (Rowinsky and Donehower, 1993; Cliffer et al., 1998; Polomano and Bennett, 

2001; Persohn et al., 2005; Cianfrocca et al., 2006), route of administration (Cavaletti et 

al., 1995; Cavaletti et al., 2000) and axon length (Jimenez-Andrade et al., 2006). The 

ability of paclitaxel to induce neuropathic pain clinically (Postma et al., 1995; Rash et al., 

2001; Polomano et al., 2001; Dougherty et al., 2004) and in laboratory animals 

(Cavaletti et al., 1995; Authier et al., 2000; Polomano et al., 2001) is well documented. 

Although the development of sensory neuropathy is more common at clinical doses 

greater than 200 mg/m2, varying degrees of neuropathy can occur following a wide 

range of cumulative doses (50 – 750 mg/m2) (New et al., 1996). Following a third 

treatment cycle with paclitaxel, most patients experience some pain or discomfort 

(Dougherty et al., 2004). Dougherty et al. (2004) reported that patients had distinct 

areas of sensory disturbances in the feet and hands with on-going pain occurring more 

distally. Impaired perception to light touch (usually mediated by large myelinated (Aβ) 

fibers) and impaired perception to sharpness (usually mediated by small myelinated 

(Aδ) fibers) increased in severity in more distal areas of disturbance (Dougherty et al., 

2004). Although perception of heat pain and cooling, mediated by both Aδ and C type 

fibers, was comparable to that of control subjects, patients that received paclitaxel 

injections had paradoxical burning pain that increased in severity from distal to more 

proximal areas perceived as normal by patients (Dougherty et al., 2004). These data 

indicate that paclitaxel-induced neuropathy is predominately a large myelinated Aβ fiber 

neuropathy that may include minor impairment of Aδ fibers, but not C fibers. Despite 
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other side effects associated with systemic injections of paclitaxel such as neutropenia, 

heart arrhythmias, and hypersensitivity, peripheral neuropathy is usually the principle 

dose-limiting factor.  

 

Paclitaxel-Induced Changes in Peripheral Nerves 

Because paclitaxel crosses the blood brain barrier only minimally (Fellner et al., 

2002; Kemper et al., 2003; Rice et al., 2003) it is likely that it produces neuropathic pain 

through actions on the peripheral nervous system. Obvious targets are peripheral 

nerves, which are comprised of long axons containing many microtubules that support 

axonal transport. Systemic injections of paclitaxel into rats can result in axonal 

pathology characterized by Wallerian-like degeneration, endoneurial edema, 

microtubule aggregates, and Schwann cell activation as evident by organelle 

accumulation, enlarged mitochondria, and enlarged cisternae that effects mostly large 

myelinated fibers (Cavaletti et al., 1995). These microtubule aggregates (aggregations 

of groups of 4 or 5 microtubules) occur within sciatic nerves and in dorsal and ventral 

rootlets, though they are more evident in larger myelinated fibers within the sciatic nerve 

(Cavaletti et al., 1995; Cavaletti et al., 1997). Other animal studies using systemic 

injections of paclitaxel show similar pathological changes including a reduction in 

myelinated fiber density (Authier et al., 2000; Cliffer et al., 1998a).  

Cliffer et al. (1998a) found a severe reduction in the density of myelinated fibers in 

dorsal roots compared to ventral roots following systemic injections of paclitaxel. 

Although corresponding clinical data are not readily available, results obtained from 
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biopsies show similar pathology including fiber loss, axonal atrophy, and demyelination 

(Sahenk et al., 1994; van den Bent et al., 1997).                                 

Peripheral nerves contain axons that vary in diameter and the speed at which 

they conduct action potentials. Sensory axons in peripheral nerves can be classified 

based on size and conduction velocity (speed of action potential propagation). Three 

classes have been defined: Aβ fibers, which are large, myelinated, fast conducting; C 

fibers, which are small, unmyelinated, and slow conducting; and Aδ, which are 

myelinated and are intermediate in size and conduction velocity. Measures in 

conduction velocities have been used as a nonspecific indicator of nerve damage for 

clinical diagnosis and in an attempt to better understand the pathophysiology associated 

with peripheral neuropathy. Clinical studies show that conduction velocities are reduced 

following treatment with paclitaxel alone (Lipton et al., 1989; Sarosy et al., 1992), or in 

combination with another chemotherapeutic agent (Argyriou et al., 2007; Chaudhry et 

al., 1994). Several animal studies show similar results in which conduction velocities are 

diminished following systemic injections of paclitaxel (Authier et al., 2000; Bardos et al., 

2003; Cavaletti et al., 1995; Cliffer et al., 1998a). It has been shown that administration 

of paclitaxel to rats results in decreased conduction velocities in sciatic, tibial, and 

caudal nerves (Cavaletti et al., 1995; Cavaletti et al., 1997; Cliffer et al., 1998; Authier et 

al., 2000). This effect was largely dose dependent and was observed to occur in both 

intravenous (i.v.) and intraperitoneal (i.p.) animal models (Cavaletti et al., 1995; Cliffer et 

al., 1998). Consistent with reduced conduction velocities, Cliffer et al. (Cliffer et al., 

1998) reported increased latencies in both sensory (H) and motor (M) waves in evoked 

potentials recorded from nerves in rat hindlimbs. The H wave is thought to be a reflex or 
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sensory response involving central (spinal cord) mechanisms and the M wave is thought 

to be a motor response involving only peripheral mechanisms. H waves are similar to F 

waves recorded in human studies in that they are both late responses and involve a 

reflex arc (Cliffer et al., 1998b; Mesrati and Vecchierini, 2004). However, H waves differ 

from F waves in that F waves appear to be purely motor responses (Cliffer et al., 1998b; 

Mesrati and Vecchierini, 2004). When dorsal roots are cut M wave responses disappear 

following peripheral stimulation, while F wave responses do not (Cliffer et al., 1998b; 

Mesrati and Vecchierini, 2004). These data suggest that F wave responses involve a 

different reflex arc than do H waves.  

In addition, Cliffer et al. (Cliffer et al., 1998) reported reduced evoked sensory 

amplitudes in rats following i.v. paclitaxel. These reduced amplitudes were noted to 

occur in sensory (H wave) amplitudes but not in motor (M wave) amplitudes in both 

hindlimb and tail recordings. Cliffer et al. (Cliffer et al., 1998) suggested that since 

reductions in sensory amplitudes are greater than the reductions in conduction 

velocities, it is likely that loss of functioning sensory fibers is a greater contributor to the 

neuropathy than demyelination.  

Data from electrophysiology studies and morphological studies are consistent 

with the idea that paclitaxel-induced neuropathy is predominately a sensory neuropathy 

involving large myelinated fibers. However, the severities of the morphological deficits 

vary across studies, and are frequently mild or undetectable. The observed changes in 

peripheral nerve function as well as the increased susceptibility of longer axons (e.g., 

the sciatic nerve) to paclitaxel’s effects are consistent with the idea that axonal 
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pathology contributes to paclitaxel-induced neuropathy. The lack of a dramatic effect on 

motor axons, however, suggests that paclitaxel may act at additional sites.  

 

Paclitaxel-Induced Changes in Dorsal Root Ganglia 

Paclitaxel accumulates in the dorsal root ganglia (DRG) of rats at higher 

concentrations than in the brain or spinal cord, perhaps due to the DRG’s lack of a 

blood-brain barrier and its high degree of vascularization and fenestrated capillaries 

(Anzil et al., 1976; Cavaletti et al., 2000; Jacobs et al., 1976; Jimenez-Andrade et al., 

2008). Research has shown that a large number of genes are upregulated or 

downregulated in the DRG following systemic injections of paclitaxel, including some 

that encode components of potassium channels and gap junctions (Nishida et al., 

2008). Other studies have shown increased expression levels of activating transcription 

factor-3 (a marker of cell stress), glial fibrillary acidic protein, and the macrophage 

protein CD68 (Jimenez-Andrade et al., 2006; Peters et al., 2007a; Peters et al., 2007b). 

Changes in potassium channels and gap junctions are of particular interest since 

subtypes of these have been shown to be critically involved in neuropathic pain.    

 

The Roles of Cx43 and Kir4.1 in Neuropathic Pain 

Neuronal cell bodies of the DRG are wholly contained within the ganglion, and 

are surrounded by glial cells called satellite glial cells. These glial cells, like those in the 

central nervous system, play an important role in maintaining the homeostatic 

environment surrounding the neuronal cell bodies. Two important components of this 

satellite glial network are specific inwardly rectifying potassium (Kir4.1) channels and 
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connexin 43 (Cx43) gap junction subunits. The inwardly-rectifying Kir4.1 channel is the 

predominant potassium channel in glia throughout the nervous system (Hibino et al., 

1999; Olsen and Sontheimer, 2008).  

 

 

 

 

 

The inwardly-rectifying Kir4.1 channel is comprised of 4 channel subunits that form a 

tetramer, each with 2 transmembrane segments called M1 and M2, a pore loop (P), and 

cytoplasmic amino - (N) and carboxyl - (C) terminals (Figure 4) (Hibino et al., 2010). 

Kir4.1 can exist as a homomer or as a heteromer with Kir5.1. In the DRG these 

channels have been localized exclusively to satellite glia, and it has been proposed that 

they function to remove extracellular potassium that is released from neurons during 

action potential firing (Butt and Kalsi, 2006; Vit et al., 2006; Olsen and Sontheimer, 

2008; Vit et al., 2008). If the extracellular potassium is not removed neurons become 

“hyperexcitable” and tend to fire more readily (Traynelis and Dingledine, 1988; Janigro 

et al., 1997; Kiernan et al., 2002). Such hyperexcitability has been observed in a 

Figure 4. Kir channel subunit. M1 and M2 are transmembrane 
segments. P is a pore loop. NH2 is the amino terminus and 
COOH is the carboxyl terminus 

COO-

 

   NH3+ 
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number of pain models, and it is thought to contribute to neuropathic pain (Costigan et 

al., 2009). It has been further speculated that gap junctions underlie a syncytium of 

satellite glial cells around DRG neurons and may provide a route through which 

potassium ions can be “buffered” or redistributed. This redistribution of potassium ions 

may allow the satellite glial cells to maintain their uptake of potassium. Recent evidence 

suggests that both of these components play an important role in the development of 

neuropathic pain. Chronic constriction of the infraorbital nerve in rat results in decreased 

Kir4.1 expression in the trigeminal ganglion, and western blot analysis confirmed an 

approximately 40% reduction in Kir4.1 expression at 10 days post injury (Vit et al., 

2008). Reducing expression of Kir4.1 (using RNAi) in normal non-injured animals also 

resulted in increased pain-like behaviors. The authors speculated that the increased 

pain-like behavior is a direct result of reduced Kir4.1 expression, and that this leads to 

increased excitability among primary sensory neurons due to reduced potassium 

uptake. 

Increased dye coupling between satellite glial cells (suggesting increased 

numbers of gap junctions) occurs following axotomy, inflammation, and chronic nerve 

constriction (Hanani et al., 2002; Cherkas et al., 2004; Huang and Hanani, 2005; Dublin 

and Hanani, 2007). Cx43 is the main gap junction protein expressed by astrocytes 

(Dermietzel et al., 1989; Yamamoto et al., 1990; Rash et al., 2001; Hanani, 2005; Vit et 

al., 2006; Ohara et al., 2008). Gap junctions are formed from 2 hemichannels (one in 

each membrane). Each hemichannel, or connexin, is made up of 6 subunits called 

connexins, and each functional channel consists of 2 connexons made up of 12 

connexins (Goodenough and Paul, 2009). Each connexin has 4 transmembrane 
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segments that form the channel pore, 2 extracellular loops, 1 cytoplasmic loop, a 

conserved N - terminus, and a C - terminus (for functional differences) (Figure 5) 

(Goodenough and Paul, 2009; Maeda and Tsukihara, 2011). 

 

                        

 

 

 

Several studies have shown that Cx43 expression is upregulated following nerve 

injury and inflammation (Chandross et al., 1996; Lee et al., 2005; Ohta et al., 2005; Lan 

et al., 2007). Interestingly, some of these studies have suggested a causal link between 

the upregulation of Cx43 channels and increased pain (Vit et al., 2006; Ohara et al., 

2008). Using a chronic nerve constriction injury model, Vit et al. (2006) reported that an 

increase in Cx43 protein in the trigeminal ganglia was correlated with an increase in 

pain-like behavior. Increased expression of Cx43 was detected by immunolabeling and 

was confirmed by Western blot analysis, which showed a twofold increase following 

chronic nerve constriction (Ohara et al., 2008). The authors then showed that reducing 

Cx43 expression (using RNAi) in injured rats resulted in decreased pain-like behavior 

Figure 5. Cx 43 gap junction subunit. TM1-4 are transmembrane 
segments. NH2 is the amino terminus and COOH is the carboxyl 
terminus. 

TM1 

TM2 

TM4 

TM3 

NH3+ 
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(Vit et al., 2006; Ohara et al., 2008). Somewhat surprisingly, when Cx43 levels were 

reduced in normal non-injured animals, their pain-like behavior increased. Ohara et al. 

(2008) suggested that the normal buffering capacity of satellite glial cells is impaired 

(below homeostatic conditions), possibly leading to an increase in neuronal excitability 

due to an increase in extracellular potassium. Indeed, previous work supports such a 

role for Cx43 in the buffering of potassium ions. In a study using mouse hippocampal 

slices, Wallraff et al. (2006) demonstrated that the buffering capacity of extracellular 

potassium is impaired in transgenic mice with deficient gap junctions. The authors 

reported that maximal stimulation caused a larger rise in extracellular potassium in 

Cx43 deficient mice compared with wild-type mice, suggesting an impaired removal of 

potassium ions from the extracellular space in the absence of gap junctions. 

Collectively, these data support a functional role for Cx43 in pain through the buffering 

of potassium ions.                                                     

In support of paclitaxel affecting Cx43, paclitaxel applied to cultured lens 

epithelial cells impairs gap-junction-mediated spread of neurobiotin and translocation of 

Cx43 from the cytoplasm to the plasma membrane (Giessmann et al., 2005). The 

authors suggest that paclitaxel disrupts transport of Cx43 along microtubules from the 

cytoplasm to the plasma membrane. It is possible that paclitaxel may have similar 

effects in the DRG, causing a decrease in gap junctions between satellite glial cells. 

Most current pain models of paclitaxel-induced neuropathy use systemic 

injections of paclitaxel, exposing both peripheral axons and the dorsal root ganglia to 

the effects of paclitaxel. Because paclitaxel is toxic to both peripheral axons and DRG, 

reductions in conduction velocities may be due to changes in peripheral axons and/or 
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the DRG. In the present study, local, subplantar injections of paclitaxel are used to 

isolate the direct effects of paclitaxel on peripheral nerve axons, limiting direct access to 

the DRG.  By using several recording approaches, the effects on conduction velocities 

and evoked amplitudes from local injections of paclitaxel can then be compared with 

those in the literature describing reduced conduction velocities and amplitudes following 

systemic injections of paclitaxel. These different recording paradigms include in vivo 

recordings from the sciatic nerve, M and H wave recordings from the sciatic nerve, 

repeated recordings from the plantar nerve, and in vitro recordings from the tibial nerve. 

By recording CAPs in vivo from the sciatic nerve, the effect of paclitaxel on different 

fiber types can be accessed. Data from human and animal studies show that systemic 

injections of paclitaxel have a greater affect on large myelinated Aβ fibers than on Aδ or 

C fibers (Cliffer et al., 1998b; Dougherty et al., 2004), and this affect is attributed to the 

binding of paclitaxel to microtubules and interference with axonal transport.  If local 

injections have a greater effect on large myelinated Aβ fibers too, this might suggest 

damage to the terminals that spreads in a retrograde fashion towards the cell bodies in 

the DRG. These same studies show that sensory afferent fibers are more affected than 

motor fibers, where it has been suggested that paclitaxel acts on cell bodies in the DRG 

following systemic injections. Using a recording paradigm similar to what Cliffer et al. 

(1998b) involving M and H waves, the effects of local injections of paclitaxel can be 

accessed on the sensory as well as the motor component of the nerve. Since local 

injections of paclitaxel are unlikely to have a direct effect on sensory cell bodies in the 

DRG, any changes in conduction velocities of M and H waves following local injections 

would be expected to be similar. In contrast, Cliffer et al. (Cliffer et al., 1998a) found a 
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greater reduction in conduction velocities in H waves compared to M waves. Because 

most recording approaches involve invasive surgical procedures, recordings before 

injections of paclitaxel cannot be compared with recordings taken after paclitaxel 

injections. In these experimental models, the contralateral side is used as a control. 

Using repeated recordings from the plantar nerve allows recordings to be performed 

before and after injections. Therefore, this eliminates any influence from the contra side 

on any differences in conduction velocities or evoked amplitudes. Accurate 

measurements of nerve lengths are frequently difficult to obtain in vivo (Kurokawa et al., 

2004). To better assess changes in conduction velocities, which are based on nerve 

lengths, in vivo recordings from the tibial nerve are used. This will allow for changes in 

conduction velocities obtained from in vitro recordings to be compared with those 

obtained from in vivo recordings.   

In the present study, systemic injections of paclitaxel are used to provide direct 

access of paclitaxel to the DRG. By using immunohistochemistry and digital analysis, 

the effects of systemic injections of paclitaxel on Kir4.1 and Cx43 can be examined, and 

the results compared with those in the literature describing changes in these proteins 

following CCI (Ohara et al., 2008; Vit et al., 2008). What role these proteins might play 

in paclitaxel-induced neuropathic pain is not known, but since neuropathic pain is 

associated with increased neuronal excitability (Cata et al., 2006b; Costigan et al., 

2009; Woolf, 1993), it is reasonable to assume that Kir4.1 and/or Cx43 might be 

involved. These systemic injections mimic the route by which paclitaxel is administered 

clinically, and the cumulative dose (36 mg/kg) given to rats in this study is equivalent to 

that given in humans (252 mg/m2) (Mielke et al., 2006). If these two proteins change in 
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response to paclitaxel, they might provide a possible target for therapeutic treatment 

against paclitaxel-induced neuropathy.  
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TESTS OF A NEW MODEL OF PACLITAXEL-INDUCED NEUROPATHY 

Introduction 

Paclitaxel is an important chemotherapeutic agent, and its effectiveness against 

a variety of cancers is presumably due to its action of stabilizing microtubules. 

Unfortunately, its use frequently results in neuropathic pain, and most current 

treatments for this pain lack efficacy. The ability of paclitaxel to induce neuropathic pain 

clinically (Chaudhry et al., 1994; Dougherty et al., 2004; 1995; Rowinsky et al., 1993b) 

and in laboratory animals (Authier et al., 2000; Cavaletti et al., 1995; Cliffer et al., 

1998a; Polomano et al., 2001) is well documented. Paclitaxel produces a sensory 

neuropathy manifested by abnormal sensations affecting mostly the distal lower 

extremities, though the upper extremities may also be affected (Dougherty et al., 2004; 

Rowinsky et al., 1993c). The factors that contribute to the neuropathy include dose and 

injection frequency (Cianfrocca et al., 2006; Cliffer et al., 1998a; Persohn et al., 2005; 

Polomano and Bennett, 2001; Rowinsky and Donehower, 1993), route of administration 

(Cavaletti et al., 1995; Cavaletti et al., 2000), and axon length (Jimenez-Andrade et al., 

2006). Paclitaxel-induced neuropathic pain is a condition mediated, at least in part, by 

changes in peripheral axons. Because paclitaxel crosses the blood brain barrier only 

minimally (Fellner et al., 2002; Kemper et al., 2003; Rice et al., 2003) it likely produces 

neuropathic pain through actions on the peripheral nervous system. 

Peripheral nerves, which are comprised of long axons containing many 

microtubules that support axonal transport, have long been viewed as the primary 

targets of paclitaxel. While evidence suggests that paclitaxel interferes with axonal 

transport (Nakata and Yorifuji, 1999; Theiss and Meller, 2000), it is not known whether 
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this is the cause of the neuropathic pain. A consistent finding in humans as well as 

animal models has been that systemic paclitaxel causes slowed conduction velocities of 

(primarily) large-diameter afferents (nerves carrying impulses towards the central 

nervous system) in peripheral nerves (Apfel et al., 1991; Cavaletti et al., 1995; Cavaletti 

et al., 1997; Cliffer et al., 1998a; Lipton et al., 1989; Rowinsky et al., 1993b; Sarosy et 

al., 1992). This effect has been observed in sciatic, tibial, and caudal nerves in rats 

(Authier et al., 2000; Cavaletti et al., 1995; Cavaletti et al., 1997; Cliffer et al., 1998a).  

The M wave response involves only motor fibers, and is thought to reflect motor 

nerve function; while the H wave response involves a central (monosynaptic) 

mechanism, and is thought to reflect sensory nerve function. In addition to small 

reductions in both motor and sensory conduction velocities, Cliffer et al. (1998a) 

reported diminished H wave amplitudes in rats in response to systemic paclitaxel. While 

reduced conduction velocities are thought to reflect a loss in axonal myelination, 

reduced amplitudes are thought to reflect a reduction in axon numbers. Cliffer et al. 

(1998a) observed a reduction in myelinated fiber density in the dorsal roots following 

systemic paclitaxel, but not in ventral roots. Likewise, others have observed 

degenerative changes in the dorsal roots and peripheral nerves in response to systemic 

paclitaxel (Authier et al., 2000; Cavaletti et al., 1995). Some studies have failed to find 

such changes in the dorsal roots or in peripheral nerves, even though these animals 

showed signs of neuropathic pain (Campana et al., 1998; Cavaletti et al., 1997; 

Polomano et al., 2001). The observation by Cliffer et al. (1998a) that H wave amplitudes 

are reduced, while those of M waves remain unchanged, supports the general idea that 

paclitaxel induces a predominantly sensory neuropathy.  
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It is unclear whether the pain associated with paclitaxel results solely from 

damage to peripheral axons, or if changes in the dorsal root ganglia (DRG) also 

contribute since systemic models expose both sites to paclitaxel. In an effort to better 

understand the mechanisms by which paclitaxel directly affects peripheral nerves, I 

have tested a new model of paclitaxel-induced neuropathic pain using local, intradermal 

injections of paclitaxel. These local injections largely exclude direct access of paclitaxel 

to the DRG. Using several experimental recording approaches I have examined the 

effects of local injections of paclitaxel on conduction velocities and evoked amplitudes in 

peripheral nerves. The results of the present experiments suggest that subplantar 

paclitaxel reduces conduction velocities of A-beta (Aβ) fibers as well as those of M and 

H waves. These experiments also revealed that conduction velocities in plantar nerves 

increase contralateral to paclitaxel injections.   

 

Materials and Methods 

Subjects and Anesthesia 

Adult male Sprague-Dawley rats weighing between 200-300g (Harlan, 

Indianapolis, IN) were kept on a 12:12 dark:light cycle and given food and water ad 

libitum. 

During the physiological recordings the animals were anesthetized with either 

isoflurane (Baxter, Deerfield, IL) or a 20% solution of urethane in dH20 (1.5 g/kg, i.p.: 

Sigma, St Louis, MO). For in vitro recordings animals were given a lethal dose of 

pentobarbital prior to removal of the tibial nerve. 
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Paclitaxel Injections 

Paclitaxel (Bristol-Myers Squibb, Princeton, New Jersey) was diluted with 

Cremophor/ethanol (1:1) and injected at a concentration of 6 mg/ml and volume of 50 

ul. Animals received subplantar injections of either paclitaxel or vehicle once daily for 4 

consecutive days.   

 

Electrophysiology 

Compound action potentials were recorded on the next day after the last injection 

in two preparations- in vivo and in vitro. Following induction of anesthesia, the surgical 

site was shaved and an incision made over the lateral hind limb. The underlying muscle 

was dissected to expose the sciatic nerve. The sciatic nerve was cleared of surrounding 

tissues and covered in mineral oil to prevent drying. For in vitro recording experiments, 

the tibial nerve was removed after in vivo recordings had been completed. Data for 

conduction velocities are means, and error bars represent standard errors. 

 

Compound Action Potential Recordings       

Recordings of compound action potential recordings were used to estimate 

amplitudes and latencies from the entire population of axons within the nerve.  A variety 

of methods were used in these experiments. 

 

Sciatic Nerve Recordings 

The sciatic nerve was cut and the proximal end of the distal portion of the nerve 

was inserted into a suction electrode. The distal nerve was electrically stimulated 
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through a needle electrode inserted at the digits. Compound action potentials were 

recorded and displayed on a digital oscilloscope. These compound potentials were 

classified as Aβ, Aδ, or C according to their conduction velocities (Fig. 6). Conduction 

velocities were calculated by dividing the distance between the stimulating and 

recording electrodes by the latency of the peak potential following stimulation.  

 

M and H Wave Recordings 

the methods used to record M and H waves were the same as those described 

by Cliffer et al. (1998a) . While the animal was anesthetized, stimulating electrodes 

were inserted near the tibial (at the ankle) and sciatic (at the hip near the sciatic notch) 

nerves. Evoked potentials were recorded from an electrode on the dorsum of the foot. 

With this arrangement, stimulation at either site produces two compound action 

potentials: the short latency potential is the M wave, and the long latency potential is the 

H wave. M waves are considered to reflect activity in motor nerves, while H waves 

reflect sensory nerve function (Cliffer et al., 1998b).  Using this approach enabled us to 

test if paclitaxel was selectively affecting sensory axons.  Conduction velocities of the 

nerves were calculated by dividing the distance between the two stimulating electrodes 

by the difference in the latencies of the potentials recorded from the two stimulation 

sites (Stanley, 1981).  

       

Repeated Plantar Nerve Recordings 

These procedures allowed us to record compound action potentials using a 

minimally-invasive approach that permitted repeated measurements on individual 
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animals. This allowed us to assess nerve function both before and after paclitaxel 

injection. In these procedures, the animal was anesthetized with a gaseous anesthetic 

(isoflurane) which allowed rapid recovery from anesthesia. A recording electrode was 

inserted near the plantar nerve just proximal to the ankle, and a ring stimulating 

electrode was placed around three digits on the hindpaw (Kurokawa et al., 2004). A 

further advantage of this approach was that the Paclitaxel injection site was between 

the stimulating and recording sites. 

 

In vitro Recording from Tibial Nerves 

To eliminate anesthetic effects, and to obtain precise estimates of the distance 

between recording and stimulating sites, I measured conduction velocities of tibial 

nerves in vitro. Tibial nerves were removed and placed in a Petri dish containing 

oxygenated artificial cerebrospinal fluid (aCSF: 130 mM NaCl, 3.5 mM KCl, 1.25 mM 

NaH2PO4, 24 mM NaHCO3, 10 mM dextrose, 1.2 mM MgCl2, 1.2 mM CaCl2). The nerve 

was continuously perfused with the aCSF solution throughout the experiments. Each 

end of the nerve was attached to a suction electrode for stimulation or recording. 

Conduction velocities were determined as described above.   
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Figure 6. Fiber types identified in compound action potential recordings. Aβ fibers 
respond at short latency (conduction velocities of 30-100 m/s) to low stimulus 
intensities, Aδ fibers respond at longer latencies (12-30 m/s) as the stimulus intensity is 
increased, and C-fibers respond at very long latencies (0.5-2 m/s). The initial deflection 
in each graph represents onset of the electrical stimulus. 
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Results  

The Effects of Subplantar Paclitaxel on Aβ-Fiber Conduction Velocities 

Compound action potentials were recorded from the sciatic nerve and classified 

based on their conduction velocities. Subplantar paclitaxel resulted in reduced 

conduction velocities of Aβ fibers compared to vehicle injections (43.0 ± 0.99 m/s vs. 

45.7 ± 1.31 m/s; *p < 0.05) (Fig. 7). In paclitaxel-injected animals there was a significant 

difference in conduction velocities between the injected side and the contralateral side 

(43.0 ± 0.99 m/s vs. 47.7 ± 1.44 m/s; **p < 0.01) (Fig. 7). Conduction velocities 

contralateral to the injected paws did not differ between groups (47.7 ± 1.44 m/s, 

paclitaxel vs. 45.8 ± 1.1 m/s, vehicle; p = 0.139).  

 

The Effects of Subplantar Paclitaxel on M and H Wave Conduction  
Velocities and Evoked Amplitudes 

 
M and H wave potentials were recorded to determine if subplantar paclitaxel has 

differential effects on sensory and motor fibers. The mean conduction velocity of the M 

wave in paclitaxel-treated rats was significantly slower compared with the noninjected 

side (34.6 ± 1.77 m/s vs. 38.7 ± 2.02 m/s; p < 0.05) (Fig. 8). However, there was no 

significant difference in mean M wave conduction velocities between vehicle injections 

and the noninjected side (39.7 ± 3.12 m/s vs. 40.1 ± 1.32 m/s; p > 0.05) (Fig. 8).  

Likewise, the mean conduction velocity of the H wave in paclitaxel-treated rats was 

significantly slower compared with the noninjected side (37.9 ± 1.36 m/s vs. 42.2 ± 0.85 

m/s; p < 0.05) (Fig. 9). There was no significant difference in mean H wave conduction 

velocities between vehicle injections and the noninjected side (41.9 ± 1.34 m/s vs. 43.7 

± 2.06 m/s; p > 0.05) (Fig. 9). 
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Evoked potential amplitudes of both M and H waves were reduced dramatically 

by paclitaxel as well as vehicle injections (data not shown).  

 

The effects of Subplantar Paclitaxel on Plantar Nerve Conduction  
Velocities and Evoked Amplitudes 

 
To better assess the effects of paclitaxel injections, conduction velocities and 

amplitudes of plantar nerve compound action potentials were recorded before and after 

injections. Conduction velocities following paclitaxel injection did not differ significantly 

from those recorded before injection (24.4 ± 0.87 m/s vs. 24.4 ± 0.87 m/s; p > 0.05) 

(Fig. 10). After paclitaxel injection conduction velocities on the non-injected side were 

increased significantly in comparison to the injected side (27.3 ± 0.75 m/s vs. 24.8 ± 

0.39 m/s; *p < 0.005) as well as the non-injected side before paclitaxel injections were 

made (27.3 ± 0.75 m/s vs. 24.4 ± 0.87 m/s; **p < 0.005) (Fig. 10) .       

 Evoked potential amplitudes in the plantar nerve were reduced by paclitaxel 

injections (data not shown).        

 

The Effects of Subplantar Paclitaxel on Tibial Nerve  
Conduction Velocities Recorded In Vitro 

 
Subplantar paclitaxel injections significantly reduced conduction velocities of 

tibial nerves compared with the contralateral side (23.3 ± 0.89 m/s vs. 25.0 ± 0.97 m/s; 

*p < 0.05) (Fig. 11). 
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Figure 7. Conduction velocities of sciatic nerve Aβ fiber evoked potentials. Paclitaxel 
resulted in decreased conduction velocities compared with vehicle, (*p < 0.05), and with 
the noninjected side, (**p < 0.01). n = 14 for each group. Data in this and the following 
figures are means, and error bars represent standard errors. 
 
 
 

 
 

Figure 8. M wave conduction velocities. Paclitaxel resulted in decreased conduction 
velocities compared with the noninjected side, (*p < 0.05). Vehicle conduction velocities 
did not differ significantly compared with the noninjected side, (p > 0.05). Vehicle, n = 6; 
paclitaxel, n = 5. 
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Figure 9. H wave conduction velocities. Paclitaxel resulted in decreased conduction 
velocities compared with the noninjected side, (*p < 0.05). Vehicle conduction velocities 
did not differ significantly compared with the noninjected side, (p > 0.05). Vehicle, n = 6, 
paclitaxel, n = 5. 
 

 

Figure 10. Conduction velocities of Aδ fibers based on evoked potentials in the plantar 
nerve measured before and after paclitaxel injections. Conduction velocities were 
increased in the noninjected side following paclitaxel compared with the same side 
before paclitaxel, (*p < 0.005). This increase was also significantly different compared to 
the injected side following paclitaxel, (**p < 0.005). Conduction velocities following 
paclitaxel did not differ significantly from those recorded before injection, (p > 0.05). n = 
10. 
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Figure 11. Conduction velocities Aδ fibers based on in vitro recordings of evoked 
potentials from the tibial nerve. Paclitaxel caused reduced conduction velocities 
compared with the contralateral side, (*p < 0.05). n = 10. 

 

 

Discussion 

Systemic injections of paclitaxel have been shown to result in morphological, as 

well as electrophysiological changes in peripheral axons. These changes include axonal 

swelling, microtubule accumulation and Wallerian degeneration (Cavaletti et al., 1995; 

Authier et al., 2000). Similar findings have been reported following paclitaxel injections 

directly into the nerve, which results in axonal swelling and degeneration, microtubule 

accumulation within Schwann cells, and Schwann cell detachment (Roytta and Raine, 

1985; Vuorinen et al., 1989). The greatest pathology, including Wallerian-like 

degeneration, was noted to occur mostly in large myelinated fibers (Cavaletti et al., 

1995; Cliffer et al., 1998a). In addition to these morphological changes, systemic 

injections of paclitaxel lead to decreased conduction velocities and evoked potential 

0

5

10

15

20

25

30

C
on

du
ct

io
n 

ve
lo

ci
ty

 (m
/s

) 
Paclitaxel
Control

* 



39 

amplitudes. These changes have been observed in both animal and clinical studies 

(Lipton et al., 1989; Apfel et al., 1991; Rowinsky et al., 1993a; Cavaletti et al., 1997; 

Cliffer et al., 1998a; Authier et al., 2000; Bardos et al., 2003; Chaudhry et al., 2003). 

In the present study, subplantar injections were used in an attempt to isolate the 

direct effects of paclitaxel on peripheral nerve axons. Several different recording 

paradigms were used to characterize changes in conduction velocities and evoked 

potential amplitudes. Reduced conduction velocities of Aβ compound action potentials 

were observed in in vivo recordings from the sciatic nerve. A significant difference in Aδ 

conduction velocities were observed in in vitro recordings of the tibial nerve, but 

repeated recordings from the plantar nerve suggest this difference is due to an increase 

in conduction velocities on the control side. Although reductions in Aβ fibers are lower in 

magnitude compared to those observed following systemic injections, they are 

consistent with the proposal that one site of paclitaxel’s actions are large myelinated 

axons (Bardos et al., 2003; Cliffer et al., 1998a).           

Repeated recordings from the plantar nerve revealed a more complicated 

picture. In these experiments measures of conduction velocity were taken before and 

after subplantar injection of paclitaxel. The injection of paclitaxel resulted in reduced 

compound action potential amplitudes, but had no effect on Aδ conduction velocities.  

These results suggest that paclitaxel may have caused a loss of axons in the plantar 

nerve, but had little effect on speed of conduction. I did not quantify changes in 

compound action potential amplitudes in the recordings from the sciatic and tibial 

nerves because these employed suction electrodes. With these electrodes, small 

differences in the seal between the nerve and the electrodes can introduce large 
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changes in amplitudes. Reductions in evoked potential amplitude recorded from plantar 

nerves were likely due to paw swelling. Similarly, reductions in evoked potential 

amplitude- again, probably due to paw swelling- were recorded from M and H waves 

following paclitaxel as well as vehicle injections. Since repeated recordings from the 

plantar nerve were not done following vehicle injections, I cannot rule the possibility that 

vehicle injections may also result in a drop in evoked potential amplitudes.                

An unexpected result of subplantar paclitaxel injections was seen in recordings of 

the plantar nerve contralateral to the injected paw. Following subplantar injections of 

paclitaxel, Aδ conduction velocities were increased in the contralateral plantar nerve. 

Although conduction velocities in rats are known to increase during development 

(Cavaletti et al., 1995), it is unlikely that such changes would be responsible for the 

observed increases due to the short survival time. A more likely cause might be 

increased activity in the nerve due to the animal’s guarding of the injected paw. To my 

knowledge such an effect of use on conduction velocities in peripheral nerves has not 

been reported previously. If conduction velocities can be influenced by activity in the 

nerve, it may be possible to restore at least some function in peripheral neuropathies 

through forced use. These contralateral effects may also serve as a caution in 

interpreting results from unilateral models of pain. Many of these models rely on 

ipsilateral-contralateral comparisons following induction of pain, through inflammation or 

neuropathy, in one hindpaw. The present results suggest that changes contralateral to 

the affected limb may distort the magnitude of the experimental effect. Evidence for 

such an effect may be present in my recordings from the sciatic nerve (Fig. 2). Although 
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the difference was not statistically significant, conduction velocities contralateral to the 

paclitaxel injections tended to be faster than those from vehicle injected animals. 

In the present experiments reduced conduction velocities were also observed in 

recordings of M and H waves. M and H wave conduction velocities are based upon 

recordings obtained at the dorsum of the hindpaw, and are calculated from the 

difference in latencies from the two stimulation sites, the ankle and the sciatic notch.  M 

waves reflect activity of motor axons, while H waves reflect activity of sensory axons.  

These changes have also been observed following systemic paclitaxel injections: Cliffer 

et al. (1998a) observed reductions in both motor and sensory conduction velocities with 

greater reductions in the sensory conduction velocities. It is unlikely that the subplantar 

injections of paclitaxel in the present study had a direct effect on the nerve between the 

two stimulation sites. It may be that the localized injections induced a pathology that 

spread throughout the nerve.  

Paclitaxel-induced neuropathy has been associated with a “dying-back” process 

that initially involves damage to peripheral nerve terminals, followed by degenerative 

changes that spread in a retrograde fashion (Argyriou et al., 2008; Rowinsky et al., 

1993a). The ability of a local pathological insult to spread throughout the nerve has 

been studied extensively following the injections of several neurotoxins, some of which 

result in a dying-back of the peripheral nerve (Griffin et al., 1978; Miller and Spencer, 

1985; Spencer et al., 1980; Spencer and Schaumburg, 1978). For example, hexacarbon 

toxicity is characterized initially by distal axonal degeneration that is followed by a 

pathology that spreads towards the cell body (Spencer et al., 1980; Spencer and 

Schaumburg, 1978). Furthermore, beta, beta-iminodipropionitrile (IDPN), a neurotoxin 
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that disrupts axonal transport and causes Wallerian degeneration, has been shown to 

result in reduced conduction velocities in motor nerve fibers (Clark et al., 1980; Stanley 

et al., 1985). Systemic injections of paclitaxel are known to have an effect on nerve 

terminals in the paws of rats. Authier et al. (2000) reported degenerative changes in the 

nerve fibers of subcutaneous tissue following intraperitoneal injections, while Siau et al. 

(2006) reported a loss of intraepidermal nerve fibers. Clinically, this change in 

intraepidermal fiber density has been associated with neuropathic pain (Holland et al., 

1998). These patients had symptoms similar to those following treatment with paclitaxel- 

neuropathic pain that began in the feet, and moved proximally. The results of the 

present study suggest that paclitaxel-induced neuropathic pain can result from changes 

to peripheral axons alone. This was evident by the fact that these injections (1) had no 

direct effect on the DRG, and (2) produced a drop in conduction velocities. 
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THE EFFECTS OF PACLITAXEL ON THE DORSAL ROOT GANGLIA 

Introduction 

Paclitaxel is a microtubule-stabilizing agent that is used to treat a variety of 

cancers. Unfortunately, its use frequently results in neuropathic pain, and most current 

treatments for this pain lack efficacy. Peripheral axons have long been viewed as the 

primary targets of paclitaxel (Authier et al., 2000; Cavaletti et al., 1995; Cavaletti et al., 

1997; Cliffer et al., 1998a; Jimenez-Andrade et al., 2006; Nakata and Yorifuji, 1999; 

Persohn et al., 2005; Peters et al., 2007b; Rowinsky et al., 1993a; Roytta et al., 1984; 

Roytta and Raine, 1985; Vuorinen et al., 1989a; Vuorinen et al., 1989b). However, the 

extent of morphological changes in peripheral axons varies across animal studies and 

are often mild or undetectable (Campana et al., 1998; Flatters and Bennett, 2006; 

Polomano et al., 2001). It has been suggested that some of paclitaxel’s actions may be 

on the dorsal root ganglia (DRG) (Lipton et al., 1989; Rowinsky et al., 1993a). Paclitaxel 

accumulates in the DRG of rats at higher concentrations than in the sciatic nerve, spinal 

cord, or brain (Cavaletti et al., 2000). Although several studies report no apparent 

pathological changes in DRG neurons or satellite glial cells following systemic paclitaxel 

(Cavaletti et al., 1995; Cavaletti et al., 1997; Polomano et al., 2001), other data suggest 

that paclitaxel can have direct effects on the DRG. In systemic animal models of 

paclitaxel-induced neuropathic pain, the amplitude of sensory evoked potentials are 

greatly diminished, while motor amplitudes remain unchanged. Since sensory axons 

and motor axons travel in the same nerve, this suggest that paclitaxel may be acting on 

the DRG (Cliffer et al., 1998a). In further support of this idea, Cliffer et al. (1998b) noted 

degenerative changes within the dorsal roots, but not in the ventral roots. Systemic 
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injections of paclitaxel result in changes in the expression of a number of proteins in the 

DRG. These include markers of cell stress activating transcription factor-3 (ATF3) and 

proteins whose expression levels are linked to neuropathic pain- for example substance 

P, c-Jun N-terminal kinase (c-Jun), and tumor necrosis factor (Jamieson et al., 2007; 

Jimenez-Andrade et al., 2006; Peters et al., 2007a; Peters et al., 2007b). In addition to 

changes in protein expression, systemic injections of paclitaxel result in changes in 

mRNA levels for more than 90 proteins. These include mRNAs that encode for the 

Kir5.1potassium channel and the gap junction channels Cx30 and Cx26 (Nishida et al., 

2008). Potassium channels and gap junctions are of particular interest because 

subtypes of these have been shown to be critically involved in neuropathic pain (Ohara 

et al., 2008; Vit et al., 2008).    

Neuropathic pain, including that induced by paclitaxel, is frequently associated 

with increased neuronal excitability (Cata et al., 2006a; Costigan et al., 2009; Thacker et 

al., 2007; Watkins and Maier, 2002; Waxman et al., 1999; Woolf, 1993; Woolf and 

Mannion, 1999; Xiao and Bennett, 2007; Zimmermann, 2001). It is thought that these 

changes in excitability may be related to how extracellular potassium is handled during 

neuronal firing. Potassium ions are released during neuronal activity and must be 

removed from the extracellular space to prevent an increase in neuronal excitability 

(Haydon, 2001). Throughout the nervous system, it appears that glia buffer extracellular 

potassium levels by taking up potassium through inwardly rectifying (Kir4.1) potassium 

channels. Gap junctions between glial cells help to redistribute the potassium ions so 

that the buffering mechanism does not become saturated. In the DRG, satellite glial 

cells that surround the neurons (and only these cells) express Kir4.1 channels as well 
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as connexin 43 (CX43) subunits of gap junctions (Ohara et al., 2008). These 

observations suggest that Kir4.1 and Cx43 may play an important role in neuropathic 

pain. 

Chronic constriction injury (CCI) of the infraorbital nerve (ION) in rats, a 

neuropathic pain model, results in decreased expression of Kir4.1 in the trigeminal 

ganglion, and leads to increased pain-like behaviors (Vit et al., 2008). In addition, 

reducing the expression of Kir4.1 in uninjured rats using RNA interference (RNAi), also 

leads to increased pain-like behaviors (Vit et al., 2008). The authors postulated that the 

increase in pain is a direct result of a loss in Kir4.1 expression that leads to increased 

neuronal excitability. Although Kir4.1 can form heteromeric channels with Kir5.1 (Butt 

and Kalsi, 2006), evidence from other studies reducing (Olsen et al., 2006) or removing 

(Neusch et al., 2006) Kir4.1 expression support Kir4.1 as being the principal critical 

regulator of K+ uptake. The findings by Vit et al. (2008) that knockdown of Kir4.1 was 

specific and did not involve Kir5.1, that pain-like behaviors were unaffected by the 

injection of control globin dsRNA, and that nociceptive thresholds returned to normal 

following the return of Kir4.1 expression to normal levels further support a role for Kir4.1 

in pain. An increase in extracellular K+ might also result from the inability of gap 

junctions to properly redistribute these ions once they are taken up by Kir4.1 channels. 

Since gap junctions are known to play a role in glial buffering of K+ (De Pina-Benabou et 

al., 2001; Olsen and Sontheimer, 2008), a reduction in Cx43 expression might result in 

increased extracellular concentrations of K+- leading to pain. Indeed, when Cx43 

expression is reduced using RNAi in naïve uninjured rats, pain-like behaviors are 

increased similar to that seen following a reduction in Kir4.1 (Ohara et al., 2008; Vit et 
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al., 2006). Although it is reasonable to infer that any reduction in Kir4.1 or Cx43- either 

through protein expression or functionality- would result in impaired K+ buffering and 

increased pain, a study that examined changes in Cx43 in satellite glia following CCI 

and subsequent RNAi injections revealed a more complicated picture.  

In contrast to the reduction in Kir4.1 following CCI of the ION in rats, Cx43 

expression is increased after injury, along with pain-like behaviors (Ohara et al., 2008; 

Vit et al., 2006). Since an increase in Cx43 expression would raise the buffering 

capacity of glia, the exact mechanism by which Cx43 contributes to a rise in pain in this 

model is probably not due directly to an increase in extracellular concentrations of K+. 

Numerous studies using different pain models have found increased glial coupling 

among satellite glia after injury (Cherkas et al., 2004; Dublin and Hanani, 2007; Hanani 

et al., 2002; Hanani et al., 2010; Huang et al., 2005; Ledda et al., 2009; Pannese et al., 

2003). Although Ohara et al. (2008) did not examine glial coupling directly, it is 

reasonable to conclude that an increase in glial coupling among satellite glia would be 

due, at least in part, to increased Cx43 expression or function. Although Cx26 gap 

junction subunits have also been associated with glial cells, Ohara (2008) reported that 

Cx26 expression levels were unchanged after injection of either Cx43 or control dsRNA, 

attributing the observed changes in pain to changes in Cx43. When Cx43 expression 

levels were reduced following nerve injury, pain-like behaviors were reduced as 

expected (Ohara et al., 2008). Conversely, when Cx43 expression levels were reduced 

in naïve uninjured rats, pain-like behaviors were increased (Ohara et al., 2008; Vit et al., 

2006). To explain the differences in pain thresholds that reducing Cx43 expression had 

in uninjured versus injured rats, the authors suggested that different mechanisms might 
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be responsible for altering nociceptive thresholds and producing pain depending on 

whether Cx43 expression is decreased or increased (Ohara et al., 2008). They 

postulated that an increase in gap junction coupling might allow for the increased 

diffusion of molecules, such as cAMP, Ca+2, and IP3 that can contribute to nociceptive 

signaling. In contrast, a decrease in gap junction coupling in uninjured rats might alter 

the buffering of K+. Although Cx43 and Kir4.1 expression levels respond differently to 

CCI, these studies clearly support a role for Kir4.1 and Cx43 in neuropathic pain.  

Paclitaxel has been shown to interfere with Cx43 in vitro. Paclitaxel applied to 

cultured lens epithelial cells impairs the gap junction-mediated spread of neurobiotin 

and the translocation of Cx43 from the cytoplasm to the plasma membrane (Giessmann 

et al., 2005). The effects that systemic paclitaxel might have on Cx43 or Kir4.1 in vivo 

are not known. In an effort to better understand the mechanisms by which paclitaxel 

affects the dorsal root ganglia and produces pain, I have examined changes in both 

Kir4.1and Cx43 in response to systemic paclitaxel injections. The results of these 

experiments suggest that systemic paclitaxel reduces the expression of Kir4.1, but has 

only minimal effect on Cx43.   

 

Materials and Methods 

Subjects and Anesthesia 

Adult Sprague-Dawley male rats weighing between 200-300g (Harlan, 

Indianapolis, IN) were kept on a 12:12 dark:light cycle and given food and water ad 

libitum. For immunohistochemistry processing rats were given a lethal dose of urethane 

(0.1 ml/kg, i.p.). Research protocols were reviewed and approved by the Institutional 
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Animal Care and Use Committee (IACUC), and based upon Federal guidelines that 

include the Animal Welfare Act and Regulations and the Office of Laboratory Animal 

Welfare (OLAW), National Institutes of Health (NIH). All procedures and care of the 

animals were performed in accordance with the University of North Texas Animal Care 

and Use Policy 16.12.3.1. 

 

Paclitaxel Injections 

Clitaxel (LC Laboratories, Woburn, MA) was formulated according to the method 

described by Peters et al. (2007a). Briefly, paclitaxel was dissolved in 

Cremophor/ethanol (1:1) to make a stock solution of 12 mg/ml, which was further diluted 

with sterile saline (1:3). Animals were anesthetized with isoflurane and injections were 

made into the tail vein (paclitaxel (18 mg/kg) or the equivalent volume of vehicle) on 

days 0 and 3. 

 

Behavioral Testing 

Mechanical hyperalgesia was assessed using a modified form of the pin prick 

test (Decosterd and Woolf, 2000). Rats were placed on an elevated wire grid and 

allowed to acclimate for 30 minutes. Briefly, a pin was applied to the midplantar surface 

of the hind paw with enough force to indent, but not puncture, the skin. Any response 

was recorded as 1 while lack of a response was recorded as 0. Both hind paws were 

tested 3 times with an interval of 10 minutes between tests.  
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Tissue Processing and Immunohistochemistry 

Ten days following initial i.v. injections animals were assessed for mechanical 

hyperalgesia (as described above) after which the lumbar dorsal root ganglia were 

collected and processed for immunohistochemistry. Animals were given a lethal dose of 

anesthetic and perfused intracardially with 200 ml of 0.9% NaCl followed by 250 ml 

0.4% paraformaldehyde solution in 0.4 M TBS. The lumbar DRGs were removed and 

post-fixed for 1 hour, and then placed into 30% sucrose solution overnight at room 

temperature. DRGs were rapidly frozen in dry ice, cut at 30 µm on a cryostat and 

mounted onto gelatin-coated slides for immunohistochemistry processing. Sections 

were incubated in 5% normal goat serum (NGS), 0.3% Triton X-100 (Sigma, St Louis, 

MO) in TBS for 30 min and then incubated overnight at room temperature in the same 

solution with the addition of primary antibodies: Cx43 (1:3000; Sigma, St Louis, MO), or 

Kir4.1 (1:3000; Alomone Labs, Jerusalem, Israel). To visualize primary antibody 

binding, sections were washed in TBS and incubated for 1 h at room temperature with a 

goat anti-rabbit secondary antibody labeled with AlexaFluor 488 (1:500; Molecular 

Probes) diluted in the same solution. Slides were rinsed in TBS and coverslipped with 

Vectashield (Vector laboratories). Tissues were visualized using epifluorescence 

microscopy. 

 

Image Analysis 

Densitometry was performed to determine relative changes in the levels of Cx43 

and Kir4.1 between vehicle and paclitaxel animals. Images were captured using an 

epifluorescent microscope (Nikon Optiphot) and a digital camera (Roper Scientific 
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CoolSnap). A blank section of each slide was photographed as “background” and 

subtracted from the image to correct for heterogeneities in illumination and the camera. 

Image analysis was done using ImageJ software (Wayne Rasband, NIH). Only regions 

that contained neurons and satellite glial cells were included in the analyses; areas 

containing mostly axons were excluded. Thresholds were operationally defined for each 

image. For Kir4.1 images the thresholds were set at intensity levels that corresponded 

to the overall mean plus 4 standard deviations. For CX43 images the thresholds were 

mean plus 2 standard deviations. These thresholds revealed consistent staining 

patterns across animals and groups, and the procedure minimized the possibility of 

experimenter bias. After the threshold was set, the mean intensity and the number of 

pixels above threshold were determined. The results of initial analyses using sets of 2-

20 images revealed that 12 images per animal were sufficient to give a good estimate of 

the mean, Therefore 12 images were analyzed for each animal in the study.   

 

Statistics 

All data were analyzed using SPSS software. Behavioral responses to pin prick 

testing were analyzed using a two-way RM-ANOVA, with Bonferroni correction. 

Densitometry of immunolabeling was analyzed using Student’s t-test for unpaired data. 

Significance was set at p < 0.05.  

 

Results 

The Effects of Systemic Paclitaxel on Behavioral Responses 

Paclitaxel injections resulted in a significant increase in pin-prick response 3 days 
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after initial injection compared to vehicle (RM-ANOVA; F = 7.8, 0.46 ± 0.14 vs. 0.08 ± 

0.03; p < 0.05) (Fig. 12), that persisted to day 10 (0.46 ± 0.12 vs. 0.17 ± 0.05; p < 0.05). 

 

 

Figure 12. Behavioral responses to pin-prick testing. Paclitaxel resulted in increased 
responses at day 3 and day 10 compared with vehicle, (*p < 0.05). n = 8 for each group. 
Data are means and error bars represent standard errors. 

 

The Effects of Paclitaxel on Kir4.1 Expression in the DRG 

Kir4.1 immunolabeling was confined to the SGCs surrounding neuronal cell 

bodies of different sizes (Figs. 14A, 15A,B). Mean gray values were calculated as a 

measure of total immunolabeling. There was a significant 32.4% decline in mean gray 

values following paclitaxel injections compared to vehicle injections (188.5 ± 26.3 vs. 

279.0 ± 12.5; p < 0.05) (Fig. 15). To further assess changes in Kir4.1 immunolabeling, 

thresholds were applied and mean gray values were determined for the areas above 

threshold, representing areas of intense staining. Paclitaxel resulted in significantly 

reduced Kir4.1 immunolabeling compared to vehicle (28.7%; 333.9 ± 36.4 vs. 468.1 ± 
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25.6; p < 0.05) (Fig. 16). The mean areas (expressed as a percentage of total area) of 

staining that were above threshold were measured to determine if the changes in mean 

gray values might have resulted from expanded regions of intense staining. There was 

no significant difference in the areas of intense staining following paclitaxel compared 

with vehicle (2.96 ± 0.13 vs. 2.77 ± 0.49; p > 0.05) (Fig. 17). 

 

The Effects of Paclitaxel on Cx43 Expression in the DRG 

Cx43 immunolabeling was also confined to the SGCs surrounding neuronal cell 

bodies (Figs. 13, 14B, 15C,D). Unlike the pattern of Kir4.1 labeling, Cx43 labeling was 

punctate.  There was no apparent difference in Cx43 labeling according to the sizes of 

nearby neurons. There was a 25% reduction in mean gray values following paclitaxel 

injections, but this difference was not statistically significant (166.3 ± 23.0 vs. 221.7 ± 

56.5; p > 0.05) (Fig.18). Restricting the analysis to areas of intense labeling revealed a 

non-significant decline of 10.1% (547.8 ± 55.8 vs. 614.2 ± 66.5; p > 0.05) (Fig. 19). The 

area of intense Cx43 staining was reduced 25% by paclitaxel injections, but this 

difference was not statistically significant (0.18 ± 0.02 vs. 0.24 ± 0.05; p > 0.05) (Fig. 

20). 
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Figure 13. Immunohistochemistry and annotated grayscale image of a rat DRG. A, 
Cx43 labeling (green) in SGCs surrounding primary sensory neurons   the nuclei of 
satellite glia (arrows) stained intensely with DAPI (blue) while neuronal cell bodies 
(arrow heads) were more lightly stained. B, Grayscale image of Figure 13A, shows 
outline of a neuronal cell body in the center, with surrounding satellite glial cells. The 
nuclei of satellite glial cells are also shown. These glial cells form a complete sheath 
around each neuronal cell body and are connected to each other via gap junctions. 
These photographs were taken using a confocal microscope. Scale bars: A, B 30µm. 
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Figure 14. Immunohistochemistry of DRG from a paclitaxel-injected rat. A, Kir4.1 
labeling (green) in SGCs surrounding primary sensory neurons (n). B, Cx43 labeling 
(green) showed a similar distribution as Kir4.1 labeling but was punctate. A and B, the 
nuclei of satellite glia (arrows) stained intensely with DAPI (blue) while neuronal cell 
bodies (arrow heads) were more lightly stained. These photographs were taken using a 
confocal microscope. Scale bars: A, B 30µm. 
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Kir4.1veh Kir4.1pac 
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Figure 15. Immunohistochemistry of rat DRGs following injections of 
vehicle or paclitaxel. A, Kir4.1 labeling from a vehicle-treated rat. B, 
Kir4.1 labeling from a rat given paclitaxel. C, Cx43 labeling from a 
vehicle-treated rat. D, Cx43 labeling from a rat given paclitaxel. 
These photographs were taken using a confocal microscope. Scale 
bars: 30µm. 
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Figure 16. Mean gray values for Kir4.1. Paclitaxel resulted in reduced Kir4.1 expression 
compared to vehicle (*p < 0.05). n = 6 for each group. Data in this and the following 
figures are means and error bars represent standard errors. 

 

 

 

Figure 17. Mean gray values for Kir4.1 following thresholding. Paclitaxel resulted in 
reduced Kir4.1 expression compared to vehicle (*p < 0.05). These expression levels 
represent mean gray values above threshold. n = 6 for each group. 
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Figure 18. Percentage of pixels for Kir4.1 following thresholding. Paclitaxel did not result 
in significant changes in Kir4.1 expression in areas above threshold compared to 
vehicle (p > 0.05). n = 6 for each group. 

 

 

 

Figure 19. Mean gray values for Cx43. Expression levels for Cx43 were not significantly 
different from vehicle following paclitaxel (p > 0.05). n = 5 for each group. 
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Figure 20. Mean gray values for Cx43 following thresholding. Paclitaxel did not result in 
a significant difference in Cx43 expression compared to vehicle (p > 0.05). These 
expression levels represent mean gray values above threshold. n = 5 for each group. 

 

 

 

Figure 21. Percentage of pixels for Cx43 following thresholding. Paclitaxel did not result 
in significant changes in Cx43 expression in areas above threshold compared to vehicle 
(p > 0.05). These expression levels represent mean gray values above threshold. n = 5 
for each group. 
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Discussion 

In the present study immunolabeling for Kir4.1 was reduced in the lumbar DRG 

following systemic paclitaxel injections. This reduction was seen in measures of overall 

total labeling as well as in areas of intense labeling identified by thresholding. However, 

the pattern of staining (as shown by the area above threshold) did not change 

significantly. Although overall Cx43 immunolabeling was also reduced (25%) following 

paclitaxel, these changes were not statistically significant. There was an apparent 

(though non-significant) reduction (25%) in the area above threshold. 

 Direct trauma to the nervous system produces painful neuropathies as well as 

changes in mRNA levels and immunolabeling of a variety of proteins (Costigan et al., 

2002; Jimenez et al., 2005; Niederberger et al., 2008). Among these proteins, Kir4.1 

channels and Cx43 gap junction proteins have been shown to be critically involved in 

the development of neuropathic pain (Chandross et al., 1996; Ohara et al., 2008; Vit et 

al., 2008). Following CCI to the infraorbital nerve, levels of Kir4.1 decrease and levels of 

Cx43 increase in the trigeminal ganglion (Ohara et al., 2008; Vit et al., 2008). 

Knockdown of Kir4.1 (Vit et al., 2008) or Cx43 (Ohara et al., 2008) in naïve rats using 

RNAi results in lowered pain thresholds and increased pain-like behaviors.  

Systemic injections of paclitaxel also result in painful neuropathies that are 

accompanied by changes in pain thresholds (Cliffer et al., 1998a; Peters et al., 2007a; 

Polomano et al., 2001). These neuropathies are thought to result primarily from 

paclitaxel’s ability to stabilize microtubules within peripheral axons (Cavaletti et al., 

1997; Jimenez-Andrade et al., 2006). However, because paclitaxel can access the DRG 

(Cavaletti et al., 2000; Peters et al., 2007b), it is possible that it might also interfere with 
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protein trafficking (including Kir4.1 and Cx43) within the cells of the DRG. These effects 

of paclitaxel may have contributed to the decreased levels of Kir4.1 and Cx43 that we 

observed in the present study. That is, paclitaxel may have interfered with the transport 

of these proteins to the membrane. However, since immunolabeling would presumably 

measure membrane proteins as well as those in transport vesicles, we cannot rule out 

the possibility that paclitaxel might also have affected gene expression. 

It is unclear how paclitaxel might affect protein synthesis. The endoplasmic 

reticulum  is known to be dynamic in its movement and shape, and this is dependent on 

microtubules and their associated motor proteins (Bola and Allan, 2009). For example, 

studies have shown that knockdown of the microtubule motor protein kinesin-1 leads to 

reduced movement of the ER to the cell periphery in astrocytes (Feiguin et al., 1994) 

and inhibited ER motility in neuronal dendrites (Bannai et al., 2004). Disturbances in the 

movement or shape of the ER might lead to impaired protein synthesis. Moos et al. 

(1998) reported that paclitaxel can interfere with gene expression in cultured cells 

independent of microtubule stabilization. Their data suggest that paclitaxel can act 

through increased expression of transcription factors, or through the activation of 

proteins that regulate transcription (Moos and Fitzpatrick, 1998). Changes in proteins 

that regulate gene expression might be mediated through PIP2, PI3K, or ERK signaling.   

Studies have shown associations between Kir channels and PIP2 (Hibino et al., 2010) 

and Cx channels and ERK/PI3K (Dbouk et al., 2009). It is possible that initial declines in 

Kir4.1 or Cx43 protein expression are amplified through these mechanisms.  

 The magnitude of the decline in Kir4.1 labeling seen in the present study (32%) 

was similar to that reported by Vit et al. (2008) (40%) following CCI to the infraorbital 
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nerve. These authors reported an accompanying increase in ATF3 protein expression 

(a marker of cell stress that has been used to identify nerve injury). Although we did not 

examine ATF3 labeling in the present study, Peters et al. (2007b) reported an increase 

in ATF3 expression following paclitaxel injections using methods identical to those in the 

present study. Reduced Kir4.1 levels in SGCs following CCI probably result from 

changes in neuronal activity since there is no direct physical connection between the 

neurons and the SGCs in the peripheral ganglia. In contrast to the twofold increase in 

Cx43 labeling that follows CCI of the orofacial nerve (Ohara et al., 2008), we observed a 

non-significant decline in Cx43 labeling. Johnson et al. (2002) suggest that while 

microtubules are necessary for normal connexin trafficking and enhanced assembly, 

they may not be essential for functional gap junctions to form within the plasma 

membrane. Interestingly, Ohara et al. (2008) reported that inhibiting Cx43 in the 

presence or absence of a CCI can produce different effects on pain. While knockdown 

of Cx43 in uninjured rats results in increased pain, knockdown of Cx43 in CCI rats 

returns pain thresholds to normal levels (Ohara et al., 2008). Ohara et al. (2008) 

proposed that there are different mechanisms by which changes in Cx43 may produce 

pain, and that either an increase or a decrease in Cx43 could result in increased pain. 

An increase in Cx43 following CCI might enable increased passage of molecules that 

are able to induce pain transmission, but might not cause significant changes in the K+ 

buffering capacity. In contrast, in uninjured rats the K+ buffering capacity might be 

significantly lowered following knockdown of Cx43, resulting in decreased pain 

thresholds (Ohara et al., 2008). 
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 A variety of mechanisms are involved in the development of painful neuropathies.  

Some of these mechanisms may be shared between different types of neuropathies, 

while others may be unique. For example, direct nerve damage produced by CCI results 

in increased expression of Cx43 (Ohara et al., 2008), while in the present study 

paclitaxel injections produced no significant change in levels of this protein. Compared 

to CCI, paclitaxel might be expected to have a more profound effect on microtubules in 

the DRG. The present results also suggest that neuropathic pain resulting from different 

neuropathies can arise through some of the same mechanisms. That is, both CCI and 

paclitaxel injections result in decreased levels of Kir4.1 in peripheral ganglia.  The 

present study is the first to show that paclitaxel injections have an on Kir4.1 (and 

perhaps Cx43) in the DRG. Clearly, more studies are needed to continue to define the 

mechanisms that underlie each type of neuropathy in order to more effectively tailor 

interventions and therapies. 
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DISCUSSION 

Systemic injections of paclitaxel have been shown to result in morphological and 

electrophysiological changes in the peripheral nervous system. These changes are 

seen in peripheral axons and in the dorsal root ganglia. In axons these alterations 

include axonal swelling, microtubule accumulation, degenerated myelin profiles, swollen 

and vacuolated mitochondria, and Wallerian degeneration (Authier et al., 2000; 

Cavaletti et al., 1995; Chentanez et al., 2009; Cliffer et al., 1998a; Flatters and Bennett, 

2006; Jamieson et al., 2007). Although studies looking at changes in the DRG following 

paclitaxel injections are few, Jamieson et al. (2003) reported finding nucleolar 

enlargement in the DRG following systemic paclitaxel injections. In addition, the 

expression levels of several proteins are increased in the DRG (Nishida et al., 2008), 

including interleukin-1 (IL-1) and tumor necrosis factor (TNF) (Ledeboer et al., 2007), 

following systemic injections of paclitaxel. The ability of paclitaxel to bind microtubules 

has also been shown using cell cultures (Giessmann et al., 2005; Theiss and Meller, 

2000). In DRG explants, paclitaxel has been shown to affect neurite elongation and 

neurite morphology (Scuteri et al., 2006). In addition to these morphological changes, 

systemic injections of paclitaxel lead to decreased conduction velocities and evoked 

potential amplitudes. These changes have been observed in both animal and clinical 

studies (Apfel et al., 1991; Authier et al., 2000; Bardos et al., 2003; Cavaletti et al., 

1997; Chaudhry et al., 2003; Cliffer et al., 1998a; Lipton et al., 1989; Pisano et al., 2003; 

Rowinsky et al., 1993a).  

 In the present study, a new model of paclitaxel-induced neuropathy was tested 

that involves local, subplantar injections of paclitaxel. Several experimental recording 
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approaches were used to look for changes in conduction velocities and evoked 

amplitudes in peripheral nerves, and to determine if local injections of paclitaxel, that 

largely exclude direct access of paclitaxel to the dorsal root ganglia, have any effect on 

peripheral nerves. Reduced conduction velocities of Aβ compound action potentials 

were observed in in vivo recordings from the sciatic nerve. Although these reductions 

were of smaller magnitude compared to those observed following systemic injections, 

they are consistent with the proposal that one site of paclitaxel’s actions are large 

myelinated axons (Bardos et al., 2003; Cliffer et al., 1998a). A similar reduction in 

conduction velocity was observed in recordings of M and H waves. M and H wave 

conduction velocities were based upon recordings obtained at the dorsum of the 

hindpaw, and were calculated from the difference in latencies from the two stimulation 

sites, the ankle and the sciatic notch.  M waves reflect activity of motor axons, while H 

waves reflect activity of sensory axons.  These changes have also been observed 

following systemic paclitaxel injections: Cliffer et al. (1998a) observed reductions in both 

motor and sensory conduction velocities with greater reductions in the sensory 

conduction velocities. Given the sites of injection and recording, it is unlikely that the 

subplantar injections of paclitaxel in the present study had a direct effect on the nerve 

between the two stimulation sites. It appeared that the localized injections induced a 

pathology that spread throughout the nerve.  

A significant reduction in conduction velocities of Aδ compound action potentials 

was observed in in vitro recordings of the tibial nerve, but the origin of this reduction 

apparently arose from an unexpected source. Repeated recordings from the plantar 

nerve showed that local injections of paclitaxel had no effect on conduction velocities of 
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Aδ compound action potentials compared to vehicle. Instead, conduction velocities 

increased in the contralateral nerve. An unexpected result of subplantar paclitaxel 

injections was seen in recordings of the plantar nerve contralateral to the injected paw. 

Following subplantar injections of paclitaxel, conduction velocities were increased in the 

contralateral plantar nerve. Although conduction velocities in rats are known to increase 

during development (Cavaletti et al., 1995), it is unlikely that such changes would be 

responsible for the observed increases due to the short survival time. A more likely 

cause might be increased activity in the nerve due to the animal’s guarding of the 

injected paw. To my knowledge such an effect of use on conduction velocities in 

peripheral nerves has not been reported previously. This result may have important 

implications. If conduction velocities can be influenced by activity in the nerve, it may be 

possible to restore at least some function in peripheral neuropathies through forced use. 

The contralateral effects observed here also serve as a caution in interpreting results 

from unilateral models of pain. Many of these models rely on ipsilateral-contralateral 

comparisons following induction of pain, through inflammation or neuropathy, in one 

hindpaw. The present results suggest that changes contralateral to the affected limb 

may distort the magnitude of the experimental effect. Evidence for such an effect may 

be present in recordings from the sciatic nerve in the present experiments. Although the 

difference was not statistically significant, conduction velocities contralateral to the 

paclitaxel injections tended to be faster than those from vehicle injected animals. 

Using repeated recordings from the plantar nerve I did observe a significant 

reduction in compound action potential amplitudes, and similar findings were seen in 

recordings from M and H waves following paclitaxel as well as vehicle injections. 
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However, reductions in evoked potential amplitude recorded from plantar nerves and M 

and H waves were likely due to paw swelling. I did not quantify changes in compound 

action potential amplitudes in the recordings from the sciatic and tibial nerves because 

these employed suction electrodes. With these electrodes, small differences in the seal 

between the nerve and the electrodes can introduce large changes in amplitudes.  

Local subplantar injections of paclitaxel used in the present study likely have little 

direct effect on the nerve beyond the injection site. Systemic injections of paclitaxel are 

known to have an effect on nerve terminals in the paws of rats. Authier et al. (2000) 

reported degenerative changes in the nerve fibers in subcutaneous tissue following 

intraperitoneal injections, and Siau et al. (2006) reported a loss of intraepidermal nerve 

fibers. Furthermore, a reduction in intraepidermal nerve fiber density has been shown to  

correlate with a reduction in sensory nerve conduction velocity in a rat model of 

neuropathic pain (Lauria et al., 2005). Whether the change in conduction velocities seen 

in the present experiments might be due to alterations in ion channel function at the 

terminal, or along the axon remains to be determined, but reduced conductance has 

been observed in nodal Na+ permeability in sciatic nerve fibers of diabetic rats (Brismar 

et al., 1987) , and in axonal K+ conductance in rat spinal roots following hyperglycemic 

hypoxia (Grafe et al., 1994). Paclitaxel has also been shown to interfere with sodium 

channel function in culture (Casini et al., 2010).  

Changes in intraepidermal fiber density have been associated with neuropathic 

pain clinically (Holland et al., 1998). These patients had symptoms similar to those 

following treatment with paclitaxel- neuropathic pain that began in the feet, and moved 

proximally. Interestingly, Liu et al. (2010) reported a decrease in intraepidermal nerve 
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fibers and an increase in ATF3-immunoreactivity in the DRG following systemic 

injections of paclitaxel in rats. Therefore it is reasonable to assume that the local 

injections of paclitaxel used in the present study might affect peripheral nerve terminals 

as well as axons near the injection site, and that these effects might induce a pathology 

that spreads towards the cell bodies in the DRG. 

 Paclitaxel-induced neuropathy has been associated with a “dying-back” process 

that initially involves damage to peripheral nerve terminals, followed by degenerative 

changes that spread in a retrograde fashion (Argyriou et al., 2008; Rowinsky et al., 

1993a). The spread of the effects of local pathological insults throughout the nerve has 

been studied extensively following injections of neurotoxins, some of which result in a 

dying-back of the peripheral nerve (Griffin et al., 1978; Miller and Spencer, 1985; 

Spencer et al., 1980; Spencer and Schaumburg, 1978). For example, hexacarbon 

toxicity is characterized initially by distal axonal degeneration that is followed by a 

pathology that spreads towards the cell body (Spencer et al., 1980; Spencer and 

Schaumburg, 1978). Also, beta, beta-iminodipropionitrile (IDPN), a neurotoxin that 

disrupts axonal transport and causes Wallerian degeneration, has been shown to result 

in reduced conduction velocities in motor nerve fibers (Clark et al., 1980; Stanley et al., 

1985).  

In the second set of experiments the effects of systemic paclitaxel injections on 

Kir4.1 and Cx43 proteins in the dorsal root ganglia were measured to determine if they 

might play a role in paclitaxel-induced neuropathy. These proteins have been shown to 

be localized to satellite glial cells (SGC) in the DRG and to change expression levels 

following chronic constriction injury of the infraorbital nerve. Direct trauma to the 
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peripheral nervous system produces painful neuropathies as well as changes in mRNA 

levels and immunolabeling of a variety of proteins (Costigan et al., 2002; Jimenez et al., 

2005; Niederberger et al., 2008). Among these proteins, Kir4.1 channels and Cx43 gap 

junction proteins have been shown to be critically involved in the development of 

neuropathic pain (Chandross et al., 1996; Ohara et al., 2008; Vit et al., 2008). Following 

CCI to the infraorbital nerve, levels of Kir4.1 decrease and levels of Cx43 increase in 

the trigeminal ganglion (Ohara et al., 2008; Vit et al., 2008).   

The inwardly rectifying potassium channel Kir4.1 is the principal contributor to the 

inward potassium conductance of SGCs (Tang et al., 2010), and is essential for the 

efficient uptake of K+ by these cells (Chever et al., 2010). Therefore, it is reasonable to 

assume that Kir4.1 is a major regulator of neuronal excitability in sensory ganglia. Since 

Cx43 proteins connect satellite glia in the DRG (Ohara et al., 2008; Vit et al., 2006) they 

may also play a role in controlling neuronal activity (Giaume and McCarthy, 1996). 

Although De Pina-Benabou et al. (2001) did not observe an increase in Cx43 

expression in cultured astrocytes following exposure to high levels of K+, they did see 

an increase in gap junction coupling. The authors proposed that the increase in coupling 

was likely due to an increase in the number of active Cx43 channels (De Pina-Benabou 

et al., 2001). Furthermore, extracellular K+ is known to regulate gap junction 

permeability (De Pina-Benabou et al., 2001). 

In the present study immunolabeling for Kir4.1 was reduced in the lumbar DRG 

following systemic paclitaxel injections. This reduction was seen in measures of overall 

total labeling as well as in areas of intense labeling identified after thresholding. 

However, the pattern of staining seen in thresholded images did not change 
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significantly. Although overall Cx43 immunolabeling was also reduced (25%) following 

paclitaxel, these changes were not statistically significant. There was an apparent 

(though non-significant) reduction (25%) in the area above threshold. A change in 

density (as a measure of overall total labeling, or intense labeling after thresholding) but 

not in area (the pattern of staining) would imply a change in the number of proteins 

within the same region of the cell. Therefore, a decrease in Kir4.1 density but not in 

area would imply fewer proteins within the same region of the cell. An increase in 

density and area would imply that proteins are being inserted into new parts of the 

membrane. The apparent reduction in Cx43 overall labeling (though not significant) may 

be due to a decrease in area.  

Systemic injections of paclitaxel result in painful neuropathies that are 

accompanied by changes in pain thresholds (Cliffer et al., 1998a; Peters et al., 2007a; 

Polomano et al., 2001). These neuropathies are thought to result primarily from 

paclitaxel’s ability to stabilize microtubules within peripheral axons (Cavaletti et al., 

1997; Jimenez-Andrade et al., 2006). However, because paclitaxel can access the DRG 

(Cavaletti et al., 2000; Peters et al., 2007b), it is possible that it might also interfere with 

protein trafficking (including Kir4.1 and Cx43) within the cells of the DRG. These effects 

of paclitaxel may have contributed to the decreased levels of Kir4.1 and Cx43 that we 

observed in the present study. That is, paclitaxel may have interfered with the transport 

of these proteins to the membrane. However, since immunolabeling would presumably 

measure proteins in transport vesicles as well as those inserted in the membrane, it 

seems likely that paclitaxel affected gene expression. 
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The magnitude of the decline in Kir4.1 labeling seen in the present study (32%) 

was similar to that reported by Vit et al. (2008) (40%) following CCI to the infraorbital 

nerve. A similar decrease in Kir4.1 expression in the trigeminal ganglia was observed 

following injection of complete Freund’s adjuvant into the whisker pad of rats (Takeda et 

al., 2011). Vit et al. (2008) reported an accompanying increase in ATF3 expression (a 

marker of cell stress that has been used to identify nerve injury). Although we did not 

examine ATF3 labeling in the present study, Peters et al. (2007b) reported an increase 

in ATF3 expression following paclitaxel injections using methods identical to those used 

in the present study. Reduced Kir4.1 levels in SGCs following CCI probably result from 

changes in neuronal activity since there is no direct physical connection between the 

neurons and the SGCs in the peripheral ganglia. In contrast to the twofold increase in 

Cx43 labeling that follows CCI of the orofacial nerve (Ohara et al., 2008), we observed a 

non-significant decline in Cx43 labeling. Chew et al. (2011) reported an in increase in 

retinal Cx43 expression following partial transection of the optic nerve and Chandross et 

al. (1996) observed an increase in Cx43 mRNA in the sciatic nerve following peripheral 

nerve crush. Johnson et al. (2002) suggested that while microtubules are necessary for 

normal connexin trafficking and enhanced assembly, they may not be essential for 

functional gap junctions to form within the plasma membrane. Interestingly, Ohara et al. 

(2008) reported that inhibiting Cx43 in the presence or absence of CCI can produce 

different effects on pain. While knockdown of Cx43 in uninjured rats results in increased 

pain, knockdown of elevated Cx43 levels in CCI rats returns pain thresholds to normal 

levels (Ohara et al., 2008). Ohara et al. (2008) proposed that there may be different 

mechanisms by which changes in Cx43 may produce pain, and that either an increase 
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or a decrease in Cx43 could result in increased pain. An increase in Cx43 following CCI 

might enable increased passage of molecules such as cAMP, Ca+2, and IP3 that are 

able to induce pain transmission, but might not cause significant changes in the K+ 

buffering capacity (Dina et al., 2005). In contrast, in uninjured rats the K+ buffering 

capacity might be significantly lowered following knockdown of Cx43, resulting in 

decreased pain thresholds (Ohara et al., 2008). 

A variety of mechanisms are involved in the development of painful neuropathies.  

Some of these mechanisms may be shared between different types of neuropathies, 

while others may be unique. For example, direct nerve damage produced by CCI results 

in increased expression of Cx43 (Ohara et al., 2008), while in the present study 

paclitaxel injections produced no significant change in levels of this protein. Compared 

to CCI, paclitaxel might be expected to have a more profound effect on microtubules in 

the DRG. Interestingly, Garrett and Durham (2008) reported that Cx43 expression in 

SGCs in the trigeminal ganglia did not increase following complete Freund’s adjuvant 

(CFA) or capsaicin injection into the temporomandibular joint (TMJ). The present results 

also suggest that neuropathic pain resulting from different neuropathies can involve 

some of the same mechanisms. That is, both CCI and paclitaxel injections result in 

decreased levels of Kir4.1 in peripheral ganglia.  The present study is the first to show 

that paclitaxel injections have a direct effect on Kir4.1 in the DRG. Clearly, more studies 

are needed to continue to define the mechanisms that underlie each type of neuropathy 

in order to more effectively tailor interventions and therapies. 
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