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Abstract

Background—The mechanism of chemotherapy-induced peripheral neuropathy after paclitaxel

treatment is not well understood. Given the poor penetration of paclitaxel into central nervous

system, peripheral nervous system is most at risk.

Methods—Intrinsic membrane properties of dorsal root ganglion (DRG) neurons were studied by

intracellular recordings. Multiple-gene real-time Polymerase Chain Reaction array was used to

investigate gene expression of DRG neuronal ion channels.

Results—Paclitaxel increased the incidence of spontaneous activity from 4.8% to 27.1% in large

and from 0% to 33.3% in medium-sized neurons. Paclitaxel decreased the rheobase (nA) from 1.6

± 0.1 to 0.8 ± 0.1 in large, from 1.5 ± 0.2 to 0.6 ± 0.1 in medium-sized, and from 1.6 ± 0.2 to 1.0 ±

0.1 in small neurons. After paclitaxel, other characteristics of membrane properties in each group

remained the same except that Aδ neurons showed shorter action potential fall time (ms) (1.0 ±

0.2, n = 10 vs. 1.8 ± 0.3, n = 9, paclitaxel vs. vehicle). Meanwhile, real-time polymerase chain

reaction array revealed an alteration in expression of some neuronal ion channel genes including

upregulation of HCN1 (fold change 1.76 ± 0.06) and Nav1.7 (1.26 ± 0.02) and downregulation of

Kir channels (Kir1.1, 0.73 ± 0.05, Kir3.4, 0.66 ± 0.06) in paclitaxel-treated animals.

Conclusions—The increased neuronal excitability and the changes in gene expression of some

neuronal ion channels in DRG may provide insight into the molecular and cellular basis of

paclitaxel neuropathy, which may lead to novel therapeutic strategies.

Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is a very common side effect of

paclitaxel (Taxol®, Bristol-Myers Squibb, New York, NY), a widely used chemotherapeutic

agent, which severely limits its anticancer application1. Although the mechanisms are not

well understood, the symptoms of paclitaxel CIPN include prominent numbness, tingling,

and occasionally shooting/burning pain2–4, suggesting a polyneuropathy affecting both
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myelinated (Aβ and Aδ) and, less frequently, unmyelinated (C) fibers2. Only a very low

level of paclitaxel was detected in spinal cord and other parts of central nervous system after

repeated administration, but a high concentration of paclitaxel was found in dorsal root

ganglia (DRG)5, possibly due to the dense vascularization in DRG by highly permeable

capillaries6. The accumulation of paclitaxel in the peripheral nervous system imposes a

greater risk for damage to these tissues.

Primary sensory neurons in DRG receive signals generated from peripheral nerve endings,

integrate and transfer these signals to spinal cord. Because DRG neurons play a critical role

in transducing sensory signals including pain, numerous studies have focused on its

involvement in the development of acute and chronic pain in various pathological conditions

(for review, see7). Extensive studies have revealed that the intrinsic membrane properties of

DRG neuronal soma, including both myelinated and unmyelinated cells, are significantly

altered following peripheral nerve injury or inflammation, and play important roles in the

development of spontaneous pain, hyperalgesia and allodynia. For example, an increased

incidence of ectopic discharges originating from the soma of different populations of DRG

neurons are commonly found after peripheral nerve injury8–11, direct compression of the

ganglion12–20 and inflammation21;22. A substantial number of DRG neurons showed

decreased rheobase and increased responses to either electrical or chemical stimulation

applied to the soma14;15;17;18;20;22–24. More importantly, blocking such enhanced activities

of DRG neurons attenuate chronic pain behavior including spontaneous pain and tactile

allodynia22;25–30.

It is not known whether the intrinsic membrane properties of primary sensory neurons in

DRG are altered following exposure to paclitaxel chemotherapy. This gap in knowledge was

addressed in the present study using in vitro intracellular recordings from the somata of both

myelinated and unmyelinated neurons in an intact DRG preparation using rats that had

received paclitaxel or vehicle treatment. In addition, multiple-gene real-time polymerase

chain reaction (rtPCR) array for neuronal ion channels was conducted to examine the

changes in gene expression of neuronal ion channels in DRG from animals with paclitaxel

CIPN.

Materials and Methods

Animals

Adult male Sprague-Dawley rats (8–12 weeks, Harlan, Houston, TX) housed in a 12 h light/

dark cycle with free access to food and water were used in all experiments. The studies were

approved by the Institutional Animal Care and Use Committee at The University of Texas

M. D. Anderson Cancer Center and were performed in accordance with the National

Institutes of Health Guidelines for Use and Care of Laboratory Animals.

Paclitaxel CIPN Model

Animals were treated with paclitaxel as previously described31–35. Paclitaxel (TEVA

Pharmaceuticals, Inc. North Wales, PA) solution was given intraperitoneally at a dosage of 2

mg/kg in 0.9% saline every other day for a total of four injections (Day 1, 3, 5, and 7).
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Control animals received an equivalent volume of vehicle (cremophor EL/ethanol 1:1).

Mechanical hypersensitivity is induced with this treatment protocol by day 7 and lasts at

least several weeks (data not shown)32;33;35;36.

In vitro Intracellular Recording of Intact DRG Neurons

Intracellular recordings were performed after mechanical hypersensitivity has established

(usually on days 8 to 14 following chemotherapy)14. The L4 and L5 ganglia with attached

sciatic nerve were removed and then incubated in 1mg/ml Collagenase P (Roche, South San

Francisco, CA) and 0.4mg/ml Protease Type XIV (Sigma, St. Louis, MO) for 15 min at

37°C in oxygenated artificial cerebrospinal fluid (ACSF). ACSF contains (mM): 130 NaCl,

24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 1.2 MgCl2, 1.2 CaCl2 and 10 Dextrose (PH = 7.3).

After incubation, the ganglia were transferred to a recording chamber and superfused

continuously with ACSF bubbled with 95% O2 + 5% CO2 at 37°C. The peripheral nerve

was stimulated by a suction electrode. All chemicals were purchased from Sigma except

where noted.

Intracellular recordings were obtained under current clamp (MultiClamp 700A, Axon

Instruments, Sunnyvale, CA) by a glass sharp electrode (Sutter Instruments, Novato, CA)

with impedances of 60 – 80 MΩ when filled with 3M KCl. Electrophysiological signals

were filtered at 5 kHz, digitized at 20 kHz via a Digidata 1320A interface, and analyzed

offline with pClamp 10.0 software (Axon Instruments). All neuron accepted have resting

membrane potentials more negative than −45 mV. Baseline activity was first monitored for

2 minutes without the delivery of any external stimuli to detect spontaneous activity (SA).

Cells showing high levels of SA that would confound interpretation of responses to external

stimuli were not further characterized. If there was either no or only low levels of SA, a

series of electric stimuli (1–5 mA, duration 0.05 ms for A-fiber and 0.5 ms for C-fiber) was

delivered to the nerve through the suction electrode to induce action potentials (APs) from

the soma. The axonal conduction velocity (CV) was calculated by dividing the latency of the

evoked AP into the distance between the stimulating electrode and the center of the ganglion

(usually 12 – 15 mm). After the completion of peripheral nerve stimulation, the recorded

cell was depolarized by a series of 40-ms injecting currents from −0.05 nA to 3 nA in

increments of 0.025 nA to induce one or more APs. The current threshold (rheobase) was

defined as the minimal current that evoked an AP through intracellular sharp electrode. The

input resistance of each cell was measured based on the steady-state voltage changes at the

end of the application of a series of hyperpolarizing/depolarizing currents (−50 pA to 50 pA,

ΔI = 25 pA, duration 40 ms). Repetitive discharges of each neuron were measured by

counting the spikes evoked by injecting a 1-s depolarizing current at 2 times the threshold.

Neurons with CV were divided into three groups as previously reported14;15;37;38: C-

neurons < 1.3 m/s, Aδ-neurons 1.3 – 12 m/s, and Aα/β-neurons > 12 m/s. Additional

characteristics of the AP including amplitude, duration, rise time and fall time, amplitude

and 50% duration (measured at an amplitude half way between) of afterhyperpolarization

were measured.
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Multiple-Gene real-time Polymerase Chain Reaction Neuronal Ion Channels Array

DRG tissues used for rtPCR array were collected on Day 7 after paclitaxel or vehicle

treatment (twelve rats were treated with paclitaxel and four rats were treated with vehicle) as

previously described35. Animals were perfused transcardially with cold phosphate-buffered

saline before tissue collection. L4 and L5 DRGs from both sides were collected (four

ganglia per rat). DRG tissues from animals with the same treatment were pooled together

(four rats per group) during tissue processing. Total RNA was extracted using TRIzol

reagent (Invitrogen, Carlsbad, CA) and further purified using the RNeasey Mini Kit

(Qiagen, Valencia, CA). The concentration and purity of RNA were detected by measuring

the absorbance at 260 and 280 nm using a spectrophotometer (NanoDrop 2000, Thermo

Scientific, Odessa, TX). Reverse transcription of complementary DNA (cDNA) from 2 µg of

total RNA was performed in a thermal cycler (GeneAmp Polymerase Chain Reaction

System 9700, Life Technologies, Carlsbad, CA) by RT2 First Strand Kit (Qiagen) according

to manufacturer’s instruction (RT2 Profiler PCR Array Handbook, Qiagen). The proprietary

procedure effectively eliminated possible contaminating genomic DNA from RNA samples

before reverse transcription. The amplification of cDNA was performed using RT2 SYBR

Green ROX qPCR Mastermix (Cat. no. 330521, Qiagen). The neuronal ion channels array

was performed using rat 384-well RT2 Profiler PCR Array Kit (Cat. no. 330231,

PARN-036ZA, Qiagen) on a 7900 Sequence Detection system (Life Technologies).

Amplification steps consisted of one cycle of 50°C for 2 minutes plus 95°C for 10 minutes,

40 cycles of 95°C for 15 seconds, 60°C for 1 minute, and one cycle of 95°C for 15 seconds,

60°C for 15 seconds and 95°C for 15 seconds as a dissociation stage. The gene expression

data was uploaded and analyzed using the online PCR array data analysis tool* (version 3.0,

Qiagen). The threshold cycle (Ct; the number of cycles to reach the threshold of detection)

was determined for each gene and the relative expression level of each gene was calculated

using the following formula39: relative expression of messenger RNA =

2− Δ[(Ct sample − Ct control)paclitaxel− (Ct sample − Ct control)vehicle], where Ctsample is the Ct for the

target gene and Ctcontrol is the average Ct for several housekeeping genes including β-actin,

β-2 microglobulin, hypoxanthine phosphoribosyltransferase 1, lactate dehydrogenase A, and

ribosomal protein P1. Positive and negative control wells were used to access reverse

transcription efficiency, presence of genomic DNA and positive rtPCR reactions according

to manufacturer’s instruction. To minimize the variance caused by sample handling and

processing, all samples were processed by the same experimenter with the same experiment

protocol, all cDNA were synthesized and amplified on the same plate at the same time.

Statistical Analysis

All results are presented as means ± SEM (which only reaches a 68% confidence interval)

and analyzed with Prism GraphPad 6.0 (GraphPad Software, Inc., La Jolla, CA) or Sigma

Plot 11.0 (Systat Software, Inc., San Jose, CA). For electrophysiological results, differences

between means were tested for significance using One-way ANOVA with Turkey’s multiple

comparison or Mann Whitney U-test (comparison was made across all six groups within the

same family). The difference in incidence was analyzed with chi-square test. For rtPCR

*http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php. Last date accessed Aug 20th, 2013.
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results, the difference between paclitaxel and vehicle treatment was expressed by fold

changes (comparing to vehicle group) and analyzed using one-sample t-test with the

hypothesis that the actual fold change of each ion channel after paclitaxel was not different

from the hypothesized value 1.0. The Bonferroni correction was later applied in the multiple

testing. The difference is considered as statistically significant with an alpha value of P <

0.05 and the term “significant” means statistically significant unless otherwise noted. The

investigators were not blinded with the groups.

Results

One hundred and eighty DRG neurons, including 111 from paclitaxel-treated rats (23 rats)

and 69 from vehicle-treated rats (11 rats), recorded with sharp electrode were included for

further analysis. The neurons were first grouped according to their size as small (<= 30 um),

medium-sized (31 – 44 um), and large (>= 45 um) cells. It has been shown by different

studies that the classification of DRG neurons by the diameter of the soma yielded virtually

the same groups of neurons as a classification by their axonal conduction velocity14;18;40.

Seventy large, 21 medium-sized and 20 small neurons were from paclitaxel-treated animals.

Forty two large, 14 medium-sized and 13 small neurons were from vehicle-treated animals.

Increased Excitability of DRG Neurons after Paclitaxel Chemotherapy

Spontaneous Activity—SA was observed in 26 neurons from paclitaxel-treated animals

(26/111, 23.4%) but in only 2 neurons from vehicle-treated animals (2/69, 2.9%). SA was

recorded in 19 of 70 (27.1%) large neurons and in 7 of 21 (33.3%) medium-sized neurons in

paclitaxel-treated animals. Two of 42 (4.8%) large neurons from vehicle-treated animals

showed SA. No SA was observed in small neurons from either group. The incidence of SA

was significantly increased after paclitaxel treatment (Fig. 1 A).

The patterns of SA were classified as irregular, regular-continuous, and bursting as

previously described8;15;17. Of the 28 spontaneously discharging neurons (26 from

paclitaxel- and 2 from vehicle-treated groups), 15 cells displayed irregular discharges,

including 10 large and 5 medium-sized neurons from paclitaxel-treated animals. Consistent

with the previous reports on the study of peripheral nerve injury8 and compressed

ganglion15;17, irregular SA was the most common pattern observed (53.6%) in paclitaxel

CIPN. In this category, one cell displayed a mixture of doublet and single spikes (data not

shown) while all others showed irregular inter-spike intervals (Fig. 1B). Nine cells,

including 6 large and 1 medium-sized neurons from paclitaxel- and 2 large neurons from

vehicle-treated animals, showed regular and continuous discharges which was the second

most common discharge pattern in the study (32.1%) (Fig. 1C). Bursting discharge, the least

common discharge pattern (14.3%), was observed in 4 cells including 3 large and 1

medium-sized neurons from paclitaxel-treated animals (Fig. 1D).

Resting Membrane Potential—Both large and medium-sized neurons with SA were

depolarized compared to the quiescent cells (neurons that did not show SA) in the same size

group in paclitaxel-treated animals (−51.6 ± 1.7, n = 19 vs. −57.3 ± 0.9, n = 51, p = 0.009

for large cells; −46.3 ± 0.9, n = 7 vs. −57.4 ± 1.6, n = 14, p = 0.003 for medium-sized cells,

one-way ANOVA). For quiescent cells, AP was first induced by intracellular current
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injection to verify the ability of the recorded neuron to fire (Fig. 2A). There were no

statistically significant differences observed in resting membrane potential for large,

medium-sized or small neurons after paclitaxel treatment (Fig. 2B, Table 1).

Increased Excitability of DRG Neurons After Paclitaxel Chemotherapy—The

excitability of each quiescent cell was measured by current threshold (Fig. 2A). The current

threshold in each category, including large (P < 0.0001, one-way ANOVA) and medium-

sized (P < 0.001) neurons, was significantly lower in paclitaxel-treated animals than that in

vehicle-treated animals (Fig. 2C, Table 1). No difference was observed in small cells (P =

0.067). DRG neurons often showed increased number of APs evoked by either peripheral

nerve stimulation15 or a long depolarizing current injected intracellularly14;23 after injury or

inflammation. In the present study, the number of APs evoked by a 1-s current injection of

2X current threshold through intracellular electrode was compared. Only cells that showed

more than one AP to the stimulation were included in the analysis. Although there was no

statistically significant difference in the number of evoked AP for any of the groups after

paclitaxel treatment, medium-sized neurons tended to have more APs in response to the

depolarizing current in paclitaxel-treated group (Fig. 2D, Table 1). This lack of difference is

possibly due to the small number of samples collected. No significant difference was found

in input resistance for any of the groups after paclitaxel treatment (Fig. 2E).

Characteristics of DRG Neuron Action Potentials Evoked by Peripheral Nerve
Stimulation—An AP was evoked by delivering electric stimulation through peripheral

nerve in 55 (including 7 SA cells) of 111 cells (49.5%) from paclitaxel-treated animals and

in 35 (including 1 SA cell) of 69 cells (50.7%) from vehicle-treated animals (Fig. 3A). The

proportion of neurons showing nerve stimulation-evoked AP was similar in paclitaxel- and

vehicle-treated groups, which was consistent with the report that roughly half of the L4/L5

DRG neurons have axons in the sciatic nerve in rats41. CV (Fig. 3B) and some

characteristics of evoked AP including amplitude (Fig. 3C), duration (Fig. 3D), rise time

(Fig. 3E), fall time (Fig. 3F), afterhyperpolarization amplitude (Fig. 3G) and 50% duration

(Fig. 3H) were measured from these neurons and listed in Table 2. No significant difference

was observed in CV or any of the characteristics of evoked AP between paclitaxel- and

vehicle-treated groups for each size category, except that Aδ neurons showed shorter AP fall

time after paclitaxel treatment (Fig. 3F, p = 0.035, one-way ANOVA).

Changes in Gene Expression of Multiple Neuronal Ion Channels in DRG after Paclitaxel
Chemotherapy

Many molecular and cellular factors, including expression and function of neuronal ion

channels, may contribute to the excitability of DRG neurons in chronic pain condition7.

Changes in gene expression of neuronal ion channels in DRG (L4/L5) from animals with

verified mechanical hypersensitivity after paclitaxel chemotherapy was detected using

multiple-gene rtPCR array. The array detects 84 different neuronal ion channel genes

including 43 potassium, 12 calcium, 9 sodium, 12 transient receptor potential (TRP), 3

chloride and 3 neuronal amiloride-sensitive cation channels, 1 potassium-chloride

transporter and bestrophin 1 (see Appendix 1 for the complete list). Using one-sample t-test

with Bonferroni correction (p = 0.05/84 = 0.0006), none of the changes reached statistical

Zhang and Dougherty Page 6

Anesthesiology. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



significance. When Bonferroni correction was not performed, ten genes were found to have

significant changes after paclitaxel treatment, including 7 potassium, 1 calcium, 1 sodium, 1

transient receptor potential channels. Seven genes were upregulated including Kv1.2,

Kv11.3, Kir3.1, HCN1, TRPV3, Nav1.7 and brain ryanodine receptor-calcium release

channel, and three genes were downregulated including Kir1.1, Kir3.4, and K2P1.1 (Table 3).

We also highlighted the genes with fold change > 1.2 or < 0.8 compared to vehicle-treated

animals and the Ct value < 33 (which is more conservative than the default cutoff value 35

by manufacturer’s handbook) in both paclitaxel and vehicle groups since these genes were

considered to have marginal changes and may have potential biological impacts in paclitaxel

CIPN. By this criterion, another twenty one genes were modified by paclitaxel treatment

(Table 3).

Discussion

Paclitaxel Chemotherapy Increases the Excitability of DRG Neurons

Recordings from peripheral nerve fibers have found that paclitaxel treatment induces

increased SA of both myelinated (A-) and unmyelinated (C-) fibers42 and enhanced

responses of C-fibers to peripheral mechanical stimulation34 using similar paclitaxel CIPN

animal models. Since both studies used teased fiber recordings of peripheral nerve (sural and

saphenous nerves) with transected central end but intact skin innervation, the recorded

axonal activities originated from periphery. The data shown here provided evidence that

increased excitability of soma of DRG neurons is induced as well in paclitaxel CIPN and

hyperexcitability measured by the intrinsic membrane properties is observed in both

myelinated (Aβ and Aδ) and unmyelinated (C) cells.

Around one third of myelinated neurons displayed SA when recorded from the soma after

paclitaxel chemotherapy, which is higher than the incidence of SA recorded from peripheral

A-fibers42. Since patients with paclitaxel CIPN often complain about spontaneous numbness

and tingling which indicate myelinated fiber neuropathy2–4, the prominent hyperexcitability

of Aβ and Aδ neurons in DRG may well account for those major sensory dysfunctions in

patients with paclitaxel CIPN, as well as tactile allodynia which is consistently observed in

paclitaxel CIPN animal models. The increased incidence of SA (ectopic discharges or

ectopia) originated from the soma of DRG neurons, especially myelinated cells, has been

found across various models of peripheral nerve injury8–20. Because the degree of allodynia

correlates with the degree of ectopia8;25;43;44 and blocking the increased activities of DRG

neurons attenuate chronic pain behavior including spontaneous pain and allodynia22;25–30, it

has been thought that the hyperexcitability of DRG neurons, particularly myelinated cells,

plays a critical role in the initiation of spontaneous pain and tactile allodynia45. In addition

with the increased incidence of SA, we also found a robust decrease in the rheobase of DRG

non-SA neurons, which is similar to the observation after peripheral nerve

injury11;14;15;17;18;20;23;24;46.

The rheobase of DRG small neurons also decreased after paclitaxel treatment, but such a

decrease did not reach statistically significant. Although we did not observe SA from soma

of nociceptive neurons in our study, the possibility of such activity could not be excluded.

Due to the large heterogeneity of DRG neurons, it is possible that the important effects of
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paclitaxel may be restricted to particular subclasses of small neurons which were not

sampled in the present study. It seems that the incidence of SA originated from the soma of

C-cells is quite variable and may depend on different animal models. For example, no or

only minimal level of SA in C-cells was observed after spinal nerve axotomy8;47;48. A low

level of SA from C-cells was found after chronic compression of DRG13–16;18;19;24;49. A

robust increase in such activity was observed after modified spinal nerve ligation11;21 or

paw inflammation induced by intraplantar Complete Freund’s Adjuvant injection21.

Like previous studies34;42, we did not find any change in axonal conduction velocity of

either myelinated or unmyelinated neurons after paclitaxel chemotherapy. Although it has

been reported that paclitaxel induces a reduction of CV in peripheral nerve in experimental

animals, these changes seem to depend on the cumulative dosage of paclitaxel since such a

reduction only occurred in animals receiving 80 mg/kg but not 16 mg/kg paclitaxel50 or in

mice receiving more than 200 mg/kg51. The impact of chemotherapy may also be variable

on different types of peripheral nerves because no reduction of CV was found in digital

nerve even from mice receiving 200 mg/kg paclitaxel51. Finally, the changes in CV may be

more prominent closer to the peripheral terminals where die-back occurs since a large

increase in CV of muscle afferents after paclitaxel was observed in a recent study52.

Nevertheless, the lack of change in axonal CV reported here, along with previous studies,

may correlate with the observation that low dose of paclitaxel did not induce any axonal

degeneration at the mid-axon level53 but was still sufficient to induce distal terminal

degeneration33;54.

No changes were found in other intrinsic membrane properties including input resistance,

AP and AHP amplitude and duration, except that medium-sized neurons had shorter AP fall

time in paclitaxel group compared to the same-sized cells in vehicle group. Such a

difference could be due to sampling variance since the total duration and rise time of AP in

the same group were not changed.

Modulation of Multiple Neuronal Ion Channels May Contribute to Increased Excitability of
DRG Neurons after Paclitaxel Chemotherapy

The excitability of DRG neurons is fundamentally determined by the functional activities of

neuronal ion channels which could be modulated by many intracellular and extracellular

factors in various conditions of chronic pain7. In a recent study, multiple-gene rtPCR array

has been used to largely confirm the gene changes in both DRG and spinal cord following

peripheral nerve injury and inflammation detected by microarray method55. This array has

also been successfully used to detect robust changes in gene expression of neurotrophin and

proinflammatory cytokine in various tissues including DRG after paw plantar incision56.

With multiple-gene rtPCR array, we have found prominent changes in gene expression of

some neuronal ion channels in DRG after paclitaxel chemotherapy. Although the changes in

expression of these genes did not reach statistical significance after Bonferroni correction,

each did show statistical significance when Bonferroni correction was not performed.

Considering the increased probability of false negatives after Bonferroni correction and the

high chance of reaching statistical significance when individual rtPCR was performed, we

presented these data here.
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Although it is impossible to tell which particular channel plays a major role, the robust

downregulation of voltage-gated potassium channels such as inwardly rectifying potassium

channels (Kir 1.1 and Kir 3.4), and upregulation of hyperpolarization-activated cyclic

nucleotide-gated channel 1(HCN1) and voltage-gated sodium channel Nav1.7 suggest the

possible involvement of these channels in paclitaxel CIPN. The hyperpolarization-activated

current (Ih) medicated by HCN1 is expressed on DRG myelinated neurons57;58. The increase

of HCN1 may facilitate the increased SA in these neurons observed in the current study.

Another striking observation is the increased expression of Nav1.7 in DRG after paclitaxel.

Nav1.7 is expressed in both large and small diameter DRG neurons and in most functionally

identified nociceptors59;60. Studies have shown that gain-of-function mutations of Nav1.7

are strongly linked to some inherited pain disorders such as inherited erythromelalgia61–63.

Recent studies have established a link between the gain-of-function mutation of Nav1.7 and

painful peripheral neuropathy64;65. Interestingly, loss-of-function of Nav1.7 has been found

being related to insensitivity to pain66–68. In addition, animal studies have found that the

Nav1.7 expression level in DRG neurons is increased in response to various stimulation and

knockdown of Nav1.7 attenuates some pathological pain (for review, see69). The specific

role of these neuronal ion channels revealed by the current rtPCR study in paclitaxel CIPN

remains to be fully established. The ongoing work in the lab is focused on addressing these

issues.

There are certainly many limitations to interpret the changes of ion channel gene expression

with rtPCR array. For example, the function of these channels depends on multiple factors,

such as the rates of protein translation and degradation, post-translational modification and

the number of channels expressed on the plasma membrane. Tying the gene expression of

these channels to their ultimate function and their specific role in paclitaxel CIPN will need

further investigation. Some discrepancies between our study and previous studies have also

been noticed. A recent study has shown that TRPV1 mRNA in DRG was increased after

paclitaxel and blocking TRVP1 prevented or attenuated mechanical and thermal

hypersensitivity of paclitaxel CIPN70. A marginal increase in DRG TRPV1 expression was

also found in our study, but the difference did not reach statistically significant (see

Appendix 1). Another example is that Nav1.2 has been found to be expressed predominantly

in brain71 and only at a very low level in DRG72;73. Our data showed that the level of

Nav1.2 expression in DRG was comparative with that of Nav1.1, Nav1.9 and Nav1.6 as

judged by Ct values (see Appendix 1). These discrepancies could be contributed by several

factors such as the variance in the efficiency of RNA extraction or cDNA synthesis between

different labs, and the different design of probes.

In conclusion, we show that paclitaxel chemotherapy induces increased excitability of

primary sensory neurons in DRG, which is demonstrated by the increased incidence of SA

originated from the soma of myelinated cells and decreased rheobase in both myelinated and

unmyelinated cells. These alterations in the intrinsic membrane properties of DRG neurons,

along with increased activities of peripheral nerve fibers reported by other studies, suggest

the pathology of peripheral nervous system may play critical roles in the development of

paclitaxel CIPN. The prominent changes in gene expression of some neuronal ion channels

in DRG such as upregulation of HCN1 and Nav1.7 channels, and downregulation of Kir

channels suggest the possible roles of these channels in paclitaxel CIPN. Our data suggest
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the underlying channelopathy mechanism of paclitaxel CIPN and provide potential

therapeutic targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix 1

Gene Expression of Neuronal Ion Channels in DRG after Paclitaxel Chemotherapy

Symbol Ion Channel Name
Ct Fold Change

(paclitaxel/vehicle)

V P 1 P 2 P 3 P 1 P 2 P 3 Mean

Accn1 amiloride-sensitive cation
channel 1, neuronal

24.57 25.08 24.44 24.80 0.803 0.991 0.787 0.860

Accn2 amiloride-sensitive cation
channel 2, neuronal

22.73 23.03 21.99 22.35 0.925 1.502 1.202 1.210

Accn3 amiloride-sensitive cation
channel 3

21.34 21.74 21.05 21.25 0.865 1.105 0.984 0.985

Best1 bestrophin 1 29.14 28.98 28.86 28.9 1.277 1.101 1.088 1.155

Cacna1a Cav2.1 28.39 28.93 27.6 28.2 0.787 1.559 1.052 1.132

Cacna1b Cav2.2 26.46 26.86 25.88 26.24 0.865 1.348 1.072 1.095

Cacna1c Cav1.2 26.75 27.54 25.95 26.68 0.661 1.569 0.966 1.065

Cacna1d Cav1.3 28.61 29.39 27.56 28.26 0.662 1.863 1.172 1.232

Cacna1g Cav3.1 31.01 31.98 31.05 30.16 0.582 0.878 1.654 1.038

Cacna1i Cav3.3 28.95 29.37 28.05 28.45 0.855 1.677 1.302 1.278

Cacnb1 Cavβ1 27.67 28.41 27.31 27.77 0.688 1.163 0.865 0.905

Cacnb2 Cavβ2 27.08 27.02 26.65 26.88 1.195 1.217 1.064 1.159

Cacnb3 Cavβ3 22.17 23.52 21.79 22.15 0.449 1.181 0.935 0.855

Cacng2 Cavγ2 23.73 23.98 23.64 23.71 0.959 0.960 0.932 0.950

Cacng4 Cavγ 4 24.89 25.4 24.66 24.6 0.804 1.061 1.127 0.997

Clcn2 Clc2 25.9 27.21 25.64 25.71 0.458 1.079 1.051 0.863

Clcn3 Clc3 22.85 23.15 22.6 22.64 0.929 1.072 1.069 1.023

Clcn7 Clc7 25.53 26.29 24.89 25.24 0.677 1.407 1.131 1.072

Hcn1 HCN1 22.36 22.37 22.46 22.56 1.633 1.842 1.799 1.758

Hcn2 HCN2 23.25 23.78 22.94 23.18 0.795 1.120 0.970 0.962

Kcna1 Kv1.1 22.74 23.1 22.32 22.46 0.894 1.210 1.125 1.076

Kcna2 Kv1.2 20.96 20.4 20.18 20.29 1.689 1.548 1.462 1.566

Kcna5 Kv1.5 26.25 27.5 26.29 26.65 0.482 0.883 0.702 0.689

Kcna6 Kv1.6 22.86 23.3 22.37 22.63 0.840 1.263 1.079 1.061
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Symbol Ion Channel Name
Ct Fold Change

(paclitaxel/vehicle)

V P 1 P 2 P 3 P 1 P 2 P 3 Mean

Kcnab1 Kvβ1 22.2 22.34 21.85 21.85 1.043 1.156 1.177 1.125

Kcnab2 Kvβ2 21.71 22 20.99 21.35 0.939 1.494 1.186 1.206

Kcnab3 Kvβ3 29.99 30.69 29.57 29.64 0.707 1.214 1.182 1.034

Kcnb1 Kv2.1 23.95 24.73 23.49 23.67 0.664 1.238 1.121 1.008

Kcnb2 Kv2.2 22.52 22.84 21.93 22.24 0.920 1.361 1.121 1.134

Kcnc1 Kv3.1 24.87 25.27 24.48 24.61 0.870 1.185 1.109 1.055

Kcnc2 Kv3.2 27.02 26.97 26.49 26.75 1.182 1.298 1.111 1.197

Kcnd2 Kv4.2 28.54 28.35 28.12 27.86 1.303 1.205 1.474 1.327

Kcnd3 Kv4.3 23.14 23.8 23.04 23.21 0.726 0.969 0.880 0.858

Kcnh1 Kv10.1 24.63 24.8 23.91 24.14 1.013 1.480 1.288 1.260

Kcnh2 Kv11.1 27.69 29.22 26.68 27.18 0.397 1.829 1.320 1.182

Kcnh3 Kv12.2 35 35 35 35 N/A N/A N/A N/A

Kcnh6 Kv11.2 27.88 28.28 27.53 27.49 0.864 1.149 1.204 1.072

Kcnh7 Kv11.3 23.07 22.71 22.26 22.56 1.461 1.582 1.314 1.452

Kcnj1 Kir1.1 28.88 29.67 29.24 29.04 0.662 0.704 0.823 0.730

Kcnj11 Kir6.2 29.01 30 28.55 29.04 0.576 1.238 0.902 0.905

Kcnj12 Kir2.2 26.53 27.14 26.39 26.48 0.751 0.992 0.958 0.900

Kcnj13 Kir1.4 25.58 25.34 25.26 24.57 1.357 1.127 1.865 1.449

Kcnj14 Kir2.4 28.86 31.4 28.28 28.82 0.196 1.346 0.947 0.830

Kcnj15 Kir4.2 28.45 28.18 27.72 27.29 1.379 1.497 2.062 1.646

Kcnj16 Kir5.1 28.81 29.67 28.77 27.56 0.629 0.928 2.200 1.252

Kcnj2 Kir2.1 28.34 28.54 27.99 27.96 0.996 1.148 1.203 1.116

Kcnj3 Kir3.1 23.87 23.71 23.24 23.29 1.281 1.404 1.384 1.356

Kcnj4 Kir2.3 32 33.48 31.91 31.48 0.410 0.959 1.325 0.898

Kcnj5 Kir3.4 27.36 28.42 27.61 27.85 0.548 0.760 0.657 0.655

Kcnj6 Kir3.2 26.34 26.37 26.07 26.37 1.117 1.084 0.904 1.035

Kcnj9 Kir3.3 27.87 27.74 27.49 27.6 1.251 1.177 1.113 1.180

Kcnk1 K2P1.1 22.77 23.56 22.95 22.98 0.660 0.798 0.797 0.752

Kcnma1 KCa1.1 25.44 26.52 24.71 25.37 0.541 1.496 0.966 1.001

Kcnmb4 KCaβ4 24.42 24.8 24.44 24.49 0.878 0.889 0.875 0.881

Kcnn1 KCa2.1 27.78 28.84 27.25 27.75 0.545 1.297 0.939 0.927

Kcnn2 KCa2.2 24.66 24.39 24.2 24.44 1.382 1.242 1.076 1.233

Kcnn3 KCa2.3 24.98 25.46 24.55 24.72 0.818 1.211 1.106 1.045

Kcnq1 Kv7.1 30.18 29.16 28.72 29.75 2.316 2.472 1.243 2.010

Kcnq2 Kv7.2 22.83 22.89 22.41 22.71 1.095 1.213 1.002 1.103

Kcnq3 Kv7.3 27.95 28.09 27.24 27.54 1.038 1.479 1.227 1.248

Kcns1 Kv9.1 25.1 25.85 24.51 24.96 0.682 1.357 1.016 1.018
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Symbol Ion Channel Name
Ct Fold Change

(paclitaxel/vehicle)

V P 1 P 2 P 3 P 1 P 2 P 3 Mean

Ryr3 brain ryanodine receptor-
calcium release channel

25.96 25.56 25.06 25.37 1.505 1.692 1.386 1.528

Scn10a Nav1.8 20.81 21.44 20.48 20.71 0.740 1.130 0.991 0.954

Scn11a Nav1.9 22.56 23.85 21.97 22.29 0.469 1.362 1.112 0.981

Scn1a Nav1.1 23.25 23.72 22.24 22.73 0.826 1.824 1.328 1.326

Scn1b Navβ1 22.97 23.71 21.96 22.37 0.683 1.817 1.399 1.299

Scn2a1 Nav1.2 22.39 22.6 21.87 22.21 0.990 1.295 1.047 1.110

Scn2b Navβ2 25.76 26.44 25.09 25.42 0.709 1.435 1.164 1.103

Scn3a Nav1.3 27.98 28.32 27.47 28.03 0.906 1.292 0.893 1.030

Scn8a Nav1.6 23.39 23.96 22.65 22.85 0.770 1.506 1.338 1.205

Scn9a Nav1.7 21.29 21.18 20.77 20.85 1.233 1.291 1.249 1.258

Slc12a5 KCC2 32.48 33.12 31.69 31.7 0.733 1.552 1.575 1.287

Trpa1 TRPA1 22.88 23.3 22.55 22.86 0.853 1.132 0.932 0.972

Trpc1 TRPC1 24.49 24.99 24.07 24.4 0.813 1.210 0.984 1.002

Trpc3 TRPC3 24.06 24.23 24.11 24.23 1.016 0.876 0.824 0.906

Trpc6 TRPC6 26.64 26.96 27.12 26.55 0.914 0.646 0.983 0.848

Trpm1 TRPM1 33.97 35 34.23 34.03 0.559 0.755 0.883 0.733

Trpm2 TRPM2 27.12 27.51 26.31 26.84 0.871 1.589 1.122 1.194

Trpm6 TRPM6 27.05 26.65 26.34 26.72 1.507 1.478 1.161 1.382

Trpm8 TRPM8 23.46 23.67 22.78 23.09 0.989 1.448 1.194 1.210

Trpv1 TRPV1 22.52 22.62 21.95 22.1 1.068 1.341 1.237 1.215

Trpv2 TRPV2 23.72 24.71 23.47 23.65 0.573 1.075 0.968 0.872

Trpv3 TRPV3 27.99 27.39 26.71 26.82 1.727 2.196 2.068 1.997

Trpv4 TRPV4 29.79 30.34 29.75 29.8 0.784 0.928 0.916 0.876

DRG: dorsal root ganglion; Ct: threshold cycle; V: vehicle group; P1: paclitaxel group 1; P2: paclitaxel group 2; P3:
paclitaxel group 3.
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Box Summary

What we already know about this topic

• Chemotherapy-induced peripheral neuropathy is a major clinical problem

caused by agents such as paclitaxel.

What this article tells us that is new

• In rats the spontaneous activity of medium and large neurons was increased after

paclitaxel treatment.

• Gene array studies demonstrated that the expression of several ion channels was

altered by paclitaxel treatment potentially providing an explanation for the

electrophysiological changes.
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Fig. 1.
Increased incidence of spontaneous activity (SA) in dorsal root ganglion (DRG) neurons

from animals with paclitaxel neuropathy. (A) Paclitaxel chemotherapy induced a significant

increase of SA from DRG myelinated neurons including large (P = 0.003) and medium-

sized (P = 0.027) neurons. * P < 0.05, ** P < 0.01, Chi-square test. (B) An example of

irregular SA recorded from a medium-sized neuron, noticing the subthreshold membrane

potential oscillations between each discharge. (C) Continuous discharges were recorded

from a spontaneously active large neuron. (D) Spontaneous bursting discharges were

recorded from a large neuron after paclitaxel chemotherapy. Subthreshold oscillations

(arrows) were obvious between each episode of bursting discharges (arrow).
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Fig. 2.
Dorsal root ganglion (DRG) neurons showed increased excitability after paclitaxel

chemotherapy. (A) Sample recordings of large neurons from paclitaxel- and vehicle-treated

animals. The input resistance of each cell was measured based on the steady-state voltage

changes at the end of the application of a series of hyperpolarizing/depolarizing currents as

indicated by arrowhead. Comparison of electrophysiological properties of DRG neurons

with different size, including resting membrane potential (RMP) (B), current threshold (C),

number of action potentials (AP) induced by a 1-sec 2 X current threshold intracellular
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depolarizing current (D) and input resistance (E). * P < 0.001, ** P < 0.0001, One-way

ANOVA.
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Fig. 3.
Dorsal root ganglion (DRG) neurons showed similar conduction velocity (CV) and action

potential (AP) properties after paclitaxel chemotherapy. (A) AP was recorded intracellularly

from soma of a C-neuron evoked by peripheral nerve stimulation. AP properties were

measured as illustrated: (1) AP amplitude, (2) AP rise time, (3) AP fall time, (4) AP duration

at base, (5) afterhyperpolarization (AHP) amplitude, (6) AHP 50% duration. Comparisons of

CV (B), AP amplitude (C), AP duration (D), AP rise time (E), AP fall time (F), AHP
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amplitude (G) and AHP 50% duration (H) were made after paclitaxel chemotherapy. * P <

0.05, One-way ANOVA.
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