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Abstract

The purpose of the present study was to test the prediction that the unique manifestation of 

chemotherapeutic-induced peripheral neuropathy (CIPN) would be reflected in a specific pattern 

of changes in the regulation of the intracellular Ca2+ concentration ([Ca2+]i) in subpopulations of 

cutaneous neurons. To test this prediction, we characterized the pattern of changes in mechanical 

nociceptive threshold associated with paclitaxel administration (2 mg/kg, iv, every other day for 

four days), as well as the impact of target of innervation and paclitaxel treatment on the regulation 

of [Ca2+]i in subpopulations of putative nociceptive and non-nociceptive neurons. Neurons 

innervating the glabrous and hairy skin of the hindpaw as well as the thigh were identified with 

retrograde tracers, and fura-2 was used to assess changes in [Ca2+]i. Paclitaxel was associated with 

a persistent decrease in mechanical nociceptive threshold in response to stimuli applied to the 

glabrous skin of the hindpaw, but not the hairy skin of the hindpaw or the thigh. However, in both 

putative nociceptive and non-nociceptive neurons, resting [Ca2+]i was significantly lower in 

neurons innervating the thigh after treatment. The magnitude of the depolarization-evoked Ca2+ 

transient was also lower in putative non-nociceptive thigh neurons. More interestingly, while 

paclitaxel had no detectable influence on either resting or depolarization-evoked Ca2+ transients in 

putative non-nociceptive neurons, in putative nociceptive neurons there was a subpopulation- 

specific decrease in the duration of the evoked Ca2+ transient that was largely restricted to neurons 

innervating the glabrous skin. These results suggest that peripheral nerve length alone, does not 

account for the selective distribution of CIPN symptoms. Rather, they suggest the symptoms of 

CIPN reflect an interaction between the toxic actions of the therapeutic and unique properties of 

the neurons deleteriously impacted.
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The impact of peripheral nerve injury on the regulation of the intracellular Ca2+ 

concentration ([Ca2+]i) in sensory neurons has received considerable attention because of 

the importance of neural [Ca2+]i to transmitter release (Parnas and Parnas, 2010), gene 

expression (Fields et al., 2005), excitability (Hogan, 2007), and neurotoxicity (Berridge et 

al., 2000). These are all neural processes that are not only changed by nerve injury (Lekan et 

al., 1997, Costigan et al., 2002, Yaksh, 2006, Wilson et al., 2012, Ratte et al., 2014) but 

appear to contribute to the signs and symptoms of peripheral neuropathy (Siau and Bennett, 

2006). For example, in models of traumatic nerve injury, which is often associated with 

paresthesias, dysesthesias, and ongoing pain, there are changes in the regulation of [Ca2+]i in 

both putative nociceptive and non-nociceptive neurons in a pattern that appears to depend on 

whether or not the neurons were injured or were adjacent to those that were injured. That is, 

the duration of evoked Ca2+ transients were shorter in injured, but longer in adjacent 

putative nociceptive neurons (Fuchs et al., 2007). Similarly there was a decrease in resting 

[Ca2+]i in injured putative non-nociceptive neurons with no change in resting [Ca2+]i in 

adjacent putative nociceptive neurons (Fuchs et al., 2005). In contrast, in a model of diabetic 

neuropathy, while there is an increase in the duration of the evoked Ca2+ transient in 

putative nociceptive neurons, there is also an increase in resting [Ca2+]i (Kostyuk et al., 

2001). In both models of peripheral neuropathy, there is evidence to suggest that the 

mechanisms contributing to the changes in the regulation of [Ca2+]i contribute to changes in 

excitability (Tang et al., 2012). While there may be marked differences between peripheral 

nerve injury models with respect to the pattern of changes in the regulation of [Ca2+]i, there 

are only relatively subtle differences in the pain behavior associated with each model, 

highlighting the fact that the nervous system is able to achieve the same phenotype via 

multiple mechanisms.

One potential explanation for the differences between models with respect to the pattern of 

changes in the regulation of [Ca2+]i, is that each model impacts a different subpopulation of 

sensory neurons and as a result different subpopulations of neurons contribute to the 

observed pain behavior. For example, spontaneous activity in muscle afferents appears to 

play a particularly important role in pain behavior associated with traumatic nerve injury 

(Michaelis et al., 2000), while neurons innervating more superficial targets appear to play a 

more prominent role on diabetic neuropathy (Johnson et al., 2008). Furthermore, there are 

differences between subpopulations of sensory neurons with respect to the regulation of 

[Ca2+]i (Lu et al., 2006). Consequently, the specific pattern of changes in the regulation of 

[Ca2+]i may be a reflection of an interaction between the unique properties of specific 

subpopulations of sensory neurons and the relative impact of the nerve injury.

We reasoned that a chemotherapy model of peripheral neuropathy might enable us to begin 

to test this suggestion. Chemotherapeutic-induced peripheral neuropathy (CIPN) is 

associated with a unique distribution, in what is referred to as a “stocking-glove” pattern, 

with signs and symptoms of neuropathy largely restricted to the hands and feet. More 
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interestingly, CIPN also presents with what appears to be a differential impact on 

subpopulations of sensory neurons. Numbness and tingling appear to be associated with a 

loss of intra-epidermal nerve fiber density thought to reflect a selective dye-back of low 

threshold fibers, while the pain and hypersensitivity is thought to reflect the sensitization of 

nociceptive afferents (Tanner et al., 1998, Dougherty et al., 2004). Thus, we predicted, that 

this unique manifestation of CIPN would be reflected in a specific pattern of changes in the 

regulation of [Ca2+]i in subpopulations of cutaneous neurons. To test this prediction, we 

employed a combination of behavioral analysis and fura-2 based microfluorimetry to study 

the impact of paclitaxel-induced CIPN on different subpopulations of sensory neurons. An 

electronic von Frey device was used to assess the pattern of changes in mechanical 

sensitivity in the hindlimb. Retrograde tracers were used to identify subpopulations of 

cutaneous neurons innervating the glabrous and hairy skin of the hindpaw and skin of the 

thigh. Acutely dissociated DRG neurons were used to assess the impact of paclitaxel-

induced CIPN on the regulation of [Ca2+]i in subpopulations of neurons defined by target of 

innervation. Our results support the suggestion that the unique manifestation of CIPN is 

reflected in a specific pattern of changes in the regulation of [Ca2+]i in subpopulations of 

cutaneous neurons and argue against a prevailing hypothesis that nerve length can account 

for the manifestation of CIPN.

EXPERIMENTAL PROCEDURES

Animals

Adult (250–320g) male Sprague-Dawley rats (Harlan, Indianapolis, IN)) were used for all 

experiments. Rats were housed two per cage in a temperature and humidity controlled, 

Association for Assessment and Accreditation of Laboratory Animal Care International 

(AAALAC) accredited animal housing facility on a 12h:12h light:dark schedule with food 

and water available ad libitum. All procedures were approved by the University of 

Pittsburgh Institutional Animal Care and Use Committee and performed in accordance with 

National Institutes of Health guidelines for the use of laboratory animals in research.

Tissue labeling

1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbo-cyanine perchlorate (DiI) was injected 

intradermally at three different locations, one per animal, so as to label subpopulations of 

cutaneous afferents identified based on the target of innervation. These sites included the 

glabrous skin of the hind paw, the hairy skin on the dorsal side of the hind paw, and the 

hairy skin of the upper inner thigh. The hair covering the thigh was removed with an 

electrical shaver before retrograde labeling with DiI. DiI was injected with a 30 g needle 

under isoflurane (Abbott Laboratories, North Chicago, IL) anesthesia at 3–5 sites per target 

for a total volume of 10 µL in the dorsal and ventral hindpaw and 20 µL in the thigh.

Paclitaxel treatment

One week following the DiI injection, rats were anesthetized with isofluorane and injected 

into the tail vein with 2 mg/kg paclitaxel or its vehicle (1:1:23, cremophor EL:ethanol:0.9% 

saline). The tail vein injection was repeated three more times every other day for a total of 

four injections.
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Behavioral Assessment of Mechanical Hypersensitivity

All behavioral data were collected in the Rodent Behavior Analysis Core of the University 

of Pittsburgh Schools of Health Sciences. Rats were habituated to the testing procedure, 

equipment, and the experimenter for two to three days before the collection of baseline data. 

An electronic von Frey (IITC Plantar Test Analgesia Meter 2390; IITC Life Sciences Inc., 

Woodland Hills, CA) fitted with a rigid tip (1.0-mm tip diameter) was used to assess 

changes in mechanical threshold. For assessment of changes in mechanical threshold in the 

glabrous skin, rats were placed in acrylic clear boxes on an aluminum mesh, which were 

separated by opaque dividers and, the tip was applied to the center of the middle of the hind 

paw from below with steady vertical pressure until the paw was lifted off the mesh floor. For 

assessment of mechanical threshold on the dorsal side of the hindpaw, rats were gently 

restrained in cotton socks cut so that their hind legs and tail protruded from the back. This 

enabled application of the mechanical probe in a manner comparable to that used for the 

glabrous skin of the hindpaw, perpendicular to the plane of the skin. Mechanical threshold 

was assessed in a similar manner at mid-thigh following removal of the hair covering the 

thigh with an electrical shaver, and placement of a spot on the target for mechanical probing 

with a permanent marker, both of which were repeated every 2–3 days until the completion 

of the experiments. Mechanical sensitivity was assessed at each site three times each day 

with an inter-stimulus interval of 5 minutes, and the average of the three measures for each 

paw or thigh was considered the withdrawal threshold. While the investigator collecting 

behavioral data was blinded to treatment group, the weight loss in the paclitaxel treated 

animals made blinding difficult through the entire testing period.

Sensory Neuron Isolation

Rats were deeply anesthetized with an intraperitoneal injection (1 ml/kg) of an anesthethic 

cocktail containing ketamine (55 mg/kg), xylazine (5.5 mg/kg) and acepromazine (1.1 mg/

kg). L4 and L5 DRGs were removed bilaterally, enzymatically treated, and mechanically 

dissociated. DRG neurons were plated on laminin (Invitrogen, 1mg/ml) and poly-L-

ornithine (Sigma-Aldrich, 1 mg/ml) coated glass cover slips as previously described (Lu et 

al., 2006). All subsequent experiments were performed within 8 h of tissue harvest. Only 

neurons containing the retrograde label DiI were included for further analysis.

Ca2+ Imaging

Prior to fluoremetric analysis, neurons were incubated with 2.5 µM Ca2+ indicator fura-2 

AM ester with 0.025 % Pluronic F-127 for 20 min at room temperature. Neurons were then 

incubated with FITC-conjugated IB4 (10 µg/ml) for 10 min at room temperature, placed in a 

recording chamber and continuously superfused with a HEPES-buffered bath solution 

consistent of (in mM): 130 NaCl, 3 KCl, 2.5 CaCl2, 0.6 MgCl2, 10 4-(2-

Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl)piperazine-N′-(2-

ethanesulfonic acid) (HEPES), 10 glucose, pH 7.4, osmolality 325 mOsm. Fluorescence data 

were acquired on a PC running Metafluor software (Molecular Devices, Sunnyvale, CA) via 

an EMCCD camera (Photometrics, Tucson, AZ; model QuantEM 512SC). The ratio (R) of 

fluorescence emission (510 nm) in response to 340/380nm excitation (controlled by a DG-4 

(Sutter Instrument, Novato, CA)) was acquired at 1 Hz during application of KCl or 
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capsaicin, which were applied through a computer-controlled, piezo-driven perfusion system 

(switching time <20 ms; Warner Instruments, Hamden, CT, USA, Fast-Step Model 

SF-77B). [Ca2+]i was determined from fura-2 ratio according to the equation [Ca2+ ]i (nM) = 

Kd (Sf2/Sb2) ((R-Rmin)/(Rmax-R)) following in situ calibration as described previously 

(Scheff et al., 2013), where Kd is the dissociation constant for fura-2 for Ca2+ at room 

temperature; Sf2/Sb2 is the fluorescence ratio of the emission intensity excited by 380 nm 

signal in the absence of Ca2+; Rmin and Rmax are the minimal and maximal fluorescence 

ratios respectively.

Chemicals

Paclitaxel (Sigma-Aldrich, St Louis, MO, USA), was dissolved at 25 mg/mL in 1:1 

Cremophor EL: ethanol and freshly diluted 1:12.5 in 0.9% sterile saline prior to injections. 

The retrograde tracer, DiI (Invitrogen, Carlsbad, CA, USA), was dissolved at 170 mg/mL in 

dimethylsufoxide (DMSO, Sigma-Aldrich) and diluted 1:10 in 0.9% sterile saline. FITC-

conjugated Isolectin B4 (IB4, Sigma-Aldrich) was dissolved in dH20 as a stock solution of 1 

mg/ml, and then diluted to a final concentration of 5 µg/ml in HEPES bath solution the day 

of use. Fura-2 acetoxymethyl (AM) ester (TEF Laboratories, Austin, TX, USA) was 

dissolved in DMSO as a 2.5 mM stock solution and diluted to a final concentration of 2.5 

µM in HEPES bath solution. Pluronic F-127 (TEF Laboratories) was dissolved in DMSO as 

a 25% stock solution and diluted to 0.025% in HEPES bath solution. Capsaicin (Sigma-

Aldrich) was dissolved in ethanol as a 10 mM stock solution and diluted to 500 nM in 

HEPES bath solution.

Data Analysis

Neurons from a single field were studied on each coverslip. Resting Ca2+ was determined 

prior to stimulation and was taken as the average of measurements taken over the 30 second 

prior to evoking a Ca2+ transient with high K+ (30 mM, 4 seconds). The magnitude of the 

evoked Ca2+ transient was determined as the difference between resting and the peak of the 

evoked Ca2+ transient. The duration of the evoked Ca2+ transient was determined as the time 

for the transient to decay to 50% of the peak (T50). For experiments involving the 

application of test compounds, a vehicle control group was always included. Neurons with a 

small cell body diameter (< 30 µm), responsive the capsaicin (500 nM), and labeled with the 

lectin IB4, were referred to as putative nociceptors. Cell body diameter was determined with 

a calibrated eye-piece reticle. Capsaicin sensitivity was assessed at the end of every 

experiment and neurons were considered capsaicin sensitive if application of capsaicin 

resulted in an increase in [Ca2+]i greater than 20% above baseline. IB4 binding was 

determined under epifluorescence illumination prior to the start of each experiment. Neurons 

in which the plasma membrane was clearly defined by epifluorescence were considered 

IB4+. Data are expressed as mean ± s.e.m. One and two-way ANOVA were used for 

analysis of more than two groups with the Holm-Sidak test used for posthoc analysis. 

Statistical significance was assessed at p < 0.05.
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RESULTS

Paclitaxel-induced mechanical hypersensitivity

The rat model of CIPN used in the present study has been well described (Polomano et al., 

2001, Flatters and Bennett, 2006, Xiao et al., 2008, Boyette-Davis et al., 2011). However, 

despite the fact that clinical manifestation of CIPN is largely restricted to the feet and hands 

(Dougherty et al., 2004, Boyette-Davis et al., 2013), and in particular, the glabrous skin of 

the feet and hands (Dougherty et al., 2004, Pachman et al., 2011), assessment of mechanical 

and thermal sensitivity has largely be restricted to the hindpaw (Flatters and Bennett, 2006, 

Xiao et al., 2008, Boyette-Davis et al., 2011). We therefore sought to determine the extent to 

which the pattern of hypersensitivity in the rat model parallels that observed clinically. 

Consistent with previous results (Polomano et al., 2001, Flatters and Bennett, 2006), 

mechanical hypersensitivity was readily detectable on the glabrous skin of the hindpaw with 

a significant decrease in threshold observed by the second paclitaxel injection (Figure 1A). 

In contrast, however, no detectable change in threshold was observed on the hairy skin of 

the hindpaw (Figure 1B) or the inner thigh (Figure 1C).

The impact of target of innervation on resting and evoked intracellular calcium 
concentration [Ca2+]i in putative nociceptive cutaneous neurons

Given evidence that dysregulation of [Ca2+]i in subpopulations of nociceptive neurons may 

contribute to the manifestation of mechanical hypersensitivity (Kawano et al., 2009), we 

first sought to determine whether differences among subpopulations of nociceptive neurons 

defined by target of innervation may contribute to the selective manifestation of paclitaxel-

induced hypersensitivity. Putative nociceptive neurons were identified based on cell body 

size (Lawson, 2002), IB4 binding (Fang et al., 2006) binding, and sensitivity to the 

algogenic compound, capsaicin (Holzer, 1991). Resting and evoked Ca2+ transients 

(magnitude and decay) were assessed as illustrated in Figure 2A. In putative nociceptive 

cutaneous neurons from naïve rats, there was a significant (p < 0.01, One-way ANOVA) 

difference between subpopulations defined by target of innervation in the resting [Ca2+]i, 

due to the level of Ca2+ in neurons innervating the thigh, which was significantly lower than 

that in neurons innervating the hairy (p < 0.01) or glabrous (p < 0.01) skin of the hindpaw 

(Figure 2B). However, magnitude (Figure 2C) and duration (Figure 2D) of the high K+ 

evoked transient were comparable between subpopulations (p > 0.05).

While there was no detectable influence of the paclitaxel vehicle on nociceptive threshold, 

even relatively simple solvents, such as DMSO can influence a variety of cellular processes. 

More importantly, there is evidence suggesting that the paclitaxel vehicle may be 

responsible for some of the side effects of the chemotherapy treatment (Gelderblom et al., 

2001, Ahn et al., 2014). We therefore assessed the impact of vehicle on resting [Ca2+]i and 

evoked transients in subpopulations of putative nociceptive neurons defined by target of 

innervation. Neurons from vehicle treated animals were harvested 24 days after the first IV 

administration. Data were analyzed with a two-way ANOVA. While there was a main effect 

associated with target of innervation (p < 0.01, Figure 2B) on resting [Ca2+]i, there was no 

detectable influence of vehicle on the resting [Ca2+]i or the magnitude (Figure 2C) and 

duration (Figure 2D) of the evoked Ca2+ transient among subpopulations of cutaneous 
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neurons. Data from naïve and vehicle treated animals was therefore pooled for subsequent 

analyses and are referred to as control neurons.

Paclitaxel attenuates the duration of the evoked Ca2+ transient in putative nociceptors

We next sought to determine whether changes in resting [Ca2+]i or evoked Ca2+ transients in 

putative nociceptive cutaneous neurons could account for the pattern of changes in 

mechanical sensitivity. Data were again analyzed with a two-way ANOVA, in which the 

impact of target of innervation and paclitaxel treatment were compared. While the main 

effect (p < 0.01) associated with target of innervation persisted on resting Ca2+, there was no 

significant influence of paclitaxel treatment, or a significant interaction between paclitaxel 

treatment and target of innervation on this parameter (Figure 3A and B). There was no 

detectable influence of either paclitaxel or target of innervation, or an interaction between 

the two, on the magnitude of the evoked Ca2+ transient (Figure 3A and C). However, there 

was a significant interaction between target of innervation and paclitaxel treatment on the 

duration of the evoked Ca2+ transient (Figure 3A and D). Post-hoc analysis indicated that 

the duration was significantly shorter in neurons innervating the glabrous (p < 0.01) and 

hairy skin of the hindpaw (p < 0.05) obtained from paclitaxel compared to control rats 

(Figure 3D). To determine whether there were differences between groups of putative 

nociceptive cutaneous neurons defined by target of innervation with respect to the 

paclitaxel-induced decrease in the duration of the evoked Ca2+ transient, T50 data from 

paclitaxel treated rats were analyzed as a percent of that in control neurons. Pooled data 

(Figure 3E) were analyzed with a one-way ANOVA that indicated there was a significant 

difference between groups (p < 0.01). Post-hoc analysis showed that while there was no 

difference between hairy hindpaw and thigh skin neurons with respect to the paclitaxel-

induced decrease in T50, the decrease in the duration of the evoked transient in putative 

nociceptive glabrous skin neurons was significantly greater than that in hairy hindpaw or 

thigh skin neurons (Figure 3E).

Paclitaxel does not affect the resting or evoked Ca2+ transient properties in putative non-
nociceptive sensory neurons

While we were focused on mechanisms that may contribute to the paclitaxel-induced 

decrease in mechanical threshold, the first sign of CIPN is numbness and tingling, thought to 

reflect changes in non-nociceptive afferents (Dougherty et al., 2004). We therefore assessed 

the impact of paclitaxel on resting [Ca2+]i and evoked Ca2+ transients in putative non-

nociceptive cutaneous neurons defined by a relatively large cell body diameter, the absence 

of IB4 binding and insensitivity to capsaicin. Consistent with results from unlabeled DRG 

neurons (Lu et al., 2006), evoked Ca2+ transients in putative non-nociceptive cutaneous 

neurons were smaller and decayed more rapidly than those in putative nociceptive neurons 

(Figure 4A). Nevertheless, two-way ANOVA analysis of pooled data from control and 

paclitaxel-treated rats indicated that there were no significant interactions between target of 

innervation and paclitaxel treatment on resting Ca2+ (Figure 4B), the magnitude (Figure 4C), 

or the duration (Figure 4D) of the evoked transient. There was, however, a main effect of 

target of innervation on both the resting Ca2+ (Figure 4B) and the magnitude of the evoked 

Ca2+ transient (Figure 4C). Post-hoc analysis confirmed that both resting Ca2+ and the 
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magnitude of the evoked Ca2+ transient were significantly lower in thigh neurons than 

neurons innervating hindpaw hairy or glabrous skin.

DISCUSSION

The purpose of the present study was to begin to test the hypothesis that the unique 

manifestation of CIPN is due to unique properties of afferents defined by target of 

innervation, in particular, those involved in the regulation of [Ca2+]i. Towards this end, we 

provided further support for the validity of the rat paclitaxel model of CIPN, which was 

associated with mechanical hypersensitivity in the glabrous skin of the hindpaw, but not the 

hairy skin of the hindpaw or mid-thigh. Differences among subpopulations of sensory 

neurons from naïve animals defined by target of innervation were relatively small and 

included a lower resting [Ca2+]i in both putative nociceptive and non-nociceptive neurons 

innervating the thigh, as well as a smaller magnitude of depolarization-evoked Ca2+ 

transient in putative non-nociceptive thigh skin afferents. And while paclitaxel had no 

detectable influence on resting [Ca2+]i, or the magnitude or duration of the depolarization-

evoked Ca2+ transient in subpopulations of non-nociceptive afferents defined by target of 

innervation, it was associated with a significant decrease in the duration of the evoked 

transient in putative nociceptive afferents. This change was significantly larger in neurons 

innervating glabrous skin than those innervating hairy skin of the hindpaw or thigh. These 

results suggest that subpopulation and target of innervation are important factors 

determining the susceptibility and degree of dysregulation of [Ca2+]i, by paclitaxel 

treatment.

Our behavioral results indicate that the paclitaxel-induced mechanical hypersensitivity is 

associated with the type of target tissue (glabrous vs. hairy skin) rather than the axonal 

length. Previously, axonal length was thought to determine the presence of pain symptoms 

of paclitaxel-induced neuropathy due to the microtubule stabilizing action of paclitaxel 

presumably disrupting axonal transport and eventually leading to peripheral axon damage 

(Gornstein and Schwarz, 2014). Arguing against this proposal, however, is the observation 

that there are relatively minor differences among chemotherapeutics with respect to the 

resulting CIPN phenotype despite the fact that the antineoplastic efficacy of different 

chemotherapeutics is due to completely different mechanisms such as proteasome inhibition, 

DNA alkylation, topoisomerase inhibition (Jaggi and Singh, 2012). Furthermore, our results 

are consistent with data obtained from chemotherapy patients, in whom painful symptoms of 

CIPN are confined in the glabrous surfaces and rarely occur in the hairy surfaces of hands 

and feet of most patients (Dougherty et al., 2004, Pachman et al., 2011). If target of 

innervation plays a more dominant role in the manifestation of CIPN than axon length, it 

will be necessary to re-evaluate several of the leading hypotheses concerning the 

mechanisms of CIPN.

While the differences between subpopulations of neurons defined by target of innervation 

were relatively small, the presence of differences among subpopulations of cutaneous 

neurons underscores the impact of target of innervation of afferent properties. Differences 

based on target of innervation are consistent with our own previous results (Gold and Traub, 

2004, Harriott et al., 2006, Harriott and Gold, 2009, Vaughn and Gold, 2010) as well as the 
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results of others (Yoshimura et al., 2003, Beyak et al., 2004, Malin et al., 2011), although 

differences appear to be most pronounced under pathological conditions, such as the 

presence of inflammatory mediators (Gold and Traub, 2004, Vaughn and Gold, 2010) or 

persistent inflammation (Harriott et al., 2006, Zhang et al., 2012b). Minimally, these data 

suggest that target of innervation must be taken into consideration when analyzing the 

properties of putative nociceptive and non-nociceptive afferents.

A paclitaxel-induced decrease in the duration of the evoked Ca2+ transient was surprising 

given the evidence for an increase in the duration of the evoked Ca2+ transient in putative 

nociceptive neurons from rats with diabetic neuropathy (Kostyuk et al., 2001), a neuropathic 

pain syndrome that is also manifest in a stocking-glove distribution, as well as changes 

obtained with models of inflammatory pain, characterized by an increase in magnitude and 

duration of evoked Ca2+ transient (Lu and Gold, 2008, Scheff et al., 2013, Scheff and Gold, 

2014).We predicted changes comparable to those observed in the persistent inflammation 

model based on previous results indicating that paclitaxel-induced neuropathic pain is 

associated with upregulation of proinflammatory cytokines and induction of TLR4-mediated 

signaling cascades (Ledeboer et al., 2007, Li et al., 2014). The difference between our 

results and the changes described in these other models could be due to the differences 

between models with respect to the site of release and/or the actions of specific combination 

of inflammatory mediators released (Ledeboer et al., 2007, Zhang et al., 2012a). More 

generally, however, the differences between models indicate that the pattern of changes in 

the regulation of [Ca2+]i in sensory neurons are relatively specific to the site and nature of 

the nerve injury.

It is possible that the paclitaxel-induced changes in the regulation of [Ca2+]i in putative 

nociceptive afferents are not directly responsible for the mechanical hypersensitivity 

observed. For example, the decrease in the duration of the evoked Ca2+ transient could be a 

compensatory response to the mitotoxic effects of paclitaxel. In this case, facilitating the 

decrease in the duration of the evoked Ca2+ transient may be beneficial for increasing the 

health and survival of these neurons. Alternatively, it is reasonable to speculate that a 

decrease in the evoked Ca2+ transient will increase the excitability of putative nociceptive 

cutaneous neurons given the importance of Ca2+-dependent K+ channels in the regulation of 

excitability of this population of afferents (Gold et al., 1996, Chen et al., 2009, Zhang et al., 

2010), and the evidence that large, intermediate and small conductance K+ channels are 

present in small-diameter putative nociceptors (Mongan et al., 2005, Zhang et al., 2010). 

However, the observation that there was a significant decrease in the duration of the evoked 

Ca2+ transient in putative nociceptive neurons innervating the hairy skin of the hindpaw, a 

tissue in which we detected no decrease in mechanical threshold, suggests that if there is a 

relationship between the decrease in the duration of the evoked Ca2+ transient and 

nociceptive threshold, it is not so simple. There are at least two potentially complicating 

factors in this relationship: 1) it is possible that because of the biophysical properties of the 

Ca2+ dependent K+ channel and/or the spatial distribution of the channel relative to Ca2+ 

sources in the terminal, the decrease in the evoked Ca2+ transient must reach a threshold 

before a decrease in Ca2+-dependent K+ channel activity is manifest, and 2) there is a 

differential distribution of Ca2+-dependent channels in glabrous and hairy skin.
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While it will be important to determine the mechanism(s) responsible for the paclitaxel-

induced decrease in the duration of the evoked Ca2+, available evidence suggests that this 

change is likely to be orchestrated by several different Ca2+-regulatory mechanisms rather 

than a simple change in influx, release, extrusion, or re-uptake. For example, the persistent 

inflammation-induced increase in the magnitude and duration of the evoked Ca2+ transient 

(Lu and Gold, 2008), is associated with a decrease in voltage-gated Ca2+ current (Lu et al., 

2010), a decrease in sodium/calcium exchanger (NCX) activity, secondary to selective 

trafficking of NCX to peripheral terminals (Scheff and Gold, 2014), and at least one more 

mechanism accounting for the increase in the magnitude of the evoked Ca2+ transient. With 

evidence that Ca2+ influx, reuptake, release and extrusion mechanisms may all be 

functionally isolated, even in an isolated cell body (Scheff et al., 2013), a simple shift in the 

coupling of Ca2+ regulatory mechanisms could account for the paclitaxel-induced decrease 

in the duration of the evoked Ca2+ transient. Ongoing investigations are focused on teasing 

apart the relative contribution of the various Ca2+ regulatory mechanisms to the paclitaxel 

effects observed.

In conclusion, our results suggest that axon length alone does not account for the stocking-

glove distribution of CIPN. Rather, our results are consistent with our central hypothesis and 

suggest that the unique distribution of symptoms associated with CIPN are due to an 

interaction between the toxic effects of paclitaxel and unique properties of subpopulations of 

afferents defined by target of innervation. Identification of mechanisms responsible for the 

apparent vulnerability of glabrous skin neurons and/or the resistance of hairy skin neurons to 

the toxic effects of paclitaxel may suggest novel therapeutic approaches for the treatment, if 

not prevention of CIPN.
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Highlights

- Paclitaxel-induced mechanical hypersensitivity is specific to the glabrous 

skin

- Paclitaxel-induced Ca2+ dysregulation is sensory neuron subpopulation-

specific

- The largest paclitaxel-induced changes occur in glabrous skin putative 

nociceptors

- Mechanisms underlying these changes may suggest therapeutic targets for 

CIPN
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Figure 1. 
Paclitaxel (2mg/kg per treatment, black circles) induced mechanical hypersensitivity in the 

glabrous skin of the hindpaw (A) but not in the hairy skin of the dorsal hindpaw (B) or inner 

thigh (C), as assessed with an electronic Von Frey device. No changes in mechanical 

threshold were observed in vehicle treated (grey circles) animals. Paclitaxel/vehicle were 

administered at the points indicated with gray arrows n = 7 per group.
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Figure 2. 
Resting and evoked Ca2+ transients from putative nociceptive DRG neurons defined by 

target of innervation from naive rats or rats treated with the paclitaxel vehicle (cremophor 

EL: ethanol 1:1, diluted 1/12.5 with saline). A) Typical Ca2+ transient evoked with 30 mM 

K+ in a putative nociceptive neuron labeled from the glabrous skin. Features of the Ca2+ 

transient subsequently analyzed are indicated. Pooled data from naïve and vehicle treated 

rats were analyzed with a two-way ANOVA. B) While there was no detectable influence of 

vehicle on resting [Ca2+]i in subpopulations of putative nociceptive neurons defined by 

target of innervation, there was a main effect of target of innervation on this parameter. 

There was no detectable influence of either vehicle treatment of target of innervation on 

either the magnitude (C) or decay (D) of the evoked Ca2+ transient. Glab (glabrous skin of 

the hindpaw), Dorsal (dorsal skin of the hindpaw) and Thigh (thigh skin of the hindleg) refer 

to targets of innervation. Numbers of neurons in each group are naïve glabrous = 38, vehicle 

glabrous = 53, naïve dorsal = 27, vehicle dorsal = 23, naïve thigh = 30, vehicle thigh = 32).
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Figure 3. 
Resting and evoked Ca2+ transients from putative nociceptive DRG neurons defined by 

target of innervation from control (naïve and vehicle treated) rats or rats treated with 

paclitaxel. A) Typical high K+ (30 mM) evoked Ca2+ transients from putative nociceptive 

DRG neurons innervating glabrous skin of the hindpaw from rats treated with either vehicle 

or paclitaxel. Pooled data were analyzed as in Figure 2. B) While the main effect of target of 

innervation on resting [Ca2+]i, persisted, there was no detectable influence of paclitaxel on 

this parameter. C) There was also no detectable influence of paclitaxel on the magnitude of 

the evoked Ca2+ transient. D) However, there was a significant interaction between target of 

innervation and paclitaxel treatment on the duration of the evoked Ca2+ transient. Post-hoc 

analysis confirmed that the decrease in the duration of the evoked Ca2+ transient in both 

glabrous and hindpaw hairy skin (Dorsal) neurons were significant. To determine whether 

there was a difference between groups defined by target of innervation with respect to the 

size of the paclitaxel-induced decrease in duration, data from paclitaxel treated neurons were 

analyzed as a percent change from control. These data (E), were analyzed with a one-way 

ANOVA, which confirmed that the difference between groups was significant (p < 0.01). 

Post-hoc analysis confirmed the decrease in the glabrous neurons was significantly greater 

than that in neurons from either the dorsal hindpaw or thigh. Numbers of neurons in each 
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group are control glabrous = 91, paclitaxel glabrous = 44, control dorsal = 50, paclitaxel 

dorsal = 33, control thigh = 62, paclitaxel thigh = 47; * p<0.05).

Yilmaz and Gold Page 18

Neuroscience. Author manuscript; available in PMC 2016 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Resting and evoked Ca2+ transients from putative non-nociceptive DRG neurons defined by 

target of innervation from control rats or rats treated with paclitaxel. A) Typical evoked 

Ca2+ transients from putative non-nociceptive DRG neurons innervating glabrous skin of the 

hindpaw from rats treated with either vehicle or paclitaxel. Pooled data were analyzed as 

described in Figure 2. B) While there was no detectable influence of paclitaxel treatment on 

resting [Ca2+]i, there was a significant main effect of target of innervation on this parameter. 

Post-hoc analysis indicated that resting Ca2+ in the thigh neurons was significantly lower 

than that in neurons innervating the hairy hindpaw (p = 0.01) and glabrous (p < 0.05) skin. 

C) There was also a significant main effect of target of innervation on the magnitude of the 

high K+-evoked Ca2+ transient in putative non-nociceptive neurons. Post-hoc analysis 

indicated that the magnitude of the high K+-evoked Ca2+ transient was significant lower in 

thigh neurons than that in neurons innervating the hairy hindpaw (p = 0.01) and glabrous (p 

< 0.05), skin. D) However, there was no detectable influence of either treatment or target of 

innervation on the duration of the high K+ evoked Ca2+ transient in these neurons. Numbers 

of neurons in each group are control glabrous = 14, paclitaxel glabrous = 10, control dorsal 

= 15, paclitaxel dorsal = 8, control thigh = 9, paclitaxel thigh = 8).
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