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Abstract Microtubule targeting agents (MTAs) often

lead to treatment limiting and life threatening side effects,

including chemotherapy-induced peripheral neuropathy

(CIPN). The frequency of severe CIPN varies among dif-

ferent MTAs. Since the microtubule binding interactions

and mechanisms of action also vary among MTAs, we

hypothesized that these distinct mechanisms may underlie

the variability in frequency of severe CIPN. Using a two-

week, maximum tolerated dose model, we morphologically

and biochemically analyzed sciatic nerves from mice

treated with either paclitaxel or eribulin. These drugs differ

in their manner of microtubule binding and mechanisms of

action and reports indicate paclitaxel also induces a higher

frequency of severe CIPN than does eribulin. Morpholog-

ically, paclitaxel increased the frequency of observed signs

of axon degeneration more significantly than did eribulin.

Alternatively, eribulin but not paclitaxel induced

occasional myelin ‘‘halo’’ structures. Biochemically,

paclitaxel, and eribulin both induced a-tubulin expression

(*1.9- and *2.5-fold, respectively) and tubulin acetyla-

tion, a marker for microtubule stability, (*5- and *11.7-

fold, respectively). Eribulin but not paclitaxel-induced EB1

expression *2.2-fold while paclitaxel but not eribulin

mildly suppressed EB3 expression. Both EB proteins are

associated with microtubule growth. Eribulin’s combina-

tion of relatively mild deleterious morphological effects

coupled with more potent biochemical changes promoting

microtubule stability and growth in mice correlate with

lower frequencies of severe CIPN in humans. We suggest

that these eribulin-induced effects create a relatively

stable microtubule network that compensates, in part, for

the toxic anti-cancer effects of the drug, leading to fewer

reported incidences of CIPN than for paclitaxel.

Keywords Chemotherapy-induced peripheral

neuropathy � Paclitaxel � Eribulin � Microtubules � Sciatic
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Introduction

The anti-tumor activity of MTAs stems from their ability to

alter normal regulatory mechanisms controlling micro-

tubule dynamics and microtubule-based transport, which

can in turn lead to tumor cell death (Argyriou et al. 2012;

Field et al. 2014; Jordan and Wilson 2004; Poruchynsky

et al. 2015). Unfortunately, MTAs also expose non-target

tissues to chemical assault that can cause significant

adverse side effects. As the peripheral nervous system is

highly susceptible to deleterious MTA-induced effects,

chemotherapy-induced peripheral neuropathy (CIPN) is

among the most frequent and serious side effects of MTA
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treatment. CIPN can cause symptoms ranging from

numbness and tingling to hypersensitivity and severe

neuropathic pain. These symptoms generally begin at the

distal extremities, such as the fingertips and toes, and

progress proximally toward the trunk, suggesting that the

longest axons are the most vulnerable (Argyriou et al.

2012; Carlson and Ocean 2011; Windebank and Grisold

2008). These symptoms can become treatment limiting,

and in some cases, even life threatening. The only strate-

gies to address CIPN are to either reduce drug dosage or

cease treatment altogether, both of which undermine

attempts to control a patient’s cancer. Since MTAs are a

major component of available clinical anti-cancer strate-

gies, CIPN can be a major obstacle to successful clinical

anti-cancer efforts.

The severity, clinical presentation and reversibility of

neuropathic symptoms can vary greatly between different

MTA treatments (Argyriou et al. 2011, 2012; Carlson and

Ocean 2011; Windebank and Grisold 2008). For example,

paclitaxel-treated patients generally exhibit a higher fre-

quency of severe neuropathy than do eribulin-treated

patients (Carlson and Ocean 2011; Gradishar 2011). Con-

sistent with these observations, paclitaxel treatment of mice

causes significant axon loss, morphological changes in

myelin and reduction of nerve conduction velocity whereas

eribulin treatment generated significantly milder morpho-

logical changes with no impairment of conduction velocity

(Boehmerle et al. 2014; Wozniak et al. 2011). Importantly,

different MTAs also differ greatly in their mechanisms of

microtubule binding and their effects upon microtubule

dynamics. For example, the taxanes (e.g., paclitaxel) bind

the inner surface along the entire length of microtubules,

tend to stabilize microtubules and to promote net micro-

tubule polymerization. These activities are driven, in large

part, by suppression ofmicrotubule shortening events (Derry

et al. 1995). In contrast, eribulin (a halichondrin) binds only

at the plus (?) ends of microtubules, promotes microtubule

dynamic instability and promotes net microtubule depoly-

merization. These activities are driven, in large part, by

binding to soluble tubulin and shifting the balance between

soluble tubulin andmicrotubules, thus resulting in net loss of

microtubule polymer (Jordan et al. 2005; Smith et al. 2010).

Over the past two decades, it has become increasingly clear

that the regulation of microtubule growing and shortening

events is key to understanding microtubule action and the

resulting cellular consequences, thereby providing a poten-

tial molecular link between MTA action and clinical

observations. Taken together, these observations lead us to

hypothesize that different patterns of CIPN induced by dif-

ferent MTAs are the result of their different underlying

mechanisms of action.

In addition to their important roles in dividing cells (i.e.,

cell division and transport), microtubules are also essential

for many functions in post-mitotic mature neurons,

including the maintenance of highly elongated neuronal

morphologies and axonal transport, the rapid movement of

cargo between neuronal cell bodies and distal axonal

regions (Carlson and Ocean 2011). One often stated

hypothesis for MTA-induced CIPN posits that the drugs

interfere with normal microtubule-dependent axonal

transport, which in turn initiates downstream biochemical

and morphological neurodegeneration (Morfini et al. 2009).

Consistent with this model, paclitaxel treatment can slow

the rate of kinesin-driven anterograde transport more than

eribulin treatment (Lapointe et al. 2013), in parallel with

the relative neuropathic potencies of these two drugs.

Cells possess numerous mechanisms to regulate micro-

tubule dynamics. For example, a-tubulin subunits in rela-

tively stable microtubules are often acetylated at lysine-40.

While tubulin acetylation has historically been viewed as a

marker but not a cause of microtubule stability, recent

work suggests a more active role. For example, increasing

a-tubulin acetylation can rescue dysfunctional axonal

transport and locomotor deficits in Drosophila (Godena

et al. 2014) and can promote recruitment of dynein and

kinesin-1 to microtubules in vitro and in mammalian cells

(Dompierre et al. 2007). Additionally, microtubule

dynamics can be influenced by a number of different

microtubule-associated proteins (MAPs), including the end

binding proteins EB1 and EB3. EB1 has been implicated in

promoting microtubule growth and axonal transport while

EB3 can serve as a link between dynamic microtubules and

the actin cytoskeleton (Geraldo et al. 2008; Gu et al. 2006;

Jaworski et al. 2009). We have previously proposed that

proper function and viability of cells, including post-mi-

totic neurons, requires that cells actively maintain, and

regulate their microtubule dynamics within a window of

tolerable activity levels (Bunker et al. 2004)—both overly

dynamic and overly stable microtubules can lead to neu-

ronal cell death.

Here, we sought to compare cellular and molecular

changes within mouse sciatic nerves following treatment

with two different MTAs possessing different mechanisms

of action and different probabilities of inducing severe

CIPN. The goal was to correlate cellular and molecular

effects with the frequency of inducing severe CIPN.

Specifically, we compared mice treated at their maximum

tolerated dose (MTD) of either paclitaxel or eribulin with

vehicle-treated control mice. We found that paclitaxel

induced markedly more deleterious effects upon sciatic

nerve morphology, such as nerve fiber loss and signs of

axon degeneration (for example, solid circular regions of

myelin signal lacking a phosphoneurofilament signal),

relative to the effects of eribulin. Additionally, eribulin had

more potent positive effects upon microtubule biochem-

istry, creating an environment consistent with increased
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microtubule stabilization and growth. Taken together, we

propose that response to eribulin treatment generates a

more stable and functional microtubule network than that

produced by paclitaxel treatment. This perspective pro-

vides a molecular rationale for the observation that eribulin

induces less frequent CIPN than does paclitaxel in human

patients.

Materials and Methods

Antibodies

The following primary antibodies were used in immuno-

histochemical analyses: anti-a-tubulin [Millipore, 04-1117,

1:100 dilution (Zhang et al. 2011)], anti-acetylated tubulin

[Cell Signal, 5335, 1:800 dilution, (Creppe et al. 2009)],

anti-EB1 [Millipore, AB6057, 1:500 dilution, (Vitre et al.

2008)], anti-EB3 [Santa Cruz, SC-101475, 1:200 dilution,

(Levy et al. 1994)], anti-myelin basic protein [Millipore,

AB9348, 1:100 dilution, (Heller et al. 2014), anti-phos-

phoneurofilament (Covance, SMI-31R, 1:2000 dilution,

(Choi et al. 2008)]. FITC, Cy3, and Cy5 conjugated sec-

ondary antibodies were purchased from Jackson

ImmunoResearch and used at 1:200 dilution.

Drugs

Eribulin mesylate (synthesized at Eisai Research Institute

and stored at -80 �C in the dark) was dissolved in 100 %

anhydrous DMSO (Sigma-Aldrich) to produce a 10 mg/ml

stock solution, which was aliquoted and stored at -80 �C
until the day of administration. Each administration day,

the stock solution was thawed and diluted with saline to a

final concentration of 0.25 mg/mL in 2.5 % DMSO/97.5 %

saline yielding dosing solutions in a 10 mL/kg volume.

Paclitaxel, (LC Laboratories, Woburn, MA; stored at

-20 �C in the dark) was dissolved in ethanol (100 %) at

10 % of final volume. An equal volume of cremophor

(10 % of final volume) was then added and the mixture re-

vortexed for about 10 min. Immediately prior to injection,

ice cold saline was added to final volume (as 80 % of

final), and the solution was maintained on ice during dos-

ing. Dosing solutions were made fresh daily and dosed in a

volume of 10 mL/kg.

Animal Studies

Female BALB/c mice (approximately 7–8 weeks old at onset

of dosing) were obtained from Harlan Laboratories Inc. (In-

dianapolis, IN) andmaintainedwith free access towater and a

standardized synthetic diet (Harlan Teklab). Animal housing

and procedure room temperature and humidity were

maintained at 20 ± 2o C and 55 ± 10 %, respectively.

Artificial lighting provided a 12 h light/12 h dark cycle (light

7 a.m.–7 p.m.). All experimental protocols were approved by

the Institutional Animal Care and Use Committee of Sobran

Inc (Baltimore,MD,USA) and adhered to all of the applicable

institutional and governmental guidelines for the humane

treatment of laboratory animals.

Mice were randomly assigned into vehicle, eribulin or

paclitaxel treatment group (n = 5).

Drugs were administered three times a week (Monday,

Wednesday, Friday) for 2 weeks into the caudal vein at a

dose that was earlier determined to be MTD (Wozniak

et al. 2011), specifically 30 and 1.25 mg/kg for paclitaxel

and eribulin, respectively. Twenty-four hours after

administration of the sixth and final dose, mice were deeply

anesthetized with 10 % chloral hydrate and euthanized by

transcardial perfusion with PBS followed by 4 %

paraformaldehyde in 0.1 mM phosphate buffer, pH 7.4, for

10–15 min. Subsequently whole mid-thigh sections of

sciatic nerve were dissected and placed in perfusion fixa-

tive at 4 �C.

Sectioning

Fixed nerves were embedded in 10 % agarose and cross-

sectioned using a Leica VT1000S vibratome. 100 lm sli-

ces were taken in the distal to proximal direction in 1X

PBS at room temperature, then transferred to a 4 %

paraformaldehyde/PBS solution for storage at 4o C until

staining. Approximately 0.75 cm of Sciatic nerve tissue

was sectioned.

Antibody Staining

Sections were stained from both proximal and distal ends

from a total approximate length of 0.75 cm of nerve.

Individual sections were stained with antibodies recogniz-

ing a-tubulin, acetylated tubulin, EB1, or EB3. All sections

were also stained with anti-phosphoneurofilament and anti-

myelin basic protein as internal controls and in order to

identify regions of interest (for example, neuronal cells).

Sections were incubated in PBT blocking agent (1X PBS

(1.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM

KH2PO4), 0.1 % TritonX-100, 1 % BSA, 1 % donkey

serum) overnight. Sections were then incubated free-

floating with primary antibodies for seven days, rocking at

4 �C. The long duration of incubation was used to promote

better antibody penetration. Primary antibody dilution

solutions were removed and sections washed four times

with PBT on a shaker at room temperature (8 min/wash).

Sections were next incubated with secondary antibodies for

2 days. Secondary antibody dilutions were removed and

sections washed as described above. Sections were then
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mounted on glass slides using ProLong Gold mounting

media with DAPI (Life Technologies P36935). Slides were

sealed and stored at 4 �C. Each slide contained one section

from each of the four treatments (eribulin and its vehicle,

paclitaxel and its vehicle, Figure S1A), all stained simul-

taneously with the same antibody solution.

Fluorescence Microscopy

Images were collected using an Olympus Fluoview 1000

Spectral confocal system equipped with 405, 488, 559, and

635 nm laser lines, and PMT detectors. Each slide con-

taining one section from each of the four treatments and

incubated in the same antibody solution was imaged with

the same exposure settings, determined by identifying the

brightest-fluorescing section on each slide. 20 lm sample

depths of two sections from each nerve (one relatively

proximal and one relatively distal) were imaged by

sequential laser scanning and 0.5 lm step size with an

Olympus PLANAPOSC 60x (1.40 NA) high refractive

index oil immersion objective. In practice, we imaged and

assessed at least 160 lm of tissue from the 0.75 cm nerve

length. This corresponds to 20 lm sections for each a-
tubulin, acetylated tubulin, EB1 and EB3, or 80 lm total

from each end. Two additional sections were cut from each

end for backup and/or testing of other antibodies. As noted

above, all sections were also stained with anti-MBP and

anti-phosphoneurofilament. Where applicable, the anti-

MBP and anti-phosphoneurofilament signals in these

additional sections were included in the statistical analyses.

Image and Statistical Analysis

Images from each slide were imported into Imaris Version

7.5.2 (Bitplane, Zurich, Switzerland) and rendered into

three dimensional maximum intensity z-stack projections

for analysis.

To assess changes in gross morphological structure,

nuclei, myelin, and axons were identified using DAPI stain,

anti-myelin basic protein, and anti-phosphoneurofilament,

respectively. Using the Imaris software surfaces tool, we

identified nuclei, myelin sheaths, and axons based on the

fluorescent signal from their appropriate antibody or stain,

manually thresholding signal to background noise. To

maintain consistency in object identification in similarly

treated samples, one set of threshold parameters was

applied to those sections stained with the same antibody

solutions and imaged with the same microscope settings.

After identification, these objects were counted automati-

cally. Signs of axon degeneration, defined as solid, circular

regions of myelin lacking a phosphoneurofilament signal,

were identified and counted manually and compared with

the total number of myelin objects identified by the

software. For axon density measurements, the image stack

was flattened in Fiji using the maximum intensity setting

and the number of axons per region of interest (defined by

phosphoneurofilament signal) was quantified using Imaris.

In order to quantify fluorescence changes, fluorescence

values were collected and normalized within each slide

first, before comparisons were made between slides. Nor-

malization of axonal Cy2 fluorescent signals (depicted in

Supplementary Figure S1) was accomplished by using the

anti-phosphoneurofilament (PNF) signal to identify and

mask the axonal regions, specifically differentiating axons

from surrounding Schwann cells or other cell types present.

The raw values of Cy2 fluorescence were determined for

each axonal region within the treatment field of view. The

mean Cy2 signal per axon was calculated for each treat-

ment to give the ‘‘treatment mean.’’ These values were

normalized by dividing each treatment mean by the sum of

all four treatment means per slide. This method was

employed in order to retain the natural variability seen in

vehicle treatments.

Student’s t tests with Bonferroni correction for multiple

comparisons were used to identify significant differences in

mean comparisons of the drug groups to their respective

vehicles and between the two drug treatment groups,

(*p\ 0.0167, **p\ 0.003, ***p\ 0.0003). In some cases,

the singular comparison of the drug to appropriate vehicle

group by Student’s t test provided additional insight.

Results

Paclitaxel and Eribulin Differentially Induce

Morphological Changes

We began our analyses by quantifying the neurodegener-

ative effects of paclitaxel and eribulin on sciatic nerve axon

density, defined by anti-phosphoneurofilament (PNF) sig-

nal, in cross-sections of nerves from drug-treated mice and

vehicle-treated controls. Paclitaxel treatment resulted in a

statistically significant 30 % reduction in axon density

(196.3 ± 18.52 axons per 104 lm2 compared to

281.8 ± 22.2 axons per 104 lm2 for its vehicle control;

Figs. 1a, b, 2a, b). In contrast, eribulin administration

generated a 21 % reduction in axon density (234.1 ± 18.52

axons per 104 lm2 compared to 296.6 ± 18.43 per 104

lm2 for its vehicle controls (mean ± SEM; Figs. 1a, b, 2c,

d). While neither of these reductions are statistically sig-

nificant when compared using a Bonferroni corrected

Student’s t test, it appears that the densities reported here

trend toward axonal loss after treatment with both eribulin

and paclitaxel.

We next sought to examine the effects of paclitaxel and

eribulin upon axon-myelin morphology by quantifying the
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extent of fiber disruption in cross-sections of sciatic nerves

harvested from drug-treated mice relative to vehicle-treated,

control animals. Paclitaxel treatment increased the percent

of observed signs of axon degeneration relative to total

myelin positive objects. ‘‘Signs of axon degeneration’’ are

defined as structures with clear anti-myelin basic protein

(MBP) signals but lacking any anti-PNF signal (Figs. 1b–d,

2). Specifically, we observed 6.6 % of myelin sheaths (anti-

MBP stained objects) in paclitaxel-treated nerves exhibiting

signs of axon degeneration (vs. 0.21 % for vehicle-treated

nerves; p\ 0.0003). In contrast, eribulin induced three-fold

fewer degenerative axons (2.2 vs. 0.32 % for vehicle-treated

nerves; p\ 0.0003). Additionally the difference between

paclitaxel and eribulin-treated groups is also statistically

significant (p\ 0.003). Similar degenerative events have

been described in several instances of neuronal toxicity and

injury, where the space normally occupied by the axon is lost

and has been replaced by myelin (Muguruma et al. 2006;

Schnaar et al. 2014; Wozniak et al. 2011). Additionally, in

nerves from both paclitaxel and eribulin-treated mice, we

qualitatively observed an increase in myelin fragmentation

(thinning and discontinuity of sheath) that often lacked an

associated phosphoneurofilament stain (For example, see

Fig. 2e–h). Given that these morphological changes were

almost exclusively observed in tissue from drug-treated

mice, we conclude that these are treatment-induced changes.

Fig. 1 Paclitaxel and eribulin differentially affect sciatic nerve

morphology. a Quantification of axon density per 104 lm2. (n = 5,

p[ 0.0167) b Representative confocal images of paclitaxel and

eribulin-treated sciatic nerves; phosphoneurofilament (yellow), mye-

lin basic protein (red). White arrow heads indicate observed signs of

axon degeneration. c Quantification of observable signs of axon

degeneration per total number of anti-myelin basic protein (MBP)

stained objects, **p\ 0.003, ***p\ 0.0003). d Enlarged region of

paclitaxel image to show axon degenerative events from boxed area

indicated on panel C. Scale bar 20 lm
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Fig. 2 Paclitaxel and eribulin differentially disrupt normal myelin

morphology and differentially lead to degradation of myelin sheaths.

a, b Phosphoneurofilament (PNF; yellow) and myelin basic protein

(MBP; red) expression in sciatic nerve tissue from mice treated with

the vehicle for paclitaxel and paclitaxel. Tissue from mice treated

with paclitaxel shows frequent signs of axon degeneration (white

arrowheads) and increased fragmentation. c, d PNF and MBP

expression in vehicle for eribulin and eribulin-treated nerves. Tissue

from mice treated with eribulin reveals fewer signs of axon

degeneration but occasional instances of thinly myelinated axon

fibers and separation of myelin layers (‘‘halos’’; white arrows)

accompanied by myelin fragmentation. e, f Enlarged views of vehicle

paclitaxel and paclitaxel treatments, respectively. g, h Enlarged

regions of vehicle eribulin and eribulin, respectively. Scale bars

10 lm

304 Neurotox Res (2016) 29:299–313

123



Finally, we occasionally observed an unusual morphol-

ogy, specifically, a thinly myelinated axon fiber within a

separated and larger diameter concentric myelin ring,

which we have termed a ‘‘halo’’ or ‘‘double ring’’. [Fig-

ure 2d, h (see arrows)]. This feature was more commonly

observed in eribulin than paclitaxel-treated nerves, and

very infrequent in vehicle treatments.

We next hypothesized that there could be changes

among the non-neuronal cell population within the nerve

in response to neurodegenerative processes. As the cell

nuclei for sciatic nerve axons are located within the dorsal

root ganglia far from the site of our sectioning, any nuclei

present in our images must be non-neuronal. We quanti-

fied the population of nuclei present in the sections by

staining with DAPI (Fig. 3a, b). Paclitaxel treatment

significantly increased the average number of non-neu-

ronal nuclei present from 28.0 ± SEM 1.4 per 104 lm2 in

the vehicle control to 43.8 ± SEM 2.0 per 104 lm2 in the

paclitaxel-treated nerves (p\ 0.0003). In contrast, there

was no significant difference in the average number of

nuclei present in eribulin-treated nerves (29.48 ± SEM

1.4 per 104 lm2) versus vehicle-treated nerves (27.2 ±

1.3; per 104 lm2).

In summary, paclitaxel more potently induced deleteri-

ous morphological effects, correlating with its greater

probability of inducing severe CIPN relative to eribulin.

Paclitaxel and Eribulin Differentially Affect Tubulin

Composition

Axons of long peripheral neurons are highly sensitive to

changes to the normal balances between microtubule sta-

bility, dynamic instability and changes in tubulin post-

translational modifications (Almeida-Souza et al. 2011;

Avila et al. 1994; Matsuyama and Jarvik 1989). Given that

paclitaxel and eribulin each possess different mechanistic

capabilities targeted at microtubules, we hypothesized that

sciatic nerves from drug-treated mice might exhibit drug-

specific effects upon their microtubule biochemistry. We

stained nerves from drug-treated and vehicle-treated mice

with antibodies specific to a-tubulin and acetylated tubulin.

Axons from eribulin-treated sciatic nerves exhibited a

marked, statistically significant 2.6-fold increase in a-tubu-
lin signal, from 12.6 ± SEM 3.0 fluorescence units for

controls to 32.5 ± SEM 3.7 fluorescence units for eribulin

treatment (p\ 0.0167; Fig. 4a, b). Axons from paclitaxel-

treated mice trended toward a smaller increase in a-tubulin
signal relative to vehicle-treated mice (1.9-fold;

16.4 ± SEM 2.7 and 8.5 ± SEM 1.1, respectively

(p = 0.0246 (p[ 0.167), and p\ 0.0167 when paclitaxel

and eribulin groups are compared, Fig. 4a, b). While not

statistically significant when the multiple comparison pen-

alty is applied with a minimum significance threshold

Fig. 3 Paclitaxel but not eribulin treatment leads to increased

numbers of non-neuronal nuclei. a Quantification of non-neuronal

nuclei present in drug and control nerves (n = 5, ***p\ 0.0003)

b Representative images showing DAPI stained nuclei (white) and

myelin basic protein (red) for reference; scale bar 20 lm
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0.0167, the p value is significant when a standard Student’s

t test (p\ 0.05) is applied to singularly test the difference

between the means of paclitaxel and its vehicle. Increased

tubulin levels have been observed as a result of paclitaxel

treatment in multiple cell types (Banerjee 2002; Ran-

ganathan et al. 1998), therefore, we believe that this increase

is worthy of consideration. These inductions are especially

remarkable considering the high abundance of tubulin in

neurons under normal conditions, especially in axons. To

control for the artifactual possibility that these increased

signals resulted from a constant signal being concentrated

into a smaller area because of axon diameter constriction, we

quantified the axon surface area and average axon diameters

for paclitaxel-treated, eribulin-treated, and vehicle-treated

nerves. No changes in either parameter or G-ratio (outer

diameter of the myelin sheath to the diameter of the axonal

PNF signal, supplemental figure S2) were observed. Addi-

tionally, a-tubulin fluorescence intensity did not correlate

positively with axon size (Figure S3).

We next assessed changes in tubulin acetylation, a

post-translational marker of stable microtubules. Not

surprisingly given its mechanism of action, paclitaxel

increased axonal acetylated tubulin expression relative to

vehicle controls by 4.6-fold (16.8 ± SEM 5.1 and

3.6 ± SEM 1.0, respectively; p = 0.0349; Fig. 4c, d).

These data demonstrate a clear trend supported by the

well-established notion that paclitaxel increases micro-

tubule acetylation in treated cells (de Pennart et al. 1988;

Piperno et al. 1987). On the other hand, given that

eribulin can promote microtubule depolymerization

in vitro and upon short-term administration to cultured

cells, it was surprising to observe that eribulin treatment

dramatically increased axonal acetylated tubulin expres-

sion relative to vehicle controls by 11.7-fold

(51.8 ± SEM 3.01 and 4.4 ± SEM 0.24, respectively;

p\ 0.0003; Fig. 4c, d), demonstrating a remarkably

greater increase in tubulin acetylation compared to

paclitaxel (p\ 0.0003). Similarly to a-tubulin, this effect

was not dependent upon axon size (Supplemental

Figure S3).

These quantitative analyses allow us to calculate the

effect of these two drugs upon the ratio of acetylated

tubulin to total tubulin relative to their vehicle controls;

this ratio should be a measure of drug-induced micro-

tubule stability (Tables 1, 2). Eribulin treatment increases

the acetylated tubulin to total tubulin ratio by 4.5-fold

relative to its vehicle control whereas paclitaxel treatment

increases this ratio by only 2.4-fold relative to its vehicle

control.

Eribulin but not Paclitaxel Treatment Increases

the Abundance of EB1; Neither Drug Affects EB3

Levels

The microtubule End Binding proteins 1 and 3 (EB1 and

EB3) are two highly conserved microtubule binding pro-

teins that selectively track with the plus ends of growing

microtubules (Akhmanova and Steinmetz 2008; Jiang and

Akhmanova 2011; Jimenez-Mateos et al. 2005; Mough-

amian et al. 2013). As a result, increased quantities of

EB1and/or EB3 are indicative of an increase in the number

of growing microtubule ends. Treatment with eribulin

induced a *2.2-fold increase of immunofluorescence sig-

nal for EB1 (p\ 0.0003) relative to vehicle controls

(26.8 ± SEM 0.9 vs. 12.0 ± SEM 0.7, respectively;

Fig. 5a, b) and was significantly different compared to the

tissue from paclitaxel-treated mice (p\ 0.0003). This

effect is apparent in axons with a wide range of diameters,

as demonstrated in heat maps of tissue sections showing

the relative intensity of EB1-associated fluorescence (Fig-

ure S3). In contrast, paclitaxel did not cause a significant

change in the quantity of axonal EB1compared to controls

(12.2 ± SEM 1.4 and 10.7 ± SEM 0.57, respectively;

Fig. 5a). Finally, no statistically significant changes to

bFig. 4 Eribulin induces greater a-tubulin abundance and tubulin

acetylation than paclitaxel. a Quantification of tubulin levels in drug

and vehicle-treated nerves. Eribulin increased axonal levels of tubulin

*2.6-fold relative to control (n = 5, *p\ 0.0167) while paclitaxel

increased axonal tubulin *1.9-fold (n = 5, p = 0.0246

(p[ 0.0167))(Paclitaxel compared to eribulin, *p\ 0.0167). b Rep-

resentative images immunostained for a-tubulin (green) and quanti-

fied within the axon region defined by PNF signal (yellow).

Acquisition settings were adjusted to the brightest-fluorescing tissue

section. Therefore, because of the pronounced difference in relative

fluorescence, the less intensely fluorescing sections appear quite dim.

Please see materials and methods for more detail. c Quantification of

acetylated tubulin levels in drug and control nerves. Paclitaxel

treatment increased axonal acetylated tubulin *4.6-fold relative to

control (n = 5, p = 0.0349 (p[ 0.0167)) while eribulin increased

axonal acetylated tubulin *11.7-fold compared to its control (n = 5,

***p\ 0.0003, paclitaxel compared to eribulin: **p\ 0.003).

d Representative images of sciatic nerve tissue, acetylated tubulin

(green) was quantitated within the axon region defined by PNF. Scale

bars 20 lm

Table 1 Fold Change in abun-

dance following drug treatment

(drug/vehicle)

Erb Pac

a-tubulin 2.6 1.9

Ac-Tubulin 11.7 4.6

EB1 2.2 1.1

Table 2 Ratios of fold change

in abundance following drug

treatments

Erb Pac

Ac-tub/a-tub 4.5 2.4

EB1/a-tub 0.85 0.58
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axonal EB3 levels were observed with either paclitaxel or

eribulin treatment (Fig. 5c, d).

Using the same rationale as used above for acetylated

and total tubulin, we calculated the ratio of EB1 and EB3 to

total tubulin for each drug treatment relative to its control.

These ratios should be indicators of drug-induced micro-

tubule growing events (Tables 1, 2). The EB1 to tubulin

ratio is higher following eribulin treatment than following

paclitaxel treatment, suggesting greater microtubule

growth in long-term eribulin-treated nerves compared with

Fig. 5 Eribulin but not Paclitaxel induces EB1 abundance in axons

and Schwann cells; Paclitaxel but not Eribulin reduces EB3

abundance in axons and Schwann cells. a Quantification of EB1

levels in drug and control nerves. Axonal EB1 in eribulin-treated

nerves increased *2.2-fold as compared to controls (n = 5,

***p\ 0.0003). No change is observed following paclitaxel treat-

ment as compared to its vehicle. b Representative nerve section

images; axons are identified by phosphoneurofilament (PNF, yellow),

EB1 (green). Qualitatively, an increase in EB1 abundance was

observed in surrounding Schwann cells. c EB3 levels did not

significantly change with either paclitaxel or eribulin treatment.

d Representative nerve section images; axons are identified by anti-

phosphoneurofilament (PNF, yellow, left panel), EB3 (green, middle

panel), merge seen in right panel. Scale bars 20 lm
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long-term paclitaxel-treated nerves. The EB3 to tubulin

ratio is the same following eribulin and paclitaxel

treatment.

Discussion

In order to begin to identify and dissect molecular mech-

anisms underlying the initiation and progression of anti-

cancer chemotherapy-induced peripheral neuropathy, we

compared drug-induced changes in sciatic nerve tissue

between mice treated with one of two microtubule target-

ing chemotherapeutic agents—paclitaxel, a drug com-

monly used in the clinic that causes relatively high

frequencies of severe peripheral neuropathy and eribulin, a

less commonly used drug that induces a lower frequency of

severe neuropathic side effects. We sought to ask how

these two different microtubule targeting drugs affect

mouse sciatic nerve morphology and biochemistry. From

our observations of both motor and sensory neurons (both

of which may be affected in severe neuropathy), we seek to

pose testable hypotheses focusing upon the induction and

progression of peripheral neuropathy.

Our most important results are

1. Both paclitaxel and eribulin trended toward axon loss;

2. Systemic administration of paclitaxel, and to a lesser

extent eribulin increased signs of axon degeneration.

3. Systemic administration of paclitaxel, but not eribulin,

a. Increased the abundance of non-neuronal cells.

4. Systemic administration of eribulin, and to a lesser

extent paclitaxel.

a. Induced total tubulin accumulation;

b. Induced tubulin acetylation, a marker for micro-

tubule stability.

5. Systemic administration of eribulin, but not paclitaxel.

a. Increased the abundance of myelin halos/double

rings.

b. Increased the abundance of EB1, a marker for

growing microtubules.

These observations demonstrate that paclitaxel and

eribulin each exert quantitatively and qualitatively distinct

effects on axon degeneration, myelin morphology, and

microtubule composition in mouse sciatic nerve tissue.

Further, the data indicate that paclitaxel treatment is much

more potent than eribulin with respect to inducing signs of

axon degeneration, while eribulin more effectively induces

potentially positive biochemical effects (i.e., increased

levels of tubulin, tubulin acetylation, and EB1).

Based on these observations, we propose that the greater

clinical probability of severe peripheral neuropathy by

paclitaxel relative to eribulin may be a function of its

greater relative damage to the nervous system coupled with

eribulin’s ability to promote a more stable and growth

oriented microtubule network than does paclitaxel. With

respect to the latter, we note that the regulation of micro-

tubule dynamics is a balancing act between microtubule

shortening events, microtubule lengthening events and a

population of stable non-changing microtubules. We pro-

pose that the long-term combined effects of increased total

tubulin (providing more building blocks for microtubule

assembly), tubulin acetylation (indicating greater micro-

tubule stability), and EB1 (suggesting more growing

microtubule ends) more than compensate for eribulin’s

inherent ability to suppress microtubule growth events (see

below for more discussion). The net effect is an extensive

and functional microtubule network. Such a compensatory

or neuroprotective mechanism could also be at play in

electrophysiological experiments demonstrating that

paclitaxel but not eribulin causes a loss of caudal nerve

amplitude and reduced conduction velocity (Wozniak et al.

2011); indeed, eribulin administration actually increases

caudal nerve amplitude and exhibits no reduction in con-

duction velocity in these studies. Wozniak et al. (2011) also

observed signs of axon degeneration, similar to those

described in this work, more frequently in tissue from

paclitaxel-treated mice as compared to eribulin-treated

mice, correlating with the functional deficits seen in

paclitaxel, but not eribulin. Unfortunately, due to the

higher level of drug required to achieve a MTD, we are

unable perform functional assessments on the same mice

receiving drugs. However, based upon previous data, we

predict that paclitaxel would demonstrate greater func-

tional deficits compared to eribulin, but lack the ability to

make direct conclusions at this time.

Morphological Considerations

Most prominently, we observed both paclitaxel and

eribulin disrupted normal myelin morphology in a fraction

of the neurons. Quantitatively, these indications of axon

degeneration were more frequently observed in tissue after

paclitaxel treatment compared to tissue after eribulin

treatment (p\ 0.003), suggesting that paclitaxel was more

potent in causing neurodegeneration. On the other hand,

although losses in axon density were observed after treat-

ment with either drug, these losses did not reach statistical

significance at our statistical thresholds. Three reasons that

may account for the lack of statistical significance (and

only trends) in observed axon losses are (i) that our sam-

pling region within the mid-thigh region is a relatively
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great distance from the distal nerve endings where mor-

phological consequences are most pronounced (Boyette-

Davis et al. 2011), (ii) there may be a high degree of

individual variability in the number of neurons that retract

over that distance, and (iii) there may enough mouse to

mouse variability in axon density so as to obscure subtle

differential drug-induced effects. Given these considera-

tions, we believe that disruption of the normal myelin

expression pattern is a better measure of drug-induced

degenerative effects than is axon loss.

At the same time, we note that eribulin does induce

more myelin halos than does paclitaxel. We speculate that

these may represent a relatively early stage of the neu-

rodegenerative process. These observations are consistent

with recent work by Vahdat et al., and colleagues who

found that the onset of eribulin-induced neuropathy

occurred later than that induced by the microtubule stabi-

lizing drug ixabepilone, which normally displays a higher

incidence of neuropathy than paclitaxel (Steinberg 2008;

Vahdat et al. 2013).

Mechanistic Considerations

Perhaps the most surprising observations presented here are

that long-term eribulin treatment leads to a marked increase

in the abundance of both total tubulin and acetylated

tubulin. The simplest interpretation of these observations is

that eribulin treatment results in an increase in the abun-

dance of stable microtubules. This is surprising because

eribulin is generally viewed as a microtubule depolymer-

izing agent. However, it is important to emphasize that the

previously demonstrated microtubule depolymerizing

activity of eribulin has been observed in short-term in vitro

biochemical reactions or when added to proliferating cul-

tured cells for a few hours. In contrast, our investigations

were performed following 2 weeks of systemic drug

administration to mice and focused primarily on post-mi-

totic neurons. Mechanistically, one could imagine that

microtubules in the sciatic nerve might exhibit net

depolymerization upon initial exposure to eribulin. How-

ever, either depolymerization itself or some other aspect of

eribulin action leads to subsequent regulatory mechanisms

that induce tubulin levels, tubulin acetylation levels, EB1

levels and perhaps additional proteins. As one possibility,

the binding of eribulin to free tubulin subunits may inac-

tivate the normal tubulin auto-regulatory mechanism by

which free tubulin subunits bind to tubulin mRNA and

thereby promote tubulin mRNA degradation, which in turn

leads to a reduction of tubulin protein synthesis (Gay et al.

1987; Pachter et al. 1987). By this mechanism, eribulin

would inhibit tubulin mRNA turnover, leading to the

accumulation of increased levels of tubulin mRNA and

tubulin protein. Together, these stabilizing effects could

compensate for the destabilizing effects of eribulin on the

microtubule network, leading to a more robust and

stable microtubule network that can function relatively

effectively. These effects may be neuronal specific, thereby

providing protection from the drug for neurons while not

compromising the action of the drug on tumor cells.

Another possibility that must be considered is that per-

haps eribulin does not effectively get into the nerve and this

underlies its reduced frequency of severe CIPN. We think

this is extremely unlikely. Indeed, recent work from some of

our labs directly assessed the pharmacokinetics and

peripheral nerve distribution of eribulin and paclitaxel fol-

lowing administration via the caudal vein (unpublished data,

KW, BAL, BSS). Both drugs rapidly penetrated the sciatic

nerves and dorsal root ganglia, with maximal concentrations

achieved within 15 min. With the passage of time, dose

normalized area under the curve in the sciatic nerves was

actually greater for eribulin than for paclitaxel. These find-

ings indicate that limited peripheral nerve exposure is likely

not the underlying mechanism for the differential propensity

of eribulin and paclitaxel to produce neurotoxicity.

The increase in total tubulin in both eribulin and pacli-

taxel-treated cells provides an enormous supply of addi-

tional microtubule building blocks. Given sufficient GTP

and growth and/or stabilization regulatory cues, this would

enable the neuronal cells to markedly augment their

microtubule networks. The increased ratios of acetylated

tubulin to total tubulin in drug versus vehicle axons suggest

drug-induced microtubule stability. The fact that this ratio

is 1.9-fold greater in eribulin-treated nerves than in pacli-

taxel-treated nerves (4.5/2.4; Tables 1, 2) implies that the

microtubule network in eribulin-treated nerves is consid-

erably more stable than in paclitaxel-treated nerves. It is

also interesting to consider recent work demonstrating that

tubulin acetylation can also influence the interaction

between MAPs and microtubules. For example, recent

work suggests that tubulin acetylation may, in part, control

the affinity between microtubules and kinesin (Almeida-

Souza et al. 2011; Dompierre et al. 2007; Reed et al. 2006;

Walter et al. 2012).

Increased levels of EB1 may also play an important role

in eribulin’s relatively benign induction of CIPN via a

number of possible mechanisms. Similarly to acetylation,

the EB1 to total tubulin ratio in drug-treated versus control

axons is higher for eribulin than for paclitaxel treatment.

This higher ratio of EB1 to total tubulin suggests a greater

proportion of growing microtubule plus ends in eribulin

versus paclitaxel treatment. Additionally, evidence sug-

gests that EB1 can promote de-novo microtubule nucle-

ation (Vitre et al. 2008). Finally, EB1 is known to influence

microtubule dynamics both directly and indirectly. Upon

binding directly to microtubule plus ends EB1 recognizes

GTP tubulin and an intermediate form as tubulin changes
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from GTP to GDP bound, preferentially binding the

intermediate form and increasing the rate of tubulin mat-

uration to stable, polymerized GDP-bound tubulin (Kumar

and Wittmann 2012; Maurer et al. 2012). This action

directly influences microtubule dynamicity. EB1 can also

influence microtubule dynamics indirectly via its recruit-

ment of other proteins known to influence microtubule

dynamics, including ?TIPS such as the CLIP family

members, CLASPs and APC as well as XMAP (Akhma-

nova and Steinmetz 2008).

Increased Population of Non-neuronal Cells

in Paclitaxel-Treated Nerves

Our data demonstrate that paclitaxel but not eribulin

treatment increases the number of non-neuronal nuclei (and

hence cells) present in sciatic nerve tissue. Schwann cells

likely account for the majority of nuclei found in tissue

from vehicle and eribulin-treated mice. However, the

identity of the additional cells seen in paclitaxel-treated

nerves is less obvious. Increased Schwann cell division

could account for the increased nuclear population, but

invasion by immune cells responding to degenerative

axons may also contribute to the effect. Invasion of the

sciatic nerve by immune cells and release of pro-inflam-

matory factors have been observed after nerve injury and

neuropathic pain-inducing paclitaxel treatment (Janes et al.

2014; Peters et al. 2007a, b; Rotshenker 2011).

Eribulin and Paclitaxel: Anti-Cancer Efficacy

The demonstration that eribulin induces less frequent sev-

ere CIPN than the widely used paclitaxel raises the ques-

tion of its relative anti-cancer efficacy relative to paclitaxel.

A lower incidence of severe peripheral neuropathy would

be most meaningful if it were coupled with equal or greater

anti-cancer efficacy. Unfortunately, to date there have been

no completed clinical studies directly comparing the anti-

cancer efficacies of eribulin and paclitaxel in the clinical

setting. That said, eribulin was FDA approved in 2010 as a

third line therapy for patients with metastatic breast cancer

who had previously received at least two prior

chemotherapy regimens, including an anthracycline and a

taxane. At the time of the pivotal Phase III EMBRACE

trial which led to the FDA approval, there was no standard

of care for third line metastatic breast cancer, so

EMBRACE was designed, in conjunction with the FDA, as

a two-arm study of eribulin monotherapy versus ‘‘treatment

of physician’s choice’’ (TPC), essentially capturing the

individual judgements of hundreds of oncologists’ deci-

sions as to the best personalized treatment of those specific

patients (Cortes et al. 2012). EMBRACE stipulated that

enrolled patients must have progressed within 6 months or

less of the latest chemotherapy (Cortes et al. 2012). As

such, the statistically significant 24 % increase in median

overall survival between the two groups (13.1 months vs.

10.6 months for eribulin versus TPC, respectively) indi-

cates that many patients enjoyed prolonged survival on the

eribulin arm despite the fact that they had previously pro-

gressed on taxane-containing therapies. In addition, the

preclinical work of Towle et al. (2001), demonstrated that

eribulin is more effective at considerably lower doses than

paclitaxel (at empirically determined MTD levels) in four

different human tumor xenograft growth models in mice:

potency differentials for eribulin versus paclitaxel based on

complete tumor suppression ranged from 20- to 100-fold

for different human tumors. Additionally, in these in vivo

studies, eribulin consistently showed a wider therapeutic

window compared to paclitaxel. Finally, eribulin showed

an average 4.1-fold increased potency compared to pacli-

taxel on a molar basis in a library of eight human cancer

cell lines, with ratios in the individual lines ranging from

2.0-fold to 27.8-fold. We conclude that, although direct

head-to-head comparisons of eribulin versus paclitaxel

have yet to be reported in the clinical setting, existing

clinical evidence from the EMBRACE Phase III clinical

trial pointing to eribulin activity after progression on tax-

anes, coupled with consistent preclinical evidence of

greater potency both in cancer cell lines and human tumor

xenograft models, make a compelling case that eribulin is

either an equipotent or more potent anti-cancer agent rel-

ative to paclitaxel. In this context, the apparently lower

neuropathic effects of eribulin relative to paclitaxel in both

the clinic and laboratory settings can be viewed as not

simply a consequence of lower overall potency, but rather a

bona fide reduction in one of the most significant and

troubling side effects of treatment with these two agents.

Summary

Work presented here leads us to hypothesize that long-term

treatment with eribulin generates a more functional

microtubule cytoskeleton than does similar treatment with

paclitaxel, accounting at least in part for the reduced levels

of severe CIPN observed with eribulin-treated versus

paclitaxel-treated patients. With this foundation, future

investigations will include testing this hypothesis mecha-

nistically, both in animal and cell culture models.
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