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Abstract

Chemotherapy-induced peripheral neuropathy (CIPN) is a
major cause of disability in cancer survivors. CIPN investigations
in preclinical model systems have focused on either behaviors or
acute changes in nerve conduction velocity (NCV) and amplitude,
but greater understanding of the underlying nature of axonal
injury and its long-term processes is needed as cancer patients live
longer. In this study, we used multiple independent endpoints to
systematically characterize CIPN recovery in mice exposed to the
antitubulin cancer drugs eribulin, ixabepilone, paclitaxel, or
vinorelbine at MTDs. All of the drugs ablated intraepidermal
nerve fibers and produced axonopathy, with a secondary disrup-
tion in myelin structure within 2 weeks of drug administration. In
addition, all of the drugs reduced sensory NCV and amplitude,
with greater deficits after paclitaxel and lesser deficits after ixabe-
pilone. These effects correlated with degeneration in dorsal root
ganglia (DRG) and sciatic nerve and abundance of Schwann cells.

Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is a
prominent side effect of chemotherapies that target microtubules
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Although most injuries were fully reversible after 3-6 months
after administration of eribulin, vinorelbine, and ixabepilone, we
observed delayed recovery after paclitaxel that produced a more
severe, pervasive, and prolonged neurotoxicity. Compared with
other agents, paclitaxel also displayed a unique prolonged expo-
sure in sciatic nerve and DRG. The most sensitive indicator of
toxicity was axonopathy and secondary myelin changes accom-
panied by a reduction in intraepidermal nerve fiber density. Taken
together, our findings suggest that intraepidermal nerve fiber
density and changes in NCV and amplitude might provide mea-
sures of axonal injury to guide clinical practice.

Significance: This detailed preclinical study of the long-term
effects of widely used antitubulin cancer drugs on the peripheral
nervous system may help guide clinical evaluations to improve
personalized care in limiting neurotoxicity in cancer survivors.
Cancer Res; 78(3); 817-29. ©2017 AACR.

(1-4). CIPN can lead to dose reduction associated with poorer
survival (5) and can be disabling for patients (1, 6, 7). Although
CIPN has been frequently observed in cancer survivors, often
outlasting the course of chemotherapy (4, 8, 9), the severity of
CIPN and time course of recovery following treatment with anti-
microtubule agents is not well studied. Most clinical investigations
focus on the incidence and severity of neuropathy during treat-
ment. However, in clinical practice, patients are often treated with
combinations of drugs that are individually known to cause CIPN
and receive sequential treatment for recurrence with additional
CIPN-inducing drugs. Thus, although different chemotherapeutic
regimens vary clinically in the frequency and severity of resultant
CIPN, little is known about the relative reversibility from individ-
ual agents and the vulnerability of nerves to long-term injury.
Animal models have proven useful to investigate how che-
motherapies differ in their patterns of producing neuropathy,
axonopathy, and myelinopathy (10-13). For example, we have
previously reported that paclitaxel and ixabepilone produce more
severe nerve conduction and morphology changes in mice com-
pared with eribulin at their respective MTDs (14). We have also
provided evidence that microtubule agents can accumulate and
persist in nerves, although this does not correlate with the severity
of neuropathy as assessed by nerve conduction deficits observed for
weeks following exposure (15). Although changes in nervous tissue
morphology (16), mitochondrial structure (17, 18), and distal site
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skin innervation (19, 20) have been described, there have been no
systematic long-term comparisons of recovery of different periph-
eral nerve subsets from axonal and dorsal root ganglia (DRG)
injury. To understand more fully the underlying nature of nerve
injury and its recovery over time, we have directly compared the
severity and extent of peripheral nervous system recovery in mice
for up to 6 months after exposure to MTDs of four antimicrotubule
chemotherapies: eribulin, ixabepilone, paclitaxel, and vinorelbine.
In addition, we investigated microtubule biochemistry, Schwann
cell actions and long-term drug disposition relative to the extent to
which damage persists. This neuropathy recovery study may help
better understand the long-term effects of eribulin, ixabepilone,
paclitaxel, and vinorelbine on the peripheral nervous system,
which may ultimately serve to guide their clinical use.

Materials and Methods

Experimental design

The overall experimental design including the schedule of drug
administration and timing of assessments is shown schematically
in Fig. 1. Female BALB/c mice (7-8 weeks old) were obtained from
Envigo and maintained with free access to water and a standard-
ized synthetic diet (Envigo Teklad Global Rodent Diet). Animal
housing and procedure room temperature and humidity were
maintained at 20°C £ 2°C and 55% =+ 10%, respectively. Artificial
lighting provided a 12-hour light/12-hour dark cycle (light
7 am.-7 p.m.). Experimental protocols were approved by the
Institutional Animal Care and Use Committee of John Hopkins
University and adhered to all applicable institutional and govern-
mental guidelines for humane treatment set forth in the Guide for
the Care and Use of Laboratory Animals (Office of Laboratory
Animal Welfare, NIH). Mice were treated with a previously deter-
mined six-dose MTD regimen administered intravenously, dosing
every other day for 2 weeks with a 2-day drug-free gap between
weekly cycles (14). MTD was determined as the maximal dose at
which no more than one per group of 10 animals died sponta-
neously within a 2-week period after cessation of dosing, or at
which no more than one mouse in the group required euthanasia

due to >20% weight loss or overt clinical signs of distress including
inability to eat or drink. The six-dose intravenous MTD regimen
was determined to be 1.2 mg/kg for eribulin, 2 mg/kg for ixabe-
pilone, 30 mg/kg for paclitaxel, and 11 mg/kg for vinorelbine.

Drugs and formulations

Eribulin mesylate (synthesized and provided by Eisai Inc., and
stored desiccated at —80°C in the dark) was dissolved in 100%
anhydrous DMSO (Sigma-Aldrich) to produce a 10 mg/mL stock
solution, which was separated into aliquots and stored at —80°C.
Each administration day an aliquot of the stock solution was
thawed and diluted with saline to a final concentration of
0.12 mg/mL in 2.5% DMSO/97.5% saline and administered in
a 10 mL/kg volume. Paclitaxel (purchased from LC Laboratories
and stored at —20°Cin 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 revortexed for
about 10 minutes. Immediately prior to injection, ice-cold saline
was added to final volume (as 80% of final) and the solution was
maintained on ice during dosing. Dosing solutions of 3 mg/mL
were made fresh on each dosing day and administered in a
10 mL/kgvolume. Ixabepilone (Ixempra) was prepared according
to the package insert. The formulated ixabepilone stock solution
(2 mg/mL) was immediately aliquoted and stored at —80°C until
use. On each experimental day, an aliquot of the stock solution was
diluted by adding 50% ethanol/50% Cremophor with subsequent
vortexing to yield a resultant solution that was five times the required
dosing concentration. Four volumes of PBS were added, while
vortexing, to achieve a final dosing concentration of 10 mL/kg.
Vinorelbine (United States Pharmacopeia) was prepared fresh each
dosing day by dissolving powder in sterile normal saline and
formulating at 1.1 mg/mL for dosing at 10 mL/kg.

Nerve conduction velocity and amplitude

Electrophysiologic measurements were performed as previous-
ly described (14, 21). In brief, baseline caudal and digital nerve
conduction velocity (NCV) and amplitude were measured in all
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Experimental schematic of mouse procedures and experimental endpoints. Mice were assessed for baseline nerve conduction velocity/amplitude (functional
assessment) prior to the intravenous six-dose MTD regimen and again at 24 hours, 1week, 2 weeks, 4 weeks, 2 months, 3 months, and 6 months after dosing. At similar
time points, foot pads, plasma, DRG, and sciatic nerve samples were collected from mice for IENFD quantification and bioanalysis of drug levels (PK), respectively.
In addition, DRG and sciatic nerve samples were collected for morphologic/morphometric evaluations at the 2-week, 3-month, and 6-month time points.
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mice the week prior to dosing. Mice were anesthetized with 2%
isoflurane (by inhalation, for induction and maintenance) and
placed on a heating pad with rectal temperature maintained
between 37.0 and 40.0°C. Platinum subdermal needle electrodes
(Grass Technologies) were used for stimulating and recording.
Caudal NCV was recorded from electrodes placed in a bipolar
configuration at the base of the tail (at the hair line); the stim-
ulating cathode being positioned 35 mm further distal. Digital
NCV was recorded using stimulation at the base of the second toe
and recording at the level of the lateral malleolus. Amplitudes
were measured as the baseline to peak neural response. Each nerve
segment stimulation was repeated at least three times, up to a
maximum of six times, with increasing voltage until the maximal
response was achieved, using AcqKnowledge software version
3.7.3 (BIOPAC Systems Inc.). Mice (10 per group) were randomly
assigned into a vehicle, eribulin, ixabepilone, paclitaxel, or vinor-
elbine treatment group (vinorelbine group was repeated twice as
detailed below in the Results section). A common Cremophor-
based vehicle group was used for comparison with the paclitaxel
and ixabepilone treatment groups to reduce mouse usage num-
bers, with individual vehicle groups for eribulin and vinorelbine.
Following MTD dosing as described above, mice were again tested
for NCV/amplitude at 24 hours, 7 days, and 14 daysand at 1, 2, 3,
and 6 months following the last dose. Statistical analysis of data
was made by Student ¢t test using Prism GraphPad software
Version 4.03, with significance being defined at P < 0.05.

Intraepidermal nerve fiber density

Mice were euthanized with carbon dioxide and footpads were
removed from three mice per time point and intraepidermal nerve
fiber densities were quantitated as described previously (22). In
brief, hind limbs were transected at the calcaneus bone and placed
in Zamboni's fixative for 48 hours, after which they were washed
with PBS and placed in a cryoprotectant (30% glycerol) solution.
Tissue blocks were cut by freezing microtome at 50-um intervals
and THC staining was performed using a standard chromogen
technique with rabbit anti-PGP 9.5 (AbD Serotec; a Bio-Rad
Company). Four sections were selected for staining from a total
of 10-12 sections at 100-um intervals from a tissue block that
contained footpads 3 and 4 to ensure a systematic sampling of the
footpad. Sections were incubated overnight at room temperature
with primary antibody at 1:6,000 in 96-well tissue culture plates
on a horizontal tabletop shaker at 50 rolls per minute. The
following day, sections were washed in PBS 2-3 times and
incubated with biotinylated goat anti-rabbit Ab (Vector Labora-
tories) for 2-3 hours. Bound immunoglobulin was visualized by
the ABC Kit (Vector Labs). Individual PGP 9.5 positive intraepi-
dermal nerve fibers crossing the dermal-epidermal junction were
counted by manual inspection. Intraepidermal nerve fiber density
(IENFD) was calculated by dividing the number of counted fibers
by the length of epidermis and expressed as fibers/mm. Statistical
analysis of data was performed using Student ¢ test analysis versus
vehicle-treated mice.

Drug exposure

In the same mice, pharmacokinetic studies were performed to
determine the plasma, DRG, and SN exposure of the four drugs
after the MTD administrations. Mice were euthanized with CO,
and plasma and tissues were taken at 24 hours, 7 days, 14 days,
1 month, 2 months, 3 months, and 6 months following the last
dose (n = 3 mice per group and time point). Blood was removed
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via cardiac puncture and plasma was derived from whole blood by
centrifugation at 3,000 rpm at 4°C in plasma separator tubes for
10 minutes. SN and DRG were removed and pooled and homog-
enized with three times their respective weights of mouse plasma
using a MiniBead Beater-96. All samples were stored at —80°C
until analysis. Samples were analyzed for eribulin, ixabepilone,
paclitaxel, and vinorelbine using reverse-phase chromatography
on a LC/MS-MS (API-4000 with a Shimadzu autosampler) using
methods based on procedures described previously (23-25). The
lower limits of quantifications for eribulin, ixabepilone, paclitax-
el, and vinorelbine respectively, were 0.5, 5, 1, and 2 ng/mL in
plasma, 6.25, 125, 25, and 10 ng/g in DRG, and 5, 100, 20, and
8 ng/g in SN.

Neuropathologic analyses

For neuropathologic analyses, three mice from each treatment
group at the 2-week, 3-month, and 6-month time points under-
went total body perfusion with PBS solution containing 2%
glutaraldehyde and 4% paraformaldehyde while under deep
anesthesia. L4-L5 DRG and both sciatic nerves at mid-thigh were
dissected from the mice without stretching. For morphologic
evaluation, specimens were fixed by immersion in 3% glutaral-
dehyde (left sciatic nerves) or 2% glutaraldehyde/4% paraformal-
dehyde (DRG) in 0.12 mol/L PBS solution, postfixed in OsO,,
epoxy resin embedded, and used for light microscopy and
morphometric analysis. Forimmunofluorescence/antibody stain-
ing, sciatic nerves were postfixed in 4% paraformaldehyde in
0.12 mol/L PBS solution.

Morphologic and morphometric evaluation of DRG and sciatic
nerve

Semi-thin 1-um sections of sciatic nerves and DRG were pre-
pared, stained with toluidine blue, and examined with a Nikon
Eclipse E200 light microscope (Leica Microsystems GmbH) as
described previously (26). Representative images were captured
with a light microscope-incorporated camera (Leica DFC 280).
Morphometric analysis of sciatic nerves was performed at a mag-
nification of 60x using a QWin automatic image analyzer (Leica
Microsystems GmbH). In randomly selected fields of the nerve
sections (at 5 mm from the proximal stump), all myelinated fibers
evaluable in the analyzed space were counted and the internal
(axonal) and external (total) diameters of myelinated fibers were
measured on at least 500 myelinated fibers/nerve. The histograms
of g-ratio (axonal diameter/whole fiber diameter as a measure of
myelination degree in each fiber) distribution were generated. The
same blinded observer performed all the morphometric determi-
nations according to earlier published methods (26, 27).

For DRG morphometrics, serial 1-ium sections, spaced at 25-um
intervals, were collected and stained as described above. Images
were captured with a light microscope-incorporated camera
(Leica DFC 280) atan original magnification of 20 x. The somatic,
nuclear, and nucleolar size of at least 200 DRG neurons/animal
were manually measured and analyzed with a computer-assisted
image analyzer (ImageJ software, US NIH, Bethesda, MD). The
same blinded observer performed all the morphometric measure-
ments as described earlier (26, 28). Statistical analysis was per-
formed using Student ¢ test.

Sciatic nerve IHC, imaging, and analysis

Fixed whole sciatic nerves were processed as described previ-
ously (29). Briefly, nerves were embedded in 10% agarose and
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Vibratome cross-sectioned at 100-um steps and stored in 1x PBS
containing 0.01% sodium azide at 4°C until immunostaining.
Individual sections were stained with antibodies to acetylated
a-tubulin (K40, Cell Signaling Technology #5335, 1:800 dilu-
tion), GFAP (Abcam #7260, 1:200 dilution), or S100B (Abcam
Ab11178,1:500 dilution). All sections were also stained with anti-
phosphoneurofilament (Covance SMI-31R 1:2,000 dilution) and
anti-myelin basic protein (Millipore AB9348, 1:100 dilution) as
internal controls and to identify regions of interest (axons and
myelin sheaths, respectively). Sections were blocked in PBT block-
ing agent overnight at 4°C [PBS (1.37 mol/L NaCl, 27 mmol/L
KCl, 100 mmol/L Na,HPO,, 18 mmol/L KH,PO,), 0.1% Triton
X-100, 1% BSA, 1% donkey serum]. Sections were then incubated
free-floating at 4°C with primary antibodies for 7 days followed by
incubation with fluorescently-labeled secondary antibodies for
2 days. Sections were mounted using ProLong Gold mounting
media with DAPI (Life Technologies P36935). Each slide was
prepared containing one section from each of the four treatments
and one section from each of the corresponding vehicle controls,
all stained simultaneously with the same antibody solution.
Z-stacks of the first 20 um of each section were collected at 0.5-um
steps using an Olympus Fluoview 1000 Spectral confocal system
equipped an Olympus PLANAPOSC 60x (1.40 NA) high refrac-
tive index oil immersion objective excited by 405-, 488-, 559-, and
635-nm laser lines, and collected by PMT detectors. Images from
each slide were imported into Imaris (Version 7.5.2, Bitplane) and
rendered into three-dimensional maximum intensity z-stack pro-
jections for analysis (see Supplementary Fig. S1 and Supplemen-
tary Methods for additional procedures).

Data collection and analysis

In all cases, mice were randomly assigned into treatment
groups, with the exception of the second vinorelbine group,
which was repeated due to early deaths (see methods/results
for details). Sample sizes estimations were based on similar
experiments performed previously by our group. When acquiring
data, experimenters were blind to specific group assignments.
All results are presented as mean + SEM. Prism GraphPad soft-
ware Version 4.03 was used for statistical analysis. All analyses
of changes in nerve conduction velocity and amplitude, sciatic
nerve morphology, morphometry, microtubule biochemistry,
and IENFD data were performed using a Student ¢ test comparing
to vehicle-treated mice at the same time points (*, P < 0.05;
**, P<0.01; ***, P < 0.001).

Results

Nerve conduction and amplitude effects

The effect of the MTD dosing regimen on NCV and amplitude
measurements varied. Of the four drugs tested, paclitaxel effects
were most severe, significantly slowing both caudal and digital
NCV and reducing caudal and digital nerve amplitude at all time
points from 24 hours through 6 months of recovery (Figs. 2A-H
and 3A-H). The largest deficit was observed 1 to 2 weeks after
dosing, with larger effects seen on amplitude compared with NCV
(Fig. 2A and B). Ixabepilone and eribulin produced less severe,
although still significant, deficits in NCV (Fig. 2C and E). Small,
but significant reductions in caudal amplitude were also observed
after dosing with ixabepilone and eribulin (Fig. 2D and F),
whereas only ixabepilone produced a significant effect on digital
amplitude (Fig. 3B, D, F, and H). Interestingly, the amplitude
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effects, although small, tended to be delayed showing maximal
deficit at 1-2 months postdosing for ixabepilone and eribulin,
respectively.

Recording from vinorelbine-treated mice was complicated by
an unexpectedly high death rate (90%) just before completing 2
months of recovery. To investigate this further, a second cohort
was treated similarly and again a high death rate (80%) occurred.
The facility veterinarian conducted autopsies on several of the
mice, and deemed the deaths to be nonspecific and likely due to
repeated anesthesia for nerve conduction measurement, because
vinorelbine-treated mice in the pharmacokinetic and morphol-
ogy groups all survived the 6 months recovery without incidence.
Interestingly, this apparent delayed and lethal association
between vinorelbine treatment and repeated anesthesia was not
seen with the other microtubule-targeting drugs. Accordingly,
nerve conduction measurements in vinorelbine-treated mice were
only followed for up to 4 weeks after dosing. Vinorelbine-treated
mice had a significant decrease in caudal velocity at 24 hours and a
decrease in digital velocity at 2 weeks postdose. Neither digital nor
caudal amplitude were significantly affected by vinorelbine treat-
ment (Figs. 2H and 3H).

Intraepidermal nerve fiber density

As shown in Fig. 4, all four antitubulin agents produced a
reversible decrease in footpad epidermal nerve fiber density that
generally peaked 2 weeks after the end of dosing. The loss was
largest and of longest duration after paclitaxel, with recovery
requiring a full 6 months (Fig. 4A). The effects of vinorelbine
and eribulin were similar having a rapid onset and recovery after
4 weeks. The ixabepilone-induced epidermal nerve fiber density
decrease was about the same magnitude, but developed more
slowly, than that seen with the other agents. Representative
photomicrographs of IENFD from paclitaxel and vehicle-treated
mice are shown in Fig. 4B.

Drug exposure. All four chemotherapies administered were cleared
from plasma rapidly with only paclitaxel- and vinorelbine-treated
mice showing quantifiable levels 24 hours after cessation of
dosing (of4.68 and 5.56 ng/mL, respectively; Table 1). In contrast,
each of the four chemotherapies showed quantifiable levels in
DRG and SN for several days after cessation of dosing. Paclitaxel
had the longest exposure duration with quantifiable levels in DRG
and SN remaining up to 2 months after completion of dosing. In
comparison, eribulin- and vinorelbine-treated mice showed
quantifiable levels in SN and DRG for only 7 to 14 days post-
dosing. Ixabepilone-treated mice had quantifiable levels in DRG
only through 7 days postdosing and no detectible drug in SN at
any time point.

DRG and sciatic nerve morphology/morphometry. Of the four
chemotherapies evaluated, only paclitaxel and ixabepilone pro-
duced DRG and sciatic nerve morphology changes (Fig. 5A-L;
Supplementary Figs. S2A-S2L and 3SA-3SL). Following paclitax-
el, darkinclusions were presentin DRG sensory neurons at 2 weeks
(arrows in Fig. 5D). At 3 months, a reduction in cell density of
DRG neurons was evident (circle in Fig. 5E), with improvement at
6 months (Fig. 5F). Accompanying severe fiber degeneration and
overall fiber loss were evident at 2 weeks in sciatic nerve (arrows
and circle, respectively in Fig. 5]) with less apparent sciatic nerve
degeneration at 3 months (Fig. 5K). Further improvement was
also observed in sciatic nerve at 6 months (Fig. 5L). Morphometric
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Figure 2.

Effect of MTD dosing on caudal nerve conduction and amplitude. Mice dosed with paclitaxel (Pacli) showed the most severe and longest lasting deficits in caudal
velocity and amplitude, followed by ixabepilone (Ixa), eribulin (Erib), and lastly vinorelbine (Vino), which produced the least severe changes (Student t test:
*, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. vehicle). N = 10 mice/group except for vinorelbine, where n = 8 mice/group.
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Effect of MTD dosing on digital nerve conduction and amplitude in mice. Mice dosed with paclitaxel (Pacli) produced the most severe digital nerve conduction
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Recovery from Chemotherapy-Induced Neuropathy in Mice
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Effect of MTD chemotherapy dosing on footpad intraepidermal nerve fiber density (IENDF) in mice. A, Paclitaxel induced a significant and sustained

reduction in IENFD (PGP-positive fibers) from 24 hours to 3 months after dosing. Vinorelbine and eribulin also produced deficits from 24 hours, but these
recovered by 4 weeks and ixabepilone-treated mice showed a significant deficit in fiber density at 2 weeks and recovered thereafter. (Student ¢ test: **, P < 0.01;
*** P < 0.001 vs. vehicle-treated mice). B, Representative photomicrographs of PGP positive fibers indicating loss of IENFD in paclitaxel-treated mice 1 week

after cessation of treatment versus vehicle. N = 3 mice/time point/treatment.

analyses showed evidence of neuronal hypotrophy at 2 weeks,
with nucleolar reduction in size evident and worsening at 3
months, but partially recovering at 6 months (Fig. 5M). DRG
and sciatic nerves from mice receiving ixabepilone treatment also
displayed mild fiber degeneration and moderate dark inclusions
at 2 weeks postdose, respectively (Supplementary Figs. S2D and
S3D) with recovery evident at later time points). Morphometric
analyses showed neuronal hypotrophy with ixabepilone at 2
weeks, similar to paclitaxel, whereas nucleolar reduction in size
resolved at 3 months (unlike following paclitaxel), along with
somatic recovery at 6 months (Supplementary Fig. S4D). In

www.aacrjournals.org

contrast, sciatic nerves and DRG from eribulin- and vinorel-
bine-treated mice showed no evidence of significant patho-
logic change (see Supplementary Figs. S2G-2L and S3G-S3L).
G-ratio, the ratio between the axonal diameter/myelinated
fiber diameter, was used as a measure of myelination and axonal
integrity. Sciatic nerve morphometric evaluation showed
decreased G-ratios at all time points for eribulin-treated mice,
and at 2 weeks and 3 months for vinorelbine-treated mice
(V. Carozzi, personal communication).

Two weeks after cessation of dosing, only paclitaxel (Fig. 5N)
induced a moderate, but significant (P < 0.01), shift to the left of
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Table 1. Chemotherapy drug concentrations in plasma, DRG and sciatic nerve

Treatment/concentration (ng/g) or (ng/mL)

Eribulin (1.2 mg/kg) Ixabepilone (2 mg/kg)

Paclitaxel (30 mg/kg) Vinorelbine (11 mg/kg)

Day DRG Sciatic nerve Plasma® DRG Sciatic nerve  Plasma® DRG Sciatic nerve  Plasma® DRG Sciatic nerve  Plasma®
1 75.5 68.0 BLQ 549 BLQ BLQ 64,50 15,50 4.68 14,90 64.3 5.56
7 14.8 43.4 BLQ 205 BLQ BLQ 615 629 BLQ 376 325 BLQ
14 BLQ 17.6 0.79° BLQ BLQ BLQ 412 7.3 BLQ 91.8 BLQ BLQ
28 BLQ BLQ BLQ BLQ BLQ BLQ 841 85.4 BLQ BLQ BLQ BLQ
60 BLQ BLQ BLQ BLQ BLQ BLQ 17.7 10.4 BLQ BLQ BLQ BLQ

Abbreviation: BLQ, below limit of quantification.
@Mean of samples from three mice.
®Two-third samples BLQ.

the G-ratio frequency distribution, indicating the occurrence of
axonopathy. At 3 months following the cessation of dosing, this
significant shift to the left of the distribution was still evident in
the sciatic nerves of paclitaxel (Fig. 50), but there were no
differences at the 6-month time point (Fig. 5P).

Sciatic nerve immunofluorescence. To provide a cellular and molec-
ular basis for the electrophysiologic studies described above, we
next quantified the neurodegenerative effects of each chemother-
apy agent on axon area density, frequency of myelin abnormal-
ities, abundance of non-neuronal nuclei, and tubulin biochem-
istry in cross-sections of sciatic nerves from drug- and vehicle-
treated mice. Evidence of myelin abnormalities [Fig. 6A (MBP)
and B, likely secondary to axonopathy, was prominent at 2 weeks
and 3 months and was consistently most frequent in paclitaxel-
treated animals. in paclitaxel-treated mice, axon area density was
significantly decreased through 3 months of recovery [Fig. 6A
(PNF) and CJ. In contrast, axon area density in eribulin-treated
mice recovered fully from initial deficits by the 2-week time point,
with ixabepilone and vinorelbine showing no change at any time
point. Only paclitaxel-treated mice displayed a significant and
persistent increase in the number of non-neuronal nuclei at the 2
week, 3 months, and 6 months recovery time points [Fig. 6A
(DAPI) and D], although ixabepilone-treated mice showed a
similar trend at 2 weeks (B. Cook, personal communication).
These additional nuclei were positive for known Schwann cell
markers S100B and GFAP, indicating that they are likely Schwann
cells, the resident glia of the sciatic nerve (B. Cook, personal
communication). Our previous work demonstrated that axonal
levels of acetylated-o-tubulin, a marker of microtubule stability,
wereinduced 11.7-and 4.6-fold for eribulin and paclitaxel-treated
mice, respectively, at the end of a 2-week MTD treatment (26).
Here, we show that two weeks into the recovery phase, tubulin
acetylation in eribulin-treated mice is back to control levels while
it was greatly reduced, but still significantly higher than vehicle-
treated mice, in paclitaxel-treated mice [Fig. 6A (Ac-tub) and E|. In
contrast, axonal levels of both o-tubulin and end-binding protein
1 (EB1) rapidly returned to control values at 14 days from initially
induced levels at the end of the MTD treatment in both paclitaxel-
and eribulin-treated mice (B. Cook, personal communication).
Overall, mice treated with eribulin, ixabepilone, and vinorelbine
recovered more rapidly from drug-induced morphologic and
biochemical effects than did paclitaxel-treated mice.

Discussion

Previous investigations of chemotherapy-induced neurotoxic-
ity have tended to focus on either pain behaviors or acute changes

Cancer Res; 78(3) February 1, 2018

in nerve conduction velocity and amplitude. To our knowledge,
there have been no systematic studies characterizing the time
course of structural nerve and DRG injury and the completeness
of recovery after exposure to neurotoxic chemotherapy. Under-
standing the underlying nature of DRG and peripheral nerve
damage and recovery has become increasingly important as
patients live longer with cancer, often receiving multiple, sequen-
tial courses of treatment with multiple neurotoxic agents, alone or
in combination.

For these reasons, we have undertaken a longitudinal compar-
ison of chemotherapy-induced peripheral neurotoxicity recovery
in an animal model studying multiple independent endpoints.
Four representative drugs that produce cytotoxic effects by inter-
fering with microtubule function, including eribulin, ixabepilone,
paclitaxel, and vinorelbine, were investigated using an MTD
dosing paradigm. The MTD doses used in these mice provided
drug plasma exposures relatively similar and in the same rank
order as the plasma exposures observed when therapeutic doses
were administered to patients. The mouse plasma exposures for
the four compounds also showed a similar rank order potency to
their respective Gl values reported against various human cancer
cell lines, although there was much variability in these latter
values (see Supplementary Table S1). All four drugs caused loss
of intraepidermal nerve fibers during the first 2 weeks after drug
administration, which was determined to be the most sensitive
measure of neurotoxic effects. NCV and amplitude were most
severely affected by paclitaxel and, to a lesser extent, ixabepilone,
and these effects were correlated with signs of degeneration in
DRG and SN. The delayed recovery after paclitaxel was unique
among the drugs studied, resulting in a severe, pervasive, and
prolonged neuropathy consistent with more severe axonopathy.
Compared with other agents studied, paclitaxel produced pro-
longed drugretention in sciatic nerve and DRG. For the other three
microtubule-targeting agents, injury was fully reversible after
recovery of 3 to 6 months. These results may provide insight into
the nature of clinically observed CIPN, including symptoms,
relative severity, and time course of recovery.

To our knowledge, this is the first comparative study of
intraepidermal nerve fiber loss and recovery in animal CIPN
models. Previously, acute reductions in fiber density have been
reported after paclitaxel or cisplatin (20). In addition, previous
clinical studies have shown the usefulness of this measure in
patient populations with small-fiber neuropathy (30-33) or
specifically after administration of ixabepilone (34) and oxa-
liplatin (35). In this study, the technique proved to be the most
sensitive marker of distal small fiber injury during the first 2
weeks after drug administration with recovery in all cases.
However, consistent with its more severe electrophysiologic
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Figure 5.

A-L, Light microscopy analysis of the sciatic nerve and DRG of vehicle and paclitaxel (PACLI)-treated mice. After 2 weeks of recovery, paclitaxel induced
cytoplasmic dark spot inclusions, particularly frequent in large neurons (arrows in D). At 3 months, there was sporadic degeneration/loss of sensory neurons (circle in
E) with general improvement after 6 months (F). At 2 weeks, paclitaxel induced axonopathy (white arrows in J) and fiber loss (circle in J) was evident. Similar
but milder damages persisted after 3 (K) and 6 months (L). M, Morphometric analysis of DRG sensory neurons of vehicle and paclitaxel-treated mice shows
the rate change (%) of DRG neuronal cellular sizes of paclitaxel versus vehicle-treated mice. Paclitaxel induced a severe somatic (***, P < 0.0001 vs. vehicle)
and nuclear (***, P < 0.0001 vs. vehicle) reduction-in-size at 2 weeks. The damage worsened at 3 months but partially recovered at 6 months (***, P < 0.0001 vs.
vehicle; *, P < 0.05 vs. vehicle, Student ¢ test). N=P, G-ratio (estimated by dividing the axon diameter by the myelinated fiber diameter) was calculated as

a measure of myelination and axonal integrity of sciatic nerves. The graphs in N, O, and P depict the frequency distribution of myelinated fibers G-ratio (%) after
2 weeks, 3 months, and 6 months, respectively. Paclitaxel induced a significant (P < 0.01) shift to the left of the histograms at 2 weeks, indicating a reduction
in the frequency of the largest fibers (N), which was still present through 3 months (0), but resolved after 6 months (P). N = 3 mice/time point/treatment.
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Quantitative immunofluorescence analysis of sciatic nerve cross-sections. Mice dosed with paclitaxel (PACLI) produced the most severe effects on myelin,
axon area density, and non-neuronal (Schwann) nuclei, followed by eribulin (ERIB). Ixabepilone and vinorelbine had no effect (data not shown). A,
Representative images of drug- and vehicle-treated mice following a recovery period of 2 weeks. PNF, phosphoneurofilament (axons, yellow); MBP,
myelin basic protein (myelin sheath, red), acetylated tubulin (K40Ac, green), DAPI (nuclei, blue); scale bar, 20 um. Quantification of frequency of
myelin abnormalities from MBP (B), axons per unit area from PNF (C), number of non-neuronal (Schwann) nuclei per unit area from DAPI (D), and
quantification of relative axonal abundance (E) of acetylated tubulin during the recovery period after mice received an MTD dosing regimen. Tubulin
acetylation in eribulin-treated mice returned to control levels while it was greatly reduced but still significantly higher than vehicle-treated mice in
paclitaxel-treated mice. Student t tests were used to identify significant differences between comparisons of the drug groups to their respective vehicles

at each time point. *, P < 0.05; **, P < 0.01.

effects, paclitaxel caused the greatest loss and showed the
slowest recovery. NCV reduction is consistent with myelin
disruption in sciatic nerve. This effect was observed by IHC at
2 weeks for all four agents, but the effect of paclitaxel was
comparatively greater and more prolonged. Our experimental
data are in agreement with clinical observations of neuropathy
caused by all four drugs in both small-fiber and large-fiber
sensory function, but the current observations suggest that the
effects of paclitaxel are uniquely more severe. It would be of
great interest to systematically evaluate changes in patients
receiving chemotherapy to determine whether the time course

Cancer Res; 78(3) February 1, 2018

of loss and recovery is similar to that observed here and
establish the relationship between symptoms and intradermal
fiber loss.

NCV and amplitude decreases after microtubule-targeted
chemotherapeutic agents have been previously reported
(14, 15, 21, 26, 36-40). In this study, paclitaxel and ixabepi-
lone produce the most severe acute deficits with eribulin and
vinorelbine causing milder effects. We previously followed
animals for up to 28 days after dosing and observed similar
patterns (21), with greater recovery in NCV compared with
amplitude. It is notable, however, that eribulin treatment led to
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a delayed decrease in caudal amplitude that became significant
only after 2 months of recovery. This pattern is similar to that
observed previously (14, 15), contrasting with the acute effects
of paclitaxel and ixabepilone and thus may be worthy of future
investigation as to mechanism.

The morphologic and biochemical assessments of acute cellu-
lar injury demonstrate a uniquely severe effect of paclitaxel, with
axonal degeneration, DRG loss, alteration in G-ratio, and increase
in Schwann cells observed most frequently after paclitaxel expo-
sure. Paclitaxel's induction of Schwann cells at all time points
during the recovery phase is consistent with the notion that it
generates the most cellular damage. Ixabepilone, which also has
notable electrophysiologic effects, also produced some signs of
structural change, but the effects were in general milder than those
caused by paclitaxel and recovery was more rapid. In general,
eribulin caused few, if any, degenerative effects, other than early
signs of myelin structure disruption. We previously reported
that eribulin induces surprisingly favorable effects in microtu-
bule biochemistry 24 hours after MTD dosing, which included
increased axonal o-tubulin, acetylated tubulin, and EB1 (26).
These changes may promote a more stable cytoskeleton that
allows eribulin-treated nerves to recover more quickly from its
initial morphologic effects. Surprisingly, vinorelbine treatment
was not associated with any significant degenerative effects in the
sciatic nerve despite reductions in footpad IENFD, suggesting that
different chemotherapies possess unique mechanisms of neuro-
pathologic induction. Our data confirm that microtubule-target-
ing drugs induce axonopathy, but also suggest secondary myelin
changes. After the MTD course administered in these experiments,
these effects peak at about two weeks and are largely reversible.
Neurotoxicity is more dramatic after paclitaxel and to a lesser
extent after ixabepilone. These effects may take longer to recover
and in some cases were still present after even 6 months
of recovery.

Even though all four chemotherapies rapidly cleared from
plasma, each exhibited a prolonged exposure in DRG or
sciatic nerve for 7 to 14 days, a phenomenon that may be
associated with target binding and selective neurotoxicity. The
unique effects of paclitaxel may be associated with its persis-
tent residence in the nerve. As we have previously reported,
although the drug is rapidly cleared from the circulation,
paclitaxel was detectable in DRG and sciatic nerve through
the final measurement at 60 days. Although the absolute
amount falls over time, the residual drug is likely tightly bound
to microtubules causing persistent disruption of function and
delaying recovery.

Persistent neuropathy after paclitaxel is a well-established
clinical phenomenon in breast cancer survivors (41). Newer
agents, like the ones studied here, have been developed and their
cancer treatment trials have included assessment of neuropathy to
establish comparative safety profiles (42-44). However, these
clinical comparisons are difficult to interpret as they use subjective
measures, and often involve second-line therapy in patients
previously exposed to neurotoxic chemotherapy including not
only taxanes, but also platinum agents that also produce neu-
ropathy. The difficulty of clinical comparisons is compounded by
alterations in dosage size or frequencies that are often used to
avoid the most severe neuropathy during the clinical trials. There
is no long-term follow-up data regarding these newer agents as
there is with the more commonly used agents like paclitaxel and
cisplatin (3, 41, 45).
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Thus, we believe that an important perspective is provided by
the longitudinal animal data reported here, focusing on not
only electrophysiology but also morphologic, biochemical,
IENFDs and drug levels in nerve and DRG. This data is at
comparable dosing levels (MTD) and identical duration with
recovery data uncomplicated by multiple treatment cycles used
in the clinical setting (46). Interestingly, IENFD is the most
sensitive measure of neuropathy, showing acute changes for all
the drug studies. The acute axonopathy caused by microtubule
disruption is also sensitively reflected in IHC disruption of
myelin structure in the two weeks after administration for all
drugs. There is no reason to believe there is a direct effect on
myelin, but this observation suggests a close relationship
between axons and Schwann cells. Our results further demon-
strate that paclitaxel is a unique agent in its severity and lack of
recovery associated with a prolonged residence of measureable
drug in DRG and nerves. It produces larger, sometimes perma-
nent effects on NCV and amplitude accompanied by morpho-
logic and biochemical evidence of degeneration in DRGs and
sciatic nerve. Ixabepilone produces some of the same degen-
erative changes, but these are less prominent and more revers-
ible. These data suggest that additional clinical studies should
be undertaken to confirm the differences between agents to
guide clinical practice.
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