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Polyneuropathy is a frequent and potentially severe side effect of clinical tumor chemotherapy. The goal of
this study was to characterize paclitaxel-, cisplatin-, vincristine- and bortezomib-induced neuropathy in
C57BL/6 mice with a comparative approach. The phenotype of the animals was evaluated at four time points
with behavioral and electrophysiological tests, followed by histology. Treatment protocols used in this study
were well tolerated and induced a sensory and predominantly axonal polyneuropathy. Behavioral testing
revealed normal motor coordination, whereas all mice receiving verum treatment developed mechanical
allodynia and distinct gait alterations. Electrophysiological evaluation showed a significant decrease of the
caudal sensory nerve action potential amplitude for all cytostatic agents and a moderate reduction of nerve
conduction velocity for cisplatin and paclitaxel. This finding was confirmed by histological analysis of the
sciatic nerve which showed predominantly axonal damage: Paclitaxel and vincristine affected mostly large
myelinated fibers, bortezomib small myelinated fibers and cisplatin damaged all types of myelinated fibers
to a similar degree. Neuropathic symptoms developed faster in paclitaxel and vincristine treated animals
compared to cisplatin and bortezomib treatment. The animal models in this study can be used to elucidate
pathomechanisms underlying chemotherapy-induced polyneuropathy and for the development of novel
therapeutic and preventative strategies.

M
any agents used for tumor chemotherapy cause toxicity in the peripheral nervous system. Patients who
develop chemotherapy-induced peripheral neuropathy (CIPN) frequently complain about loss of sen-
sation and neuropathic pain. This condition not only increases the burden of disease, but can also be

dose limiting which is detrimental to therapy (reviewed by1). Among the compounds that frequently cause severe
CIPN are taxanes (paclitaxel, docetaxel), vinca alcaloids (vincristine, vinblastine, vindesine, vinflunine, vinor-
elbine), platinum analogs (cisplatin, carboplatin, oxaliplatin) and bortezomib. These compounds have distinct
pharmacological modes of action: Taxanes, which are often used in the treatment of solid tumors, stabilize the
tubulin cytoskeleton and thus prevent its disassembly2. This blocks the progression of mitosis causing a cell cycle
arrest and subsequent cell death. Vinca alcaloids are frequently used in the treatment of hematologic malignan-
cies, such as lymphomas and leukemias3. In contrast to taxanes, which promote tubulin polymerization, vinca
alcaloids inhibit tubulin assembly, thus blocking the formation of a spindle apparatus during mitosis. Platinum-
based antineoplastic drugs show great versatility in the treatment of malignancies including but not limited to
sarcomas, carcinomas, lymphomas and germ cell tumors. Platinum compounds induce cross-linking of DNA
strands, which inhibits DNA synthesis and repair (reviewed by4). Bortezomib is used in the treatment of multiple
myeloma as well as mantle cell lymphoma and is currently investigated as an immunmodulator (reviewed by5). It
irreversibly blocks the catalytic site of the 26S proteasome, preventing proteolytic cleavage of intracellular
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proteins. Several recent reviews discuss current pathophysiological
concepts of neuropathy development induced by these substances6–8.

Despite intense research efforts, both in the clinical and in the
basic sciences, CIPN and its underlying pathomechanisms are how-
ever still not fully understood. Current therapeutic options therefore
only serve to alleviate the symptoms but do not prevent damage in
the peripheral nervous system. One potential advantage for thera-
peutic studies on CIPN in comparison to other diseases of the peri-
pheral and central nervous system is its clearly defined onset of
damage. These are ideal preconditions to develop an early thera-
peutic or even preventative treatment. Various animal models of
CIPN with different endpoints have been developed and character-
ized to improve our understanding of how drugs designed to target
dividing cells lead to the malfunction and death of postmitotic neu-
rons (reviewed by9,10).

In the present study we used a comparative approach and the
endpoints behavior, electrophysiology and histology to characterize
the development of paclitaxel-, cisplatin-, vincristine- and bortezo-
mib-induced neuropathy in mice with the common C57BL/6
background.

Results
Unspecific effects of cytostatic drug treatment. To minimize
unspecific systemic toxicity, we administered cytostatic drugs at
doses that were lower or comparable to treatment of patients
undergoing chemotherapy (Table 1). Calculation of the human
equivalent dose was performed according to previously published
pharmacological models11. We expected that neuropathies develop
at different rates depending on the tested drugs. Therefore we
adjusted the duration of the experiments based on previously
published studies12–17. To facilitate comparison across different
cytostatic agents we defined an early (between baseline and the
middle of the experiment), middle (approximately half time) and
late (before the end of the experiment) time point for behavioral
and electrophysiological testing (Methods). Experiment duration
and the experimental days corresponding with the time points
outlined above are specified in table 1.

Overall, treatment with paclitaxel, cisplatin, vincristine or borte-
zomib was well tolerated. Both verum- as well as control-treated
animals showed normal activity, social interactions and grooming
behavior. We did not observe signs of distress and mortality was very
low: one mouse in the bortezomib control group and one mouse in
the cisplatin verum group died.

Animals receiving cisplatin significantly lost weight during the
treatment, but quickly recovered after the last injection. The max-
imum recorded weight difference between controls and treated ani-
mals was 21.3% 6 0.3% for paclitaxel ([10], not significant), 217.2%
6 1.9% for cisplatin ([9], p , 0.001), 10.9% 6 0.6% for vincristine
([10], not significant) and 25.6% 6 0.5% for bortezomib ([10], not
significant, Figure 1A). We analyzed the behavior of the animals
further with the open field test. In this test the movements of the
animals through a novel open field were monitored. We were inter-
ested in whether animals undergoing cytostatic therapy would be less
active, as this may be a sign for general toxicity or motor neuropathy.
Compared with controls, paclitaxel- and cisplatin-treated animals
traveled slightly longer distances at the early time point while vin-

cristine- and bortezomib-treated animals moved less (PTX 122% 6

6%, [10]; CIS 120% 6 6%, [10]; VIN 217% 6 3%, [10]; BTZ 217%
6 5% [10]; PTX, CIS and BTZ: p,0.05 compared to vehicle controls;
Figure 1B). At the late time point no significant difference was
detected for any of the substances studied. Even though animals
showed small to moderate alterations in the distance they traveled
at the early time point, all treatment paradigms were well tolerated.

Behavioral alterations. The drugs used in this study are known to
mainly affect the sensory nervous system, however in high doses they
can sometimes also cause motor symptoms18. We tested for an
impaired motor performance with the rotarod test and observed
that performance in animals treated with cytostatic drugs was
similar to that in the control group (Figure 1C).

One hallmark of murine CIPN is mechanical allodynia (reviewed
by9). In line with previous reports, all treatments led to a marked
reduction of the mechanical withdrawal threshold measured with the
von Frey hair test. Similar observations were made for paclitaxel,
cisplatin, vincristine and bortezomib with a reduction of the mech-
anical withdrawal threshold compared to baseline of 15% 6 3% for
paclitaxel ([10], not significant), 6% 6 4% for cisplatin ([10], not
significant), 17% 6 1% for vincristine ([10], p , 0.001) and 17% 6

2% for bortezomib ([10], p , 0.001) at the early time point. At the
late time point mechanical withdrawal threshold was reduced by 23%
6 2% for paclitaxel ([10], p , 0.05), 21% 6 3% for cisplatin ([9], p ,

0.001), 25% 6 3% for vincristine ([10], p , 0.001) and 29% 6 3% for
bortezomib ([10], p , 0.001, Figure 1D). The earliest manifestations
of mechanical allodynia were observed in vincristine and paclitaxel
treated animals and thereafter in bortezomib-treated animals
(Figure 1E). By day 10 after the first injection all animals treated with
chemotherapeutic agents developed significant allodynia (Figure 1D
1 E).

Automated gait analysis with the catwalk technique has been used
previously to detect gait alterations induced by dose-dense paclitaxel
treatment19. In particular, an increase in the swing phase was
observed as well as a decrease in the stance phase and duty cycle.
The parameter duty cycle expresses the stance phase as a percentage
of the step cycle (stance 1 swing phase). Given the limited experience
with this technique in CIPN animal models, we were interested as to
whether the drugs and treatment schedules used in this study would
also lead to detectable gait alterations in mice. In light of previous
publications including human studies, a symmetrical, distal and
length-dependent neuropathy was to be expected19. Fore- and hind-
paws were therefore analyzed separately, while parameters for the
right and left side were evaluated together.

Compared to baseline, the stance phase of the hindpaws at the late
timepoint in paclitaxel-, cisplatin- and vincristine-treated mice was
significantly (p , 0.05) reduced by 211% 6 2% for paclitaxel [9],
217% 6 2% for cisplatin [8] and 216% 6 2% for vincristine [9]
(Figure 1F). Parallel to these changes, we also observed a significant
(p , 0.05) reduction of the duty cycle at the late time point by 27%
6 1% ([9], PTX), 212% 6 2% ([8], CIS) and 26% 6 1% ([9], VIN,
Figure 1G). Similar to our previous observations, significant results
were only observed at the late time point, and thus later than the
development of mechanical allodynia. Interestingly, although mice
receiving bortezomib injections also showed a trend towards a

Table 1 | Summary of drugs and their abbreviations, treatment schedules, cumulative doses and test time points

Substance &
abbreviation Single Dose Schedule Time Cumulative Dose

Human equivalent
dose (single) Time points (early; middle; late)

Vincristine (VIN) 200 mg/kg BW Single i.p 10 d 200 mg/kg 0.65 mg/m2 Day: 2/3; 5/6; 9/10
Paclitaxel (PTX) 1 mg/kg BW 4x alternating days i.p. 14 d 4 mg/kg 10 mg/m2 Day: 3/4; 7/8; 13/14
Cisplatin (CIS) 2.3 mg/kg BW 5x 25 d rest-5x i.p. 21 d 23 mg/kg 7.5 mg/m2 Day: 5/6; 13/14; 20/21
Bortezomib (BTZ) 400 mg/kg BW 3x/week, 4 weeks i.p. 27 d 4.8 mg/kg 1.3 mg/m2 Day: 5/6; 15/16; 26/27
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reduced hindpaw stance phase and duty cycle, only forepaw para-
meters were significant. At the late time point, the stance phase was
reduced by 212% 6 2% [9] and the duty cycle by 24% 6 1% ([9],
both p , 0.05; Figure 1F–G).

Taken together, our results demonstrate the development of a
sensory neuropathy with mechanical allodynia and distinct gait
alterations for all tested drugs.

Electrophysiological measurements. To further characterize sen-
sory neuropathy, we measured nerve conduction velocity (NCV)

and sensory nerve action potential (SNAP) in the caudal nerve.
Antidromic stimulation of the caudal nerve in anesthetized mice
revealed changes over time in the SNAP as well as in the NCV
(Figure 2A). All animals receiving verum treatment developed a
marked reduction of the caudal nerve SNAP amplitude. This was
significant for paclitaxel (239% 6 8%, [10], p , 0.01), cisplatin
(240% 6 7%, [9], p , 0.01) and vincristine (251% 6 4%, [10] p
, 0.001) at the middle time point. At the late time point, on average a
week after the last injection, all injection protocols led to a
significantly reduced SNAP amplitude with a reduction of 247%

Figure 1 | Behavioral observations in animals receiving cytostatic drugs. (A) Cisplatin-treated animals were up to 17 6 2% lighter after the last injection

than the control group, while no significant weight change was observed for bortezomib, paclitaxel or vincristine treatment. (B) The open field test

revealed only moderate changes in activity patterns at the early and no significant changes at the late time point. Paclitaxel- and cisplatin-treated animals

traveled longer distances, while bortezomib- and vincristine (the latter not significantly) treated animals moved less. (C) Motor performance assessed

with the rotarod test was comparable in verum- and vehicle-injected animals. (D) All treatments led to mechanical allodynia with a significantly reduced

mechanical withdrawal threshold in the hind paws compared to vehicle-injected animals. (E) Allodynia developed faster in PTX and VIN treated mice.

Gait analysis with the catwalk method showed that animals receiving cytostatic drugs develop distinct gait alterations: The stance phase (F) and the duty

cycle (G) decrease. The parameter duty cycle expresses the stance phase as a percentage of the entire step cycle (stand 1 swing). While paclitaxel, cisplatin

and vincristine induced most prominent gait alterations of the hind paws, bortezomib affected forepaws more than hind paws. The data for bortezomib in

(F 1 G) is presented for forepaws which is highlighted with a hash (#). Superscript numbers indicate the number of animals used in each group (One CIS

treated mouse died after the early time point; in Figure F 1 G different time points are separated by /).* p , 0.05; compared to the substance specific

vehicle control group at the same time point.
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6 9% for paclitaxel ([10], p , 0.001), 239% 6 10% for cisplatin ([9],
p , 0.01), 239% 6 10% for vincristine ([10], p , 0.001) and 240%
6 7% in bortezomib treated animals ([10], p , 0.01; Figure 2B).
Alterations of SNAP amplitudes developed faster in paclitaxel and
vincristine treated animals compared to cisplatin and bortezomib
therapy (Figure 2C).

Previous studies noted a decreased NCV, indicative of demyelina-
tion, in animals treated with high doses of cisplatin, paclitaxel and
bortezomib16. We observed a significant decrease of the NCV for
paclitaxel at the middle time point (28% 6 2% compared to base-
line, [10], p , 0.05; Figure 2A 1 D), which had normalized 7 days
later at the late time point. Cisplatin caused a more sustained reduc-
tion of the NCV which was observed at the middle (28% 6 1%, [9],
p , 0.05) and late time point (29% 6 3%, [9], p , 0.05; Figure 2D).
No significant alterations were observed for vincristine and bortezo-
mib. In summary, all of the tested drugs led to a sustained reduction
of SNAP amplitudes, suggesting a predominantly axonal pathology.
Only paclitaxel and cisplatin conferred a comparatively small but
significant reduction of the NCV, and in the case of paclitaxel the
NCV recovered quickly after the last injection.

Analysis of sciatic nerve histology. After completion of behavioral
and electrophysiological analysis, animals were killed and sciatic
nerves were dissected, fixed, stained for myelin and cut as semi-
thin sections (Figure 3A–E). Light microscopy was performed to
capture an image of the entire nerve which was then subjected to
semi-automatic software-based nerve morphometry in order to
assess axon diameter and myelin thickness20. This method permits

an analysis of myelinated fibers in the whole nerve which reduces
possible selection bias.

Given the electrophysiological evidence for axonal damage, espe-
cially at the late time point, we were interested in whether changes in
axon density or the distribution of axon diameters of myelinated
fibers could be observed in animals treated with cytostatic drugs.
For each substance a histogram of all axon diameters in this group
was plotted and compared to the histogram of the pooled vehicles
(approximately 125 000 axons). Interestingly, three distinct types of
distribution were observed: In sciatic nerves from paclitaxel- or vin-
cristine-treated animals, the histogram was shifted to the left, i.e.
towards smaller axon diameters. This was also reflected by the mean
axon diameter (PTX: 2.88 mm 6 0.01 mm, [10]; VIN: 2.81 mm 6

0.01 mm, [10], both p , 0.05) which was significantly smaller com-
pared to control animals (3.20 mm 6 0.01 mm, [39], Figure 3F 1 H).
After cisplatin treatment all types of myelinated fibers were equally
affected, with an almost identical histogram compared to control [9].
Bortezomib treatment in turn led to a shift of the histogram to the
right, i.e. bigger axon diameters (3.43 mm 6 0.01 mm, [10], p , 0.05;
Figure 3G 1 H). In contrast to the distinct changes in the distribution
of myelinated axons, no clear alterations of myelin thickness distri-
bution were observed (Figure 3I). To further assess changes in mye-
lination, we calculated the g ratio of nerve fibers (g-ratio denominates
the numerical ratio between the diameter of the axon and the outer
diameter of the myelinated fiber; hypomyelination would thus cause
an increase of the g-ratio). G-ratio was moderately but significantly
increased in cisplatin treated animals (0.63 6 0.006 [9] vs. 0.59 6

0.005 in controls [39], p , 0.05, Figure 3J). This finding reflects

Figure 2 | Electrophysiological measurements in CIPN models. (A) Representative serial electrophysiological measurements of the caudal sensory nerve

in a mouse undergoing paclitaxel treatment. Compared to the baseline (solid line), the sensory nerve action potential (SNAP) amplitude is significantly

reduced at the middle (dotted line) and late time point (dashed line). At the middle time point the potential is also shifted to the right, indicating a reduced

nerve conduction velocity. (B) All animals receiving verum injections developed a significantly reduced SNAP amplitude of the caudal nerve which

developed faster in PTX and VIN treated mice (C). (D) Nerve conduction velocity was only affected in paclitaxel- and cisplatin-treated animals.

Superscript numbers indicate the number of animals used in each group (One CIS treated mouse died after the early time point). * p , 0.05; ** p , 0.01;

compared to the substance specific vehicle control group at the same time point.
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decreased NCV measured in the caudal nerve at the late time point
for this substance (Figure 2D). Density of myelinated fibers was
significantly (p , 0.05) reduced in all treatment groups compared
to vehicle control (27997 6 362/mm2, [39]), but strongest in cispla-
tin-treated animals with 217% 6 1% (23388 6 322/mm2, [9]),
213% 6 5% in paclitaxel- (24065 6 1402/mm2, [10]), 212% 6

2% in vincristine- (25089 6 441/mm2, [10]) and 213% 6 2% in
bortezomib-treated animals (23597 6 622/mm2, [10], Figure 3K).

In conclusion, these findings suggest substance specific patterns of
axonal damage. While paclitaxel and vincristine affect large more
than small myelinated fibers, the opposite was the case with borte-
zomib (small . large), and cisplatin affects all types of myelinated
fibers to a similar degree. Furthermore, cisplatin caused a small but
significant increase of g-ratio suggesting hypomyelination.

Discussion
In this study we characterized subacute to chronic behavioral, elec-
trophysiological and histological changes in C57Bl/6J mice with
paclitaxel-, cisplatin-, vincristine- and bortezomib-induced neuro-
pathy. Treatment schedules were chosen to induce a detectable
neuropathic phenotype in all endpoints while at the same time lim-
iting systemic side-effects to a minimum. Mortality was very low and
with the exception of cisplatin-treated animals, weight loss during
treatment was not significant. Activity patterns were altered only
moderately and no significant changes of motor coordination or
signs of paresis were observed in animals treated with cytostatic
agents. All drugs led to a lower mechanical withdrawal threshold
typical for the development of mechanical allodynia and distinct gait
alterations. Animals suffering from CIPN minimized the duration of

Figure 3 | Histological analysis of sciatic nerves. Representative micrographs of sciatic nerves from (A) paclitaxel-, (B) vincristine-, (C) control-,

(D) cisplatin- and (E) bortezomib-treated animals. Degenerating axons are marked with an arrowhead. (F) Analysis of axon diameter distribution reveals

that in paclitaxel- and vincristine-treated animals the histogram shifts to the left, suggesting a loss of bigger myelinated axons, while (G) cisplatin affected

all myelinated fibers similarly and bortezomib led to a shift to the right, indicating a loss of smaller myelinated axons. (H) Mean axon diameter is reduced

in paclitaxel- and vincristine-treated animals and increased in bortezomib-treated animals. (I) Distribution of myelin sheath thickness is similar in treated

and control animals, underlining the predominantly axonal damage in animals suffering from chemotherapy-induced neuropathy. (J) Mean g-ratio is

significantly increased in cisplatin treated animals indicating mild hypomyelination. (K) All cytostatic drugs lead to a significant reduction of myelinated

fibre density. Superscript numbers indicate the number of animals used in each group.* p , 0.05; compared to the pooled control group.
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paw contact with the floor. Paclitaxel, cisplatin and vincristine affec-
ted the gait of hind paws more than forepaws, whereas the opposite
was observed for bortezomib. Electrophysiological assessment
showed that caudal nerve SNAP amplitude was markedly reduced
in all treatment groups and NCV was affected in cisplatin- more than
in paclitaxel-treated animals. Histological analysis of the sciatic nerve
revealed substance specific patterns of damage: The strongest reduc-
tion of myelinated fiber density was seen in cisplatin-treated animals.
Paclitaxel and vincristine affected large myelinated fibers more than
small myelinated fibers, which was also reflected by the pronounced
reduction of SNAP amplitudes in animals treated with these drugs.
The opposite was observed for bortezomib, which shifted the distri-
bution towards larger axons, while cisplatin affected all types of
myelinated fibers to a similar degree. Cisplatin also led to an increase
of g-ratio, a sign of hypomyelination, which is consistent with the
significant decrease of NCV at the late time point. In summary,
animals treated with paclitaxel, cisplatin, vincristine or bortezomib
developed a predominantly sensory and axonal polyneuropathy.
Development of neuropathic symptoms occurred faster in paclitaxel
and vincristine treated animals compared to cisplatin and bortezo-
mib. These findings correspond with clinical observations from
patients undergoing treatment with the respective compounds
(reviewed by18).

Behavioral assessment in our study comprised both general mea-
sures like locomotor activity in the open field test and gait alterations,
as well as more specific parameters such as motor performance on
the rotarod and the mechanical withdrawal threshold. Further beha-
vioral testing, for instance to detect hot/cold allodynia, could have
been included. However, it has to be kept in mind that exposing
animals to repeated painful stimuli can result in distress and there-
fore an altered reaction to pain. In addition, anxiety and/or agitation
which may be caused by overhandling and repeated testing are likely
to impact open field and rotarod results. Therefore it was important
to prevent stress by limiting the number of tests performed. Although
it is known that CIPN is a mainly sensory neuropathy18,21 motor
assessment should be included in the examination of CIPN models
for two reasons: First, behavioral tests of the sensory nervous system
frequently rely on a motor response in the animal, so the absence of
motor deficits is important in validating these tests. Secondly, in
addition to sensory alterations higher doses of certain drugs, like
paclitaxel, have been shown to impair motor performance22. Apart
from the predictable development of mechanical allodynia, we were
interested in whether spontaneous pain-related behavior could be
detected in CIPN models. As observed before19, gait alterations
appeared later than electrophysiological changes or mechanical allo-
dynia. Given the fact that gait analysis does not rely on behavior
evoked by an artificial stimulus and is less influenced by the invest-
igator as well as the methodological simplicity, these results may be of
interest when preventative or therapeutic strategies are evaluated.
Furthermore, the development of detectable gait alterations in sev-
eral different models of CIPN underlines the usefulness of this tech-
nique in the evaluation of murine sensory polyneuropathy.

Neurophysiological changes were monitored in the caudal nerve,
as previous studies demonstrated that it has a high sensitivity for
toxins16,23 and alterations of the caudal nerve SNAP amplitude
showed a strong positive correlation with the mechanical withdrawal
threshold19. In the present study, alterations in caudal nerve SNAP
amplitude developed in parallel to behavioral alterations.
Electrophysiology of the caudal nerve is therefore a useful additional
outcome parameter in animals developing CIPN. However, it is
important to bear in mind that SNAP amplitudes mainly reflect
the integrity of large myelinated fibers and thus are not suitable for
assessing small myelinated and unmyelinated fibers. This was
observed in bortezomib-treated animals, which only at the late time
point developed a significant decrease of caudal nerve SNAP ampli-
tude and histological analysis consistently showed that small and

medium sized myelinated axons were more affected than large mye-
linated axons. One caveat of our experimental approach is that elec-
trophysiology was conducted in the caudal nerve, while the sciatic
nerve was subjected to histological analysis. Histological and electro-
physiological data therefore can only be indirectly correlated given
the distal-symmetrical nature of CIPN. Further neurophysiological
evaluations such as sciatic and digital nerve neurophysiology could
have been included, however this approach is challenging as inser-
tion of electrodes in the hindlimbs may interfere with gait analysis.

In the assessment of preclinical CIPN models histology with semi-
automatic nerve morphometry should be interpreted together with
behavioral and electrophysiological measurements to obtain a com-
prehensive picture. Depending on the research focus, this approach
can be complemented with histology of the spinal cord, the ventral/
dorsal roots, dorsal root ganglia and intraepidermal nerve fibers. The
observed histological changes in our study generally agree with prev-
iously reported nerve biopsy findings from patients undergoing cyto-
static therapy: A significant loss of large myelinated fibers was
observed in sural nerve biopsy after treatment with paclitaxel24. For
vincristine both a predominant loss of large myelinated fibers as well
as a more uniform reduction of all myelinated fibers in the sural
nerve has been described25. Following cisplatin-treatment a signifi-
cant reduction of myelinated fibers as well as abnormal myelination
with an increased g-ratio was detected in sural nerve biopsies26,27. In
contrast to our observations in mice, patient data shows a more
pronounced loss of large myelinated fibers with a reduction of the
mean axonal diameter after cisplatin-therapy27. Histological data
from bortezomib treated patients is less abundant. However, pub-
lished studies report marked axonal loss and degeneration in the
sural nerve28 as well as a significant loss of intraepidermal nerve
fibers29. In addition, development of a pure small fiber neuropathy
without electrophysiological abnormalities seems to be frequent in
patients undergoing bortezomib treatment29,30.

The results of our study introduce a comparative dataset for CIPN
induced by different toxins in C57BL/6 mice which is summarized in
Table 2. Some findings such as the development of mechanical allo-
dynia and decreased caudal nerve SNAP amplitude are in line with
previously published results and models of CIPN (reviewed by9)
while others such as typical gait alterations and substance specific
patterns of damage in myelinated fibers were not evaluated across
several substances in previous studies. In comparison with compar-
ative studies assessing neuropathy-inducing effects of paclitaxel, cis-
platin, bortezomib and epothilon B16 as well as paclitaxel, eribulin
mesylate and ixabepilone31 we report less severe alterations of sciatic
nerve histology. This may be due to lower single and cumulative
doses as well as to strain differences as discussed below.

Differences between species and strains can be quite distinct when
preclinical pain research and specifically chemotherapy-induced
neuropathy is concerned. In a study by Smith and coworkers12,
DBA/2J mice were particularly sensitive towards paclitaxel, while
C57BL/6 mice were more resistant and developed only a moderate
decrease of the mechanical withdrawal threshold. To conclude that
all studies should hence be conducted in sensitive mouse species may
however be shortsighted. A multitude of available transgenic mice
with C57BL/6 as genetic background, the broad availability of ani-
mals with this genotype as well as its thorough genetic and pheno-
typic characterization make this strain suitable for preclinical
investigations of the pathomechanisms underlying CIPN and the
development of preventative strategies. As C57BL/6 mice have a high
susceptibility to diet-induced obesity and type 2 diabetes32, they pre-
sent a suitable framework for studying the relevance of a pre-existing
metabolic neuropathy in the development of CIPN. Another advant-
age of this strain is that despite its low susceptibility for tumor
development, it is frequently used in different tumor models
(reviewed by33), including models used in breast cancer research
(e.g.34,35). The ability to evaluate antineoplastic activity and neuro-
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toxic side effects in the same organism increases the possibility of
finding prevention strategies for CIPN which do not impair antineo-
plastic activity. It also facilitates early screening for neurotoxic side
effects in the development of novel antineoplastic drugs. The recent
refusal of the European Medicines Agency (EMEA) to market the
microtubule-stabilizing drug ixabepilone on the ground of safety
concerns related to the frequency and magnitude of CIPN underlines
the relevance of this approach36.

In conclusion, the present study describes the subacute to chronic
course of CIPN onset in C57BL/6 mice for paclitaxel, vincristine,
cisplatin and bortezomib. All substances induced a predominantly
sensory and axonal polyneuropathy. The phenotype of the animals
was assessed with behavioral, electrophysiological and histological
tests. This study thus introduces a platform which allows further
elucidation of pathomechanisms underlying CIPN development
with genetic models on the common C57BL/6 background. In addi-
tion, the effectiveness of novel therapeutic and especially preventa-
tive strategies can be evaluated based on a combined analysis with the
endpoints behavior, electrophysiology and histology.

Methods
Animals. A total of 80 nine-week-old male C57BL/6J mice from Charles River
(Sulzfeld, Germany) were used for this study. Animals were assigned to cages with the
help of randomly generated numbers to reduce possible litter effects. Mice were
housed in groups of five and allowed food and water ad libitum. A 12512 hour light/
dark cycle (7 am–7 pm) was maintained and behavioral testing was conducted
between 10 am and 6 pm. Injections administered on the same day as behavior tests,
were given only after all testing had been completed. The general well-being of the
mice was assessed each day and weight was recorded before and 24h after drug
administration as well as before the Catwalk test. For each drug a corresponding
control group treated with the appropriate vehicle was included. Baseline weights
were comparable: 22.7 g 6 0.4 g (paclitaxel group, [10]), 22.4 g 6 0.4 g (paclitaxel
control group, [10]), 22 g 6 0.2 g (cisplatin group, [10]), 22.7 g 6 0.2 g (cisplatin
control group, [10]), 22.5 g 6 0.2 g (vincristine group, [10]), 21.8 g 6 0.2 g
(vincristine control group, [10]), 21.6 g 6 0.2 g (bortezomib group, [10]), 22 g 6

0.3 g (bortezomib control group [9]). This study was approved by the official animal
ethics committee of Berlin (Landesamt fuer Gesundheit und Soziales, Berlin,
Germany) prior to the execution of the experiments. All experiments were conducted
in accordance with government and institutional animal welfare guidelines.

Drug Injection protocol. Solutions of paclitaxel (Sigma-Aldrich, Taufkirchen,
Germany), cisplatin (Sigma-Aldrich, Taufkirchen, Germany), vincristine sulfate
(Tocris, Bristol, UK) and bortezomib (Selleck Chemicals, Houston, Texas, USA) were
prepared before each treatment. All substances were injected intraperitoneally (i.p.);
animals in the control groups received an injection of the corresponding vehicle.
Treatment schedules, doses and time points are summarized in Table 1. We
determined group sizes based on the effect size observed in experiments conducted
previously with paclitaxel19, with a desired power of 0.8 and an alpha level of 0.05
using SigmaPlot software (SigmaPlot, Systat, Richmond, CA). The calculated sample
size with two different groups (verum/vehicle) per substance was 10 animals per
group.

Paclitaxel was dissolved in Cremophor EL:Ethanol (151) with a concentration of
2 mg/ml and diluted in sterile 0.9% NaCl solution to a final concentration of 0.1 mg/
ml, a dose previously used in rat and mouse studies12,13. Cisplatin was dissolved in

sterile 0.9% NaCl solution with a concentration of 0.23 mg/ml and administered
according to the protocol published by14. Vincristine sulfate was dissolved in sterile
0.9% NaCl solution with a concentration of 20 mg/ml; the treatment protocol and
dose were adapted from15. Bortezomib was dissolved in dimethylsulfoxide (DMSO)
with a concentration of 1 mg/ml and diluted in sterile 0.9% NaCl solution to a final
concentration of 40 mg/ml; the protocol was modified from16,17.

Behavior analysis. Behavior analysis was conducted on consecutive days: On day one
mice were tested with the catwalk apparatus, allowed to rest and then tested on the
rotarod. On day two, the mechanical withdrawal threshold was measured with the
von Frey method, followed by electrophysiological tests in anesthesia. Animals were
also tested in the open field twice: Testing was done one day prior to the tests
described above and only at the early and late time point. Animals as well as cages
were randomly selected for testing. A laboratory with soundproof chambers was used
for all behavior tests.

Open Field. To determine general wellbeing of mice after injection of cytostatic
agents, locomotion was evaluated in the open field test. Mice were placed in a box
(120 cm 3 120 cm 3 40 cm) and monitored for 10 min at the early and late time
points listed in table 1. An automated video tracking system (TSE Systems GmbH,
Bad Homburg, Germany) collected information on seven different parameters. We
analyzed the total distance traveled.

Rotarod. Motor coordination was assessed using the rotarod performance test as
described before19. A baseline value was recorded on the last day of training by
measuring the initial latency to fall off the rod. Subsequently testing was done at three
time points to determine if motor coordination was affected (early, middle, and late
(Table 1)). For each time point the results from three trials were averaged.

Von Frey Hair test. Mechanical allodynia was measured with an electronic von Frey
hair test as described previously19,37. We recorded four time points (baseline, early,
middle, and late (Table 1)) and per time point the results from five trials were
averaged.

Catwalk. The Catwalk test was performed as reported previously19. In short: The
catwalk apparatus (Noldus Information Technology, Netherlands) consists of a 1.3 m
long black tunnel with a glass platform illuminated from within by total internal
reflection of fluorescent light. Light is reflected and illuminates the stimulus, once
downward pressure is applied. Walking patterns are captured with a high-speed
camera mounted underneath the glass. Mice walked freely across the runway into
their home cage. The experiment was performed sheltered from noise in a darkened
room with red light. The Catwalk XT 8.1 software package was used for data analysis.
Prior to the first injection, each animal was trained over four days to familiarize it to
the task and the baseline was recorded on the last day of training. A trial was regarded
as successful if the animal did not show a maximum speed variation greater than 60%,
did not exceed a walking speed of 400 mm/s, and did not stop on the runway. Six
compliant trials were recorded for each animal and time point (baseline, early,
middle, and late (Table 1)). As CIPN-induced alterations develop in a symmetrical
fashion, we analyzed parameters for the left and right side together.

Electrophysiology. NCV and SNAP amplitudes of the caudal nerve were recorded
with a Dantec Keypoint electromyography system (Natus Medical Inc., Planegg,
Germany) in animals anesthetized with isoflurane (1.3% to 1.5% in O2). The protocol
was adapted from38. At the base of the tail stimulation electrodes were placed with the
recording electrodes five cm distal and a ground electrode in-between the stimulation
and recording electrodes. 50 stimuli (0.1 ms) with supramaximal stimulation
intensity and a frequency of 1 Hz were averaged to measure SNAP and NCV at three
timepoints (baseline, middle, and late).

Table 2 | Semiquantitative summary of observed treatment effects in the course of the experiment. Statistically significant changes are
marked with an asterisk

Endpoint Paclitaxel Cisplatin Vincristine Bortezomib

Weight 5 ##* 5 #
Behavior
. Rotarod 5 5 5 5
. Von Frey ###* ###* ###* ###*
. Catwalk ##* ##* ##* ##* (forepaws)

Electrophysiology
. NCV ##* ###* # #
. SNAP amplitude ###* ###* ###* ###*
Histology
. Mean axon diameter ##* 5 ##* ""*
. Axon density ##* ###* ##* ##*
. G-ratio " ""* " "
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Histology. Semi-thin sections of the sciatic nerve. Following behavior analysis at the
late time point, animals were injected with a lethal amount of phenobarbital (100 mg/
kg BW) and decapitated. Sciatic nerve samples from the mid-thigh were obtained
from all animals, fixed in 2.5% glutaraldehyde and stained with osmium tetroxide
prior to embedding in solvent-free, modified bisphenol A epoxy resin. 0.5 mm
sections stained with toluidine blue were examined with light microscopy. Images of
semi-thin sections were captured on a Leica DMRA microscope (Leica, Wetzlar,
Germany) equipped with a PL-APO 1003 oil immersion objective using a Retiga
2000 CCD camera (Qimaging, Surrey, BC, Canada), with a PC running MCID Core
(InterFocus Imaging Ltd, Cambridge, England). Sub-images were automatically
combined to one image comprising the entire sciatic nerve.

Semi-automatic nerve morphometry. Morphometrical analysis was performed as
described previously20: semi-automatic software based evaluation was used to
examine images of semi-thin sections of the sciatic nerve. After misidentified axons
were manually corrected an analysis of the myelin sheath area was performed. The
myelin as well as the axon area was exported to a text file. To facilitate comparison,
these area measurements were transformed to axon diameters of an ideal (round)
axon. Changes in myelination were assessed with G-ratios which are determined by
calculating the ratio of (ideal) axon diameter to (ideal) total fiber diameter.

Statistical analysis. Data is expressed as mean 6 sem and the manuscript was written
in accordance with ARRIVE guidelines39. [N] depicts the number of mice used in each
group. Data analysis was completed before the researcher was unblinded. Statistical
analysis of the differences between treated versus control groups was performed at
multiple time points by using a one-way ANOVA with the Holm-Sidak post-hoc test
in case of normal distribution, and Dunn’s method for samples which failed a
Shapiro-Wilk normality test (SigmaStat, Systat, Richmond, CA). Data points which
deviated by more than two standard deviations from the sample mean were treated as
outliers in the catwalk analysis and the respective parameter pair (right/left) was
excluded from analysis; this affected per experimental group between zero and
(maximum) two animals. To obtain comparable results parameters were normalized
to the respective control group and expressed as percent of baseline if statistical
significance was detected between the treated and the control group in otherwise
untransformed data. Vehicle groups in graphs depict pooled data from four different
experiments; significance of behavioral and electrophysiological tests was however
calculated against the substance-specific vehicle group only. p , 0.05 was considered
statistically significant.
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