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Abstract: Peripheral neuropathies (PNs) are a type of common disease that hampers the quality of
life of affected people. Treatment, in most cases, is just symptomatic and often ineffective. To im-
prove drug discovery in this field, preclinical evidence is warranted. In vivo rodent models allow
a multiparametric approach to test new therapeutic strategies, since they can allow pathogenetic and
morphological studies different from the clinical setting. However, human readouts are warranted to
promptly translate data from the bench to the bedside. A feasible solution would be neurophysiology,
performed similarly at both sides. We describe a simple protocol that reproduces the standard
clinical protocol of a neurophysiology hospital department. We devised the optimal montage for
sensory and motor recordings (neurography) in mice, and we also implemented F wave testing
and a short electromyography (EMG) protocol at rest. We challenged this algorithm by comparing
control animals (BALB/c mice) with a model of mild neuropathy to grasp even subtle changes.
The neurophysiological results were confirmed with neuropathology. The treatment group showed
all expected alterations. Moreover, the neurophysiology matched the neuropathological analyses.
Therefore, our protocol can be suggested to promptly translate data from the bench to the bedside
and vice versa.

Keywords: neuropathy; neurophysiology; nerve conduction studies; EMG; animal models;
neuropathology; translational medicine

1. Introduction

Peripheral neuropathies (PNs) are common conditions which affect 2–3% of the world
population and can seriously interfere with daily activities and quality of life [1,2]. PNs
are associated with many different pathogenetic mechanisms [3] and, frequently, effective
treatments are lacking. Regardless of the cause, PNs correlate with a decrease in quality of
life [4]. The search for novel treatments should start from a form of preclinical testing able
to define a sound biological rationale for clinical trial design.

The advantage of preclinical testing is the possibility to perform pathogenetic studies
to identify new strategies that cope with peripheral nervous system (PNS) dysfunction,
but a solid readout is needed to translate the data from the bench to the bedside. Moreover,
PNs comprise a variety of manifestations that are not always simple to summarize and
detect, even in human subjects [5]. Despite this, nerve conduction studies (NCS) are
considered the gold standard to diagnose PNs [6]. NCS in a routine clinical setting are
commonly used as a first-level diagnostic tool to detect and grade the neuropathy pattern.
Different from physician-based and patient-reported outcome measures, NCS can be easily
reproduced with the same approach in in vivo models.

Therefore, to enhance the translation potential of preclinical testing, we devised
a simple, rapid, non-invasive protocol to approach animal recordings as it is done in clinical
practice. The final aim was to obtain a type of neurophysiological testing that could be
the ideal companion of classical neuropathological investigations.
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To best reproduce the typical protocol for PNs investigation in a hospital EMG lab,
we defined the optimal montage and tested it in a model of a quite mild neuropathy, one
associated with a well-known hyperexcitability syndrome (i.e., oxaliplatin (OHP)-induced
peripheral neurotoxicity (OIPN)) [7].

2. Materials and Methods
2.1. Animals

Animal care and husbandry were conducted according to institutional guidelines,
specifically national (D.L.vo n. 26/2014) and international laws (EEC Council Directive
86/609, OJ L 358, 1, 12 December 1987; Guide for the Care and Use of Laboratory Animals,
U.S. National Research Council, 1996). Sixteen male BALB/c mice (Envigo, Udine, Italy)
were employed for this study (19–21 g at arrival).

2.2. Study Design

Two groups were compared (n = 8 each): a control and a treatment group. The treat-
ment group received OHP tail vein injections (3.5 mg/kg) twice weekly (separated by
either 3 or 4 days) for 4 weeks [8]. The control group was composed of untreated mice.

NCS were performed at baseline and after chemotherapy completion, obtaining
sensory recordings for the caudal and digital nerves and motor recordings and F waves
for the sciatic nerve. EMG recordings at rest were performed at baseline 24 h after the first
administration, mid-treatment, and the day before the last administration. All animals of
both groups underwent all neurophysiological observations at each time point.

Animals were sacrificed for confirmatory neuropathological analyses at the end of
the observational period (i.e., after neurophysiological assessment at the end of treat-
ment), and samples from three animals per group were analyzed for the histophatological
confirmation of neuropathy development.

2.3. Neurophysiology Protocol

NCS were performed with a Myto2 electromyography apparatus (ABN Neuro, Firenze,
Italy). Subdermal needle electrodes were employed (Ambu Neuroline (AmbuTM, Ballerup, Den-
mark)). All the neurophysiological determinations were performed under standard conditions
in a temperature-controlled room (22± 2 ◦C) and under deep isoflurane anesthesia. The optimal
setting of stimulation for each nerve was reached following the subsequent protocol.

The caudal nerve Sensory Conduction Study (SCS; see Figure 1A) was obtained, plac-
ing a pair of recording needle electrodes at the base of the tail (interelectrode distance:
0.5 cm) and a pair of stimulating needle electrodes (interelectrode distance: 0.5 cm) 3.5 cm
distally to the active recording electrode. The ground electrode was placed 1 cm distally to
the active recording electrode. For the digital nerve SCS, see Figure 1B. The positive record-
ing electrode was placed in front of the patellar bone, the negative recording electrode
was close to the ankle bone, the positive and negative stimulating electrodes were close to
the fourth toe near and under the paw, respectively, and the ground electrode was placed
in the sole. For the sciatic nerve Motor Conduction Study (MCS) we first performed the dis-
tal stimulation (see Figure 1C) by placing the positive and negative recording electrodes
in the gastrocnemious muscle. At this point, the negative stimulating electrode was placed
deep in the popliteal fossa, and the positive stimulating electrode was placed in front
of the patellar bone. The ground electrode was placed in the lateral side of the animal.
Then, we performed the proximal stimulation (see Figure 1D) by placing the negative
stimulating electrode into the sciatic notch and the positive one at least 1 cm proximally
to it, subcutaneously, in the homolateral flank of the animal (all other electrodes were left
for the distal stimulation). To allow a correct motor velocity determination, the fur from
the distal back and hindlimb was completely removed with an electric razor, followed by
hair-removal cream (Veet ® hair-removal cream, Dansom Lane, Hull, UK). Afterward, any
residual cream was carefully removed with a soft gauge and water. To calculate the motor
conduction velocity, the position of the negative recording electrode at the proximal and
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distal site of stimulation was depicted on the skin with a dermographic pen. The dis-
tance between these two points was measured with a flexible string ruler to better follow
the nerve’s anatomical course. F waves were obtained by stimulating the sciatic nerve,
as shown in Figure 1E. The recording and ground electrodes were placed as described
for the proximal stimulation of the sciatic nerve. The negative and positive stimulating
electrode position was inverted respectively to what was done for the proximal stimulation
of the sciatic nerve. The intensity, duration, and frequency of stimulation were set up
in order to obtain optimal results, particularly the supramaximal amplitude. An averaging
technique was applied carefully and only when appropriate. The conduction velocities,
amplitudes, and latencies were measured as prescribed by a procedure commonly applied
in clinical practice [9]. For sensory recordings, the filters were kept between 20 Hz and
3 KHz, between 20 Hz and 2 KHz for motor recordings, and between 20 Hz and 3 KHz for
F waves. The sweep was kept at 0.5 ms.

Figure 1. Nerve conduction study (NCS) montage. (A) Caudal nerve sensory conduction study (SCS)
montage. (B) Digital nerve SCS montage. (C) Sciatic nerve motor conduction study (MCS) montage
at the distal site of stimulation. (D) Sciatic nerve MCS montage at the proximal site of stimulation.
(E) Sciatic nerve F wave montage.

EMG recordings at rest were performed with a concentric EMG needle (Ambu™,
Ballerup, Denmark). The following muscles of the left hind limb were tested: the quadriceps
femoris, gastrocnemious, and flexor digitorum. Briefly, the pathological findings at rest
were named according to standard clinical practice [9]:

• Augmented insertional activity (IA): any waveform other than endplate potentials at
a needle movement lasting longer than 300 ms;

• Fibrillation potentials (fibs): brief spikes with an initial positive deflection, lasting
1–5 ms, a regular firing pattern, and being low in amplitude (10–100 µV);

• Positive sharp waves (PSWs): brief initial positivity followed by a long negative phase,
regular firing pattern, and variable amplitude (10–100 µV, occasionally up to 3 mV);
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• Fasciculation potential (fasc): a single, spontaneous, involuntary discharge of an indi-
vidual motor unit that fires slowly and irregularly (less than 1–2 Hz);

• Complex repetitive discharges (CRDs): high-frequency (5–100 Hz), multi-serrated,
repetitive discharges with an abrupt onset and termination;

• Myotonic discharge (MD): high-frequency (150–250 Hz), decrementing, repetitive
discharges of a single motor unit [10].

All these findings were used to rate the increased motor unit activity according to
the scoring system proposed by Hill et al. in a cohort of OHP-treated patients. Their score
was demonstrated to have a 100% sensitivity and specificity to detect acute changes due to
OHP [11]:

• Score 0: no abnormal findings at rest;
• Score 1: increased insertional activity;
• Score 2: spontaneous, high-frequency firing lasting less than 2 s;
• Score 3: spontaneous, high-frequency firing lasting 2–5 s;
• Score 4: spontaneous, high-frequency firing lasting more than 5 s.

To rate each animal at all time points, we used the worst score among the three tested
muscles. The sweep was kept at 100 ms and the sensitivity at 200 µV.

2.4. Neuropathology

The left sciatic nerves were harvested and processed for the morphological analysis
(3 animals per group). The tissues were fixed for 3 h at room temperature in 3% glu-
taraldehyde, post-fixed in OsO4 and embedded in epoxy resin. Morphological analysis
was carried out on 1 µm thick semi-thin sections stained with toluidine blue. At least two
tissue blocks for each animal were sectioned and then examined with a light microscope
(Nikon Eclipse E200, Nikon Europe B.V., Amsterdam, The Nederlands).

2.5. Statistical Analysis

Descriptive analysis was performed for all the neurophysiological parameters. The neu-
rophysiology data were analyzed for significant differences between groups through
the Mann–Whitney U test. In all cases, a priori p < 0.05 was considered significant. Data
analysis was carried out using the GraphPad 3.0 software (GraphPad Software, Inc., La Jolla,
CA, USA).

The sample size for each experiment was calculated on the basis of the nerve conduc-
tion velocity (NCV) reference values [12], assuming that the relevant difference between
the control (CTRL) and OHP groups was 5 m/s (standard deviation = 7). Thus, if a two-
sided 5% alpha and an 80% power was set, the sample size was 7 animals per group.
We slightly increased the number (8 animals per group) to ensure the minimum number
at the end of the observational period, in case the animals had adverse reactions during
treatment.

3. Results
3.1. Neurophysiology
3.1.1. Nerve Conduction Studies

All the parameters obtained for the caudal, digital, and sciatic nerves were not sta-
tistically significant between the two groups at baseline, assuring homogeneity (data not
shown). At treatment completion, as shown in Table 1, NCS showed a deterioration of
the sensory parameters for the caudal and sciatic nerves. The motor recordings as well as
the F waves were, instead, similar between the control and the OHP group.
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Table 1. NCS values after treatment completion and Mann–Whitney U test results.

Parameter
Control Group

(Median, LL 1, and
UL 2 of 95% CI 3)

OHP Group
(Median, LL, and UL

of 95% CI)

Mann–Whitney
U Test

Caudal nerve SNAP
amplitude (µV) 125.1 (110.3–152.4) 75.70 (50.04–113.7) <0.05

Caudal nerve sensory
conduction velocity (m/s) 32.10 (31.39–32.69) 28 (27.16–29.32) <0.0005

Digital nerve SNAP
amplitude (µV) 124.5 (108.2–144.0) 60.40 (46.37–80.98) <0.0005

Digital nerve sensory
conduction velocity (m/s) 26.50 (25.22–27.43) 25.00 (24.37–25.30) <0.05

Sciatic nerve CMAP
amplitude (mV) 72.95 (66.40–78.78) 65.80 (58.71–75.01) n.s. 4

Sciatic nerve motor
conduction velocity (m/s) 53.45 (49.69–57.42) 62.20 (53.90–65.75) n.s.

F waves (sciatic nerve, m/s) n.s.
1 Lower limit. 2 Upper limit. 3 Confidence interval. 4 Not significant. CMAP: Compound Muscle
Action Potential. SNAP: Sensory Nerve Action Potential.

3.1.2. EMG

At baseline and throughout all the observational period, the control animals did not
show any alterations for the EMG testing at rest. Conversely, the OHP-treated animals,
while unaltered at baseline, showed at each subsequent time point in any tested muscle
a clearly altered EMG pattern at rest, compatible with an altered excitability (see Table 2).
Alterations were more prominent in most of the distal muscles (e.g., the flexor digito-
rum) and of a higher degree with treatment progression. The most common finding was
increased IA, followed by PSWs, fibs, and fasc; CRDs and MDs were less frequent and
observed mainly starting from mid-treatment.

Table 2. EMG findings for animals treated with oxaliplatin (OHP) at different time points.

Animal Muscle Before First
Administration

After First
Administration

At Mid-
Treatment

Before Last
Administration

01
Gastrocnemious none IA, fibs 1+, PSW

1+, CRD IA IA, CRD

Quadriceps none IA IA, PSW 1+ IA
Flexor digitorum

(hind limb) none IA, PSW 2+,
CRD IA IA, PSW 1+

02
Gastrocnemious none IA, fibs 1+, PSW

1+ IA, PSW 1+ IA, CRD

Quadriceps none IA IA, PSW 1+ IA, PSW 1+
Flexor digitorum

(hind limb) none IA, fibs 1+ IA, MD IA, PSW 1+

03
Gastrocnemious none IA, fibs 1+ IA IA, PSW 1+, fasc

1+, fibs 1+
Quadriceps none IA IA IA, PSW 1+

Flexor digitorum
(hind limb) none IA IA IA, PSW 1+, fasc

1+, CRD

04
Gastrocnemious none IA, fibs 1+, PSW

1+ IA, PSW 1+ IA, PSW 3+,
CRD

Quadriceps none IA, fibs 1+, PSW
1+, fasc 1+ IA, PSW 1+ IA, fibs 1+

Flexor digitorum
(hind limb) none IA, fibs 1+, PSW

1+ IA, PSW 2+ IA, fibs 1+, fasc
1+
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Table 2. Cont.

Animal Muscle Before First
Administration

After First
Administration

At Mid-
Treatment

Before Last
Administration

05
Gastrocnemious none IA, PSW 1+ IA, PSW 1+ IA, PSW 1+, fibs

1+

Quadriceps none IA IA, PSW 1+,
fibs 1+

IA, PSW 1+, fibs
1+

Flexor digitorum
(hind limb) none IA, PSW 1+ IA, PSW 1+ IA, PSW 1+, fibs

1+, CRD

06
Gastrocnemious none IA, fibs 1+, PSW

2+ IA, PSW 1+ IA, PSW 2+,
CRD, MD

Quadriceps none IA, fibs 1+, PSW
2+ IA, PSW 2+ IA, PSW 2+

Flexor digitorum
(hind limb) none

IA, fibs 1+, fasc
1+, PSW 2+,

CRD

IA, PSW 1+,
CRD, MD

IA, PSW 1+,
CRD, MD

07
Gastrocnemious none IA, PSW2+, fibs

2+, CRD IA, PSW 2+ IA, PSW 2+,
CRD

Quadriceps none IA IA, PSW 2+ IA, PSW 2+
Flexor digitorum

(hind limb) none IA, PSW 1+,
CRD

IA, PSW 1+,
fibs 1+, MD

IA, PSW 1+,
CRD, MD

08
Gastrocnemious none IA, PSW2+,

CRD
IA, PSW 2+,

fibs 1+
IA, PSW 1+,

CRD

Quadriceps none IA IA, PSW 2+ IA, PSW 1+, fibs
1+

Flexor digitorum
(hind limb) none IA, PSW+, MD IA, PSW 1+,

fibs 1+
IA, PSW 1+, fibs

1+, fasc 1+

CRD: complex repetitive discharge; fasc: fasciculation potentials; fibs: fibrillation potentials; MD:
myotonic discharge; PSW: positive sharp waves; IA: augmented insertional activity. For fasc, fibs,
and PSW, this scoring system was applied: 1+ for persistent single trains of potentials (>2–3 s) in at
least two areas; 2+ for a moderate number of potentials in three or more areas; 3+ for many potentials
in all areas; and 4+ for a full interference pattern of potentials.

Considering all the findings for each individual muscle, a score for the increased
motor unit activity was given at each treated animal at each time point, as summarized
in Table 3. As soon as after the first administration, all animals showed at least a score of 2,
reaching up to a score of 3. At mid-treatment and as soon as before the last administration,
the scoring was at least 3 for all animals, reaching up to the maximum score of 4; a score of
4 was present in more than 50% of the animals at the last time point.

Table 3. Increased motor unit activity for each animal at a different time point.

Animal Before First
Administration

After First
Administration

At
Mid-Treatment

Before Last
Administration

01 0 2 3 3
02 0 2 3 3
03 0 2 2 4
04 0 3 3 3
05 0 3 3 4
06 0 3 4 4
07 0 3 4 4
08 0 3 4 4

3.2. Neuropathology

A confirmatory neuropathological assessment (n = 3/group) allowed us to verify
the degree and pattern of nerve damage. In the OHP-treated animals, a very mild axonopa-
thy with a few degenerating fibers was detected (see Figure 2).
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Figure 2. Morphological analysis of the sciatic nerve at 40× magnification. (A) Exemplificative image of the control group
animal specimen. (B) Representative image of an OHP group’s findings. White circles represent the few degenerating fibers.

4. Discussion

The proposed protocol was tested in a challenging setting: PNS alterations induced
by OHP. We selected this model for two main reasons. First, OHP primarily induces
neuronopathy (i.e., damage of the soma of dorsal root ganglia sensory neurons) and,
subsequently, this causes axonal dysfunction via a dying back mechanism. The neuropa-
thy pattern expected in an NCS is not a severe one, but a quite mild, sensory-only one.
Second, OHP induces functional changes in axons due to a transient unbalance of voltage-
operated ion channels [7,13,14], thus giving the opportunity to test the usefulness of EMG
recordings in the presence of functional, transitory changes. OHP, in fact, causes an acute
neurotoxicity syndrome, lasting 24–72 h after each administration and with hallmarks
of axonal hyperexcitability [7,15–17]. Patients report cold-triggered paresthesia, cramps,
spasms, and fasciculations with matching EMG changes at rest, in the absence of motor
neuropathy [11,18,19].

The proposed NCS protocol tests the digital branch of the sural nerve (pure sensory),
caudal nerve (mixed nerve, similar to the ulnar nerve in humans [9]), and sciatic nerve
(motor). It was devised for reproducing the most common protocols to screen for PNs
in patients, which comprehend a pure sensory (sural nerve), motor (peroneal or tibial
nerves), and mixed nerve (ulnar nerve) at different sites (i.e., the upper and lower limbs).
Moreover, the digital nerve in mice, similar to the dorsal sural nerve in humans [20], is ideal
for the early detection of sensory damage of the PNS, given its anatomical characteristics
(one of the most distal sensory branches in the hind limbs). Caudal nerve determinations
allowed for verification of whether multisite damage occurred.

For sensory determinations, an orthodromic stimulation was performed to avoid
artifacts due to motor activation (this could have been more intrusive in an antidromic
setting). Notably, by using subdermal needles, the amplitude of the recorded potentials
was appropriate to allow reliable measurements in all cases. The set-up for motor studies
was planned carefully. The gastrocnemious muscle was the derivation site, since the course
of the nerve could be measured more accurately if compared with the plantar muscles [21].
F wave responses from the same nerve were obtained, inverting the polarity of the dipole
at the proximal site of stimulation, due to the reduced length of the mouse’s hind limb,
without encountering any technical difficulty (clear traces were obtained in all tested
animals). Regarding the EMG recordings, the muscles in the hind limb (with a proximal to
distal distribution) were tested in the same limb where no motor neuropathy was observed
in the NCS.

The NCS results, obtained at the end of the observational period, proved that the algo-
rithm was able to detect all expected changes, as known from clinical practice, as a conse-
quence of OHP administration [7,22–24]: a mild sensory axonal neuropathy in the absence
of changes in motor neuropathy. Moreover, the mild, axonal pattern of damage was
confirmed via neuropathological analysis.
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EMG monitoring was informative at all time points. At baseline, no alterations were
present, as expected, whereas the monitoring throughout the whole treatment evidenced
increased muscle excitability. Increased IA (a sign that an underlying neuropathic or
myopathic condition is ongoing), in fact, was the most common observation, but it was
associated with many others, which is suggestive of altered excitability. The fibs and PSW,
as well as the MD, were due to the spontaneous depolarization of a muscle fiber. The CRDs
were due to the depolarization of a single muscle fiber, followed by ephaptic spread to
adjacent denervated fibers; the fascs were single, spontaneous, involuntary discharges of
an individual motor unit [9]. Since the first administration, data were similar to the ones
described in OHP patients by Hill et al. [11], Wilson et al. [18], and Lehky et al. [19].

The aim of the experiment was not a formal assessment of acute OIPN, since EMG
recordings at rest are just a qualitative, indirect measure of it. Nevertheless, the EMG
results were in line with recent findings by our group, obtained via nerve excitability testing
in rodents [17], as well as by other groups in clinical [13,25] and preclinical settings [26,27].
Even if it was a qualitative approach, we were able to score our assessment, observing
a progression of the pattern along the month of treatment. Therefore, we can conclude that
the proposed protocol was able to grasp even subtle changes in EMG, even in the absence
of damage to the motor system.

The algorithm we proposed can be considered more comprehensive in respect to
the others previously described. In the vast majority, only the motor system (most fre-
quently one nerve) [28–43] or only the sensory or mixed nerves [12,44–47] were tested.
A few groups tested both the motor and sensory systems, but none of the tests were
performed at the same time as EMG recordings [48–54].

There are some limitations to be acknowledged. Data from a single experiment were
presented, and a single disease model was used (very mild sensory axonal neuropathy,
plus hyperexcitability syndrome). However, it can be reasonably stated that the presented
methods can be adequately reproduced in more complex and severe settings. Moreover,
the decision to detect EMG alterations, in the absence of motor neuropathy, allowed to
verify its appropriateness even for subtle changes. The sample size, despite being low, was
at least one unit higher than the minimum number required for neurophysiology (which
was the primary endpoint for neuropathy assessment). Neuropathological confirmatory
analyses were performed on three animals per group, but this relatively low number
per group is adequate, given the fact that this very mild model of axonopathy was well
characterized previously [12].

5. Conclusions

We presented a neurophysiological protocol that reproduces in mice what is routinely
done in any hospital EMG lab. OIPN, in which axonal damage is expected to be modest,
was the test bench for the proposed algorithm. OHP does not cause motor neuropathy,
but only a sensory axonal neuropathy and an axonal and muscular hyperexcitability
syndrome. Thus, it was verified if the EMG recordings at rest were able to detect even
the latter very mild condition.

In conclusion, our non-invasive, simple, rapid (10 min/animal) neurophysiologi-
cal protocol can be suggested as the ideal companion of morphological analyses and as
the translational outcome measure in PNS disorder drug discovery.

Author Contributions: Conceptualization, P.A.; methodology, P.A.; formal analysis, P.A.; inves-
tigation, L.M., G.F., A.C., and P.A.; data curation, L.M., G.F., and A.C.; writing—original draft
preparation, P.A.; writing—review and editing, L.M., G.F., and A.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in compliance with the Declaration
of Helsinki, and the procedures were in accordance with the authorizations received by the Italian
Ministry of Health (919/2015-PR).



Brain Sci. 2021, 11, 139 9 of 11

Data Availability Statement: Data will be made available upon request to the corresponding author.

Acknowledgments: We thankfully acknowledge Elisa Ballarini, Virginia Rodriguez-Menendez,
and Mario Bossi for histological specimen preparation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mold, J.W.; Vesely, S.K.; Keyl, B.A.; Schenk, J.B.; Roberts, M. The prevalence, predictors, and consequences of peripheral sensory

neuropathy in older patients. J. Am. Board Fam. Pract. 2004, 17, 309–318. [CrossRef] [PubMed]
2. Brouwer, B.A.; Merkies, I.S.; Gerrits, M.M.; Waxman, S.G.; Hoeijmakers, J.G.; Faber, C.G. Painful neuropathies: The emerging role

of sodium channelopathies. J. Peripher. Nerv. Syst. 2014, 19, 53–65. [CrossRef] [PubMed]
3. Barrell, K.; Smith, A.G. Peripheral Neuropathy. Med. Clin. N. Am. 2019, 103, 383–397. [CrossRef]
4. Scuteri, A.; Cavaletti, G. How can neuroplasticity be utilized to improve neuropathy symptoms? Expert Rev. Neurother. 2016, 16,

1235–1236. [CrossRef] [PubMed]
5. Merkies, I.S.; Lauria, G.; Faber, C.G. Outcome measures in peripheral neuropathies: Requirements through statements.

Curr. Opin. Neurol. 2012, 25, 556–563. [CrossRef] [PubMed]
6. Fuglsang-Frederiksen, A.; Pugdahl, K. Current status on electrodiagnostic standards and guidelines in neuromuscular disorders.

Clin. Neurophysiol. 2011, 122, 440–455. [CrossRef] [PubMed]
7. Alberti, P. Platinum-drugs induced peripheral neurotoxicity: Clinical course and preclinical evidence. Expert Opin. Drug

Metab. Toxicol. 2019, 15, 487–497. [CrossRef]
8. Carozzi, V.A.; Canta, A.; Oggioni, N.; Sala, B.; Chiorazzi, A.; Meregalli, C.; Bossi, M.; Marmiroli, P.; Cavaletti, G. Neurophysiologi-

cal and neuropathological characterization of new murine models of chemotherapy-induced chronic peripheral neuropathies.
Exp. Neurol. 2010, 226, 301–309. [CrossRef]

9. David, C.; Preston, B.E.S. Electromyography and Neuromuscular Disorders: Clinical-Electrophysiologic Correlations, 3rd ed.; Saunders:
London, UK, 2012.

10. Auger, R.G. AAEM minimonograph #44: Diseases associated with excess motor unit activity. Muscle Nerve 1994, 17, 1250–1263.
[CrossRef]

11. Hill, A.; Bergin, P.; Hanning, F.; Thompson, P.; Findlay, M.; Damianovich, D.; McKeage, M.J. Detecting acute neurotoxicity during
platinum chemotherapy by neurophysiological assessment of motor nerve hyperexcitability. BMC Cancer 2010, 10, 451. [CrossRef]

12. Renn, C.L.; Carozzi, V.A.; Rhee, P.; Gallop, D.; Dorsey, S.G.; Cavaletti, G. Multimodal assessment of painful peripheral neuropathy
induced by chronic oxaliplatin-based chemotherapy in mice. Mol. Pain 2011, 7, 29. [CrossRef] [PubMed]

13. Park, S.B.; Goldstein, D.; Lin, C.S.; Krishnan, A.V.; Friedlander, M.L.; Kiernan, M.C. Acute abnormalities of sensory nerve function
associated with oxaliplatin-induced neurotoxicity. J. Clin. Oncol. 2009, 27, 1243–1249. [CrossRef] [PubMed]

14. Adelsberger, H.; Quasthoff, S.; Grosskreutz, J.; Lepier, A.; Eckel, F.; Lersch, C. The chemotherapeutic oxaliplatin alters voltage-
gated Na(+) channel kinetics on rat sensory neurons. Eur. J. Pharmacol. 2000, 406, 25–32. [CrossRef]

15. Lucchetta, M.; Lonardi, S.; Bergamo, F.; Alberti, P.; Velasco, R.; Argyriou, A.A.; Briani, C.; Bruna, J.; Cazzaniga, M.; Cortinovis, D.; et al. Inci-
dence of atypical acute nerve hyperexcitability symptoms in oxaliplatin-treated patients with colorectal cancer. Cancer Chemother. Pharmacol.
2012, 70, 899–902. [CrossRef] [PubMed]

16. Argyriou, A.A.; Cavaletti, G.; Antonacopoulou, A.; Genazzani, A.A.; Briani, C.; Bruna, J.; Terrazzino, S.; Velasco, R.; Alberti, P.;
Campagnolo, M.; et al. Voltage-gated sodium channel polymorphisms play a pivotal role in the development of oxaliplatin-
induced peripheral neurotoxicity: Results from a prospective multicenter study. Cancer 2013, 119, 3570–3577. [CrossRef]

17. Alberti, P.; Canta, A.; Chiorazzi, A.; Fumagalli, G.; Meregalli, C.; Monza, L.; Pozzi, E.; Ballarini, E.; Rodriguez-Menendez, V.;
Oggioni, N.; et al. Topiramate prevents oxaliplatin-related axonal hyperexcitability and oxaliplatin induced peripheral neurotoxicity.
Neuropharmacology 2020, 164, 107905. [CrossRef]

18. Wilson, R.H.; Lehky, T.; Thomas, R.R.; Quinn, M.G.; Floeter, M.K.; Grem, J.L. Acute oxaliplatin-induced peripheral nerve
hyperexcitability. J. Clin. Oncol. 2002, 20, 1767–1774. [CrossRef]

19. Lehky, T.J.; Leonard, G.D.; Wilson, R.H.; Grem, J.L.; Floeter, M.K. Oxaliplatin-induced neurotoxicity: Acute hyperexcitability and
chronic neuropathy. Muscle Nerve 2004, 29, 387–392. [CrossRef]

20. Frigeni, B.; Cacciavillani, M.; Ermani, M.; Briani, C.; Alberti, P.; Ferrarese, C.; Cavaletti, G. Neurophysiological examination of
dorsal sural nerve. Muscle Nerve 2012, 46, 895–898. [CrossRef]

21. Xia, R.H.; Yosef, N.; Ubogu, E.E. Dorsal caudal tail and sciatic motor nerve conduction studies in adult mice: Technical aspects
and normative data. Muscle Nerve 2010, 41, 850–856. [CrossRef]

22. Argyriou, A.A.; Polychronopoulos, P.; Iconomou, G.; Chroni, E.; Kalofonos, H.P. A review on oxaliplatin-induced peripheral
nerve damage. Cancer Treat. Rev. 2008, 34, 368–377. [CrossRef] [PubMed]

23. Argyriou, A.A.; Velasco, R.; Briani, C.; Cavaletti, G.; Bruna, J.; Alberti, P.; Cacciavillani, M.; Lonardi, S.; Santos, C.; Cortino-
vis, D.; et al. Peripheral neurotoxicity of oxaliplatin in combination with 5-fluorouracil (FOLFOX) or capecitabine (XELOX):
A prospective evaluation of 150 colorectal cancer patients. Ann. Oncol. 2012, 23, 3116–3122. [CrossRef] [PubMed]

24. Grisold, W.; Cavaletti, G.; Windebank, A.J. Peripheral neuropathies from chemotherapeutics and targeted agents: Diagnosis,
treatment, and prevention. Neuro. Oncol. 2012, 14 (Suppl. 4) (Suppl. 4), iv45–iv54. [CrossRef]

http://doi.org/10.3122/jabfm.17.5.309
http://www.ncbi.nlm.nih.gov/pubmed/15355943
http://doi.org/10.1111/jns5.12071
http://www.ncbi.nlm.nih.gov/pubmed/25250524
http://doi.org/10.1016/j.mcna.2018.10.006
http://doi.org/10.1080/14737175.2016.1221344
http://www.ncbi.nlm.nih.gov/pubmed/27499247
http://doi.org/10.1097/WCO.0b013e328357f30f
http://www.ncbi.nlm.nih.gov/pubmed/22941264
http://doi.org/10.1016/j.clinph.2010.06.025
http://www.ncbi.nlm.nih.gov/pubmed/20673740
http://doi.org/10.1080/17425255.2019.1622679
http://doi.org/10.1016/j.expneurol.2010.09.004
http://doi.org/10.1002/mus.880171103
http://doi.org/10.1186/1471-2407-10-451
http://doi.org/10.1186/1744-8069-7-29
http://www.ncbi.nlm.nih.gov/pubmed/21521528
http://doi.org/10.1200/JCO.2008.19.3425
http://www.ncbi.nlm.nih.gov/pubmed/19164207
http://doi.org/10.1016/S0014-2999(00)00667-1
http://doi.org/10.1007/s00280-012-2006-8
http://www.ncbi.nlm.nih.gov/pubmed/23108696
http://doi.org/10.1002/cncr.28234
http://doi.org/10.1016/j.neuropharm.2019.107905
http://doi.org/10.1200/JCO.2002.07.056
http://doi.org/10.1002/mus.10559
http://doi.org/10.1002/mus.23454
http://doi.org/10.1002/mus.21588
http://doi.org/10.1016/j.ctrv.2008.01.003
http://www.ncbi.nlm.nih.gov/pubmed/18281158
http://doi.org/10.1093/annonc/mds208
http://www.ncbi.nlm.nih.gov/pubmed/22865779
http://doi.org/10.1093/neuonc/nos203


Brain Sci. 2021, 11, 139 10 of 11

25. Park, S.B.; Lin, C.S.; Krishnan, A.V.; Goldstein, D.; Friedlander, M.L.; Kiernan, M.C. Oxaliplatin-induced neurotoxicity: Changes
in axonal excitability precede development of neuropathy. Brain 2009, 132, 2712–2723. [CrossRef] [PubMed]

26. Makker, P.G.S.; White, D.; Lees, J.G.; Parmar, J.; Goldstein, D.; Park, S.B.; Howells, J.; Moalem-Taylor, G. Acute changes in nerve
excitability following oxaliplatin treatment in mice. J. Neurophysiol. 2020, 124, 232–244. [CrossRef] [PubMed]

27. Cerles, O.; Benoit, E.; Chéreau, C.; Chouzenoux, S.; Morin, F.; Guillaumot, M.A.; Coriat, R.; Kavian, N.; Loussier, T.; Santulli, P.; et al.
Niclosamide Inhibits Oxaliplatin Neurotoxicity while Improving Colorectal Cancer Therapeutic Response. Mol. Cancer Ther. 2017,
16, 300–311. [CrossRef] [PubMed]

28. Brown, J.L.; Lawrence, M.M.; Ahn, B.; Kneis, P.; Piekarz, K.M.; Qaisar, R.; Ranjit, R.; Bian, J.; Pharaoh, G.; Brown, C.; et al. Cancer
cachexia in a mouse model of oxidative stress. J. Cachexia Sarcopenia Muscle 2020, 11, 1688–1704. [CrossRef]

29. Huang, C.; Shen, Z.R.; Huang, J.; Sun, S.C.; Ma, D.; Li, M.Y.; Wang, Z.K.; Zheng, Y.C.; Zheng, Z.J.; He, F.; et al. C1orf194 deficiency
leads to incomplete early embryonic lethality and dominant intermediate Charcot-Marie-Tooth disease in a knockout mouse
model. Hum. Mol. Genet. 2020, 29, 2471–2480. [CrossRef]

30. Rabie, M.; Yanay, N.; Fellig, Y.; Konikov-Rozenman, J.; Nevo, Y. Improvement of motor conduction velocity in hereditary
neuropathy of LAMA2-CMD dy. Clin. Neurophysiol. 2019, 130, 1988–1994. [CrossRef]

31. Belin, S.; Ornaghi, F.; Shackleford, G.; Wang, J.; Scapin, C.; Lopez-Anido, C.; Silvestri, N.; Robertson, N.; Williamson, C.;
Ishii, A.; et al. Neuregulin 1 type III improves peripheral nerve myelination in a mouse model of congenital hypomyelinating
neuropathy. Hum. Mol. Genet. 2019, 28, 1260–1273. [CrossRef]

32. Fledrich, R.; Akkermann, D.; Schütza, V.; Abdelaal, T.A.; Hermes, D.; Schäffner, E.; Soto-Bernardini, M.C.; Götze, T.; Klink, A.;
Kusch, K.; et al. NRG1 type I dependent autoparacrine stimulation of Schwann cells in onion bulbs of peripheral neuropathies.
Nat. Commun. 2019, 10, 1467. [CrossRef] [PubMed]

33. Scapin, C.; Ferri, C.; Pettinato, E.; Zambroni, D.; Bianchi, F.; Del Carro, U.; Belin, S.; Caruso, D.; Mitro, N.; Pellegatta, M.; et al.
Enhanced axonal neuregulin-1 type-III signaling ameliorates neurophysiology and hypomyelination in a Charcot-Marie-Tooth
type 1B mouse model. Hum. Mol. Genet. 2019, 28, 992–1006. [CrossRef] [PubMed]

34. Moldovan, M.; Alvarez, S.; Rothe, C.; Andresen, T.L.; Urquhart, A.; Lange, K.H.W.; Krarup, C. An in Vivo Mouse Model to Investigate
the Effect of Local Anesthetic Nanomedicines on Axonal Conduction and Excitability. Front. Neurosci. 2018, 12, 494. [CrossRef] [PubMed]

35. Bala, U.; Leong, M.P.; Lim, C.L.; Shahar, H.K.; Othman, F.; Lai, M.I.; Law, Z.K.; Ramli, K.; Htwe, O.; Ling, K.H.; et al. Defects
in nerve conduction velocity and different muscle fibre-type specificity contribute to muscle weakness in Ts1Cje Down syndrome
mouse model. PLoS ONE 2018, 13, e0197711. [CrossRef] [PubMed]

36. Jones, M.R.; Villalón, E.; Northcutt, A.J.; Calcutt, N.A.; Garcia, M.L. Differential effects of myostatin deficiency on motor and
sensory axons. Muscle Nerve 2017, 56, E100–E107. [CrossRef]

37. Tseng, K.C.; Li, H.; Clark, A.; Sundem, L.; Zuscik, M.; Noble, M.; Elfar, J. 4-Aminopyridine promotes functional recovery and
remyelination in acute peripheral nerve injury. EMBO Mol. Med. 2016, 8, 1409–1420. [CrossRef]

38. Lee, J.; Jung, S.C.; Joo, J.; Choi, Y.R.; Moon, H.W.; Kwak, G.; Yeo, H.K.; Lee, J.S.; Ahn, H.J.; Jung, N.; et al. Overexpression of
mutant HSP27 causes axonal neuropathy in mice. J. Biomed. Sci. 2015, 22, 43. [CrossRef]

39. Newton, V.L.; Ali, S.; Duddy, G.; Whitmarsh, A.J.; Gardiner, N.J. Targeting apoptosis signalling kinase-1 (ASK-1) does not prevent
the development of neuropathy in streptozotocin-induced diabetic mice. PLoS ONE 2014, 9, e107437. [CrossRef]

40. Zhang, R.; Zhang, F.; Li, X.; Huang, S.; Zi, X.; Liu, T.; Liu, S.; Xia, K.; Pan, Q.; Tang, B. A novel transgenic mouse model of Chinese
Charcot-Marie-Tooth disease type 2L. Neural Regen. Res. 2014, 9, 413–419. [CrossRef]

41. Hadimani, M.B.; Purohit, M.K.; Vanampally, C.; Van der Ploeg, R.; Arballo, V.; Morrow, D.; Frizzi, K.E.; Calcutt, N.A.; Fernyhough,
P.; Kotra, L.P. Guaifenesin derivatives promote neurite outgrowth and protect diabetic mice from neuropathy. J. Med. Chem. 2013,
56, 5071–5078. [CrossRef]

42. Gupta, R.; Nassiri, N.; Hazel, A.; Bathen, M.; Mozaffar, T. Chronic nerve compression alters Schwann cell myelin architecture
in a murine model. Muscle Nerve 2012, 45, 231–241. [CrossRef]

43. Robinson, F.L.; Niesman, I.R.; Beiswenger, K.K.; Dixon, J.E. Loss of the inactive myotubularin-related phosphatase Mtmr13 leads to
a Charcot-Marie-Tooth 4B2-like peripheral neuropathy in mice. Proc. Natl. Acad. Sci. USA 2008, 105, 4916–4921. [CrossRef] [PubMed]

44. Wozniak, K.M.; Vornov, J.J.; Wu, Y.; Liu, Y.; Carozzi, V.A.; Rodriguez-Menendez, V.; Ballarini, E.; Alberti, P.; Pozzi, E.; Semperboni,
S.; et al. Peripheral Neuropathy Induced by Microtubule-Targeted Chemotherapies: Insights into Acute Injury and Long-term
Recovery. Cancer Res. 2018, 78, 817–829. [CrossRef] [PubMed]

45. Park, J.S.; Kim, S.; Hoke, A. An exercise regimen prevents development paclitaxel induced peripheral neuropathy in a mouse
model. J. Peripher. Nerv. Syst. 2015, 20, 7–14. [CrossRef] [PubMed]

46. Othman, A.; Bianchi, R.; Alecu, I.; Wei, Y.; Porretta-Serapiglia, C.; Lombardi, R.; Chiorazzi, A.; Meregalli, C.; Oggioni, N.; Cavaletti, G.; et al.
Lowering plasma 1-deoxysphingolipids improves neuropathy in diabetic rats. Diabetes 2015, 64, 1035–1045. [CrossRef] [PubMed]

47. James, S.E.; Dunham, M.; Carrion-Jones, M.; Murashov, A.; Lu, Q. Rho kinase inhibitor Y-27632 facilitates recovery from experimental
peripheral neuropathy induced by anti-cancer drug cisplatin. Neurotoxicology 2010, 31, 188–194. [CrossRef] [PubMed]

48. Blasco, A.; Gras, S.; Mòdol-Caballero, G.; Tarabal, O.; Casanovas, A.; Piedrafita, L.; Barranco, A.; Das, T.; Pereira, S.L.; Navarro,
X.; et al. Motoneuron deafferentation and gliosis occur in association with neuromuscular regressive changes during ageing
in mice. J. Cachexia Sarcopenia Muscle 2020, 11, 1628–1660. [CrossRef] [PubMed]

49. Fan, B.; Li, C.; Szalad, A.; Wang, L.; Pan, W.; Zhang, R.; Chopp, M.; Zhang, Z.G.; Liu, X.S. Mesenchymal stromal cell-derived
exosomes ameliorate peripheral neuropathy in a mouse model of diabetes. Diabetologia 2020, 63, 431–443. [CrossRef]

http://doi.org/10.1093/brain/awp219
http://www.ncbi.nlm.nih.gov/pubmed/19745023
http://doi.org/10.1152/jn.00260.2020
http://www.ncbi.nlm.nih.gov/pubmed/32519566
http://doi.org/10.1158/1535-7163.MCT-16-0326
http://www.ncbi.nlm.nih.gov/pubmed/27980107
http://doi.org/10.1002/jcsm.12615
http://doi.org/10.1093/hmg/ddaa129
http://doi.org/10.1016/j.clinph.2019.07.029
http://doi.org/10.1093/hmg/ddy420
http://doi.org/10.1038/s41467-019-09385-6
http://www.ncbi.nlm.nih.gov/pubmed/30931926
http://doi.org/10.1093/hmg/ddy411
http://www.ncbi.nlm.nih.gov/pubmed/30481294
http://doi.org/10.3389/fnins.2018.00494
http://www.ncbi.nlm.nih.gov/pubmed/30093852
http://doi.org/10.1371/journal.pone.0197711
http://www.ncbi.nlm.nih.gov/pubmed/29795634
http://doi.org/10.1002/mus.25570
http://doi.org/10.15252/emmm.201506035
http://doi.org/10.1186/s12929-015-0154-y
http://doi.org/10.1371/journal.pone.0107437
http://doi.org/10.4103/1673-5374.128248
http://doi.org/10.1021/jm400401y
http://doi.org/10.1002/mus.22276
http://doi.org/10.1073/pnas.0800742105
http://www.ncbi.nlm.nih.gov/pubmed/18349142
http://doi.org/10.1158/0008-5472.CAN-17-1467
http://www.ncbi.nlm.nih.gov/pubmed/29191802
http://doi.org/10.1111/jns.12109
http://www.ncbi.nlm.nih.gov/pubmed/25858462
http://doi.org/10.2337/db14-1325
http://www.ncbi.nlm.nih.gov/pubmed/25277395
http://doi.org/10.1016/j.neuro.2009.12.010
http://www.ncbi.nlm.nih.gov/pubmed/20060419
http://doi.org/10.1002/jcsm.12599
http://www.ncbi.nlm.nih.gov/pubmed/32691534
http://doi.org/10.1007/s00125-019-05043-0


Brain Sci. 2021, 11, 139 11 of 11

50. Lee, J.S.; Kwak, G.; Kim, H.J.; Park, H.T.; Choi, B.O.; Hong, Y.B. miR-381 Attenuates Peripheral Neuropathic Phenotype Caused
by Overexpression of PMP22. Exp. Neurobiol. 2019, 28, 279–288. [CrossRef]

51. Kan, H.W.; Chiang, H.; Lin, W.M.; Yu, I.S.; Lin, S.W.; Hsieh, S.T. Sensory nerve degeneration in a mouse model mimicking early
manifestations of familial amyloid polyneuropathy due to transthyretin Ala97Ser. Neuropathol. Appl. Neurobiol. 2018, 44, 673–686. [CrossRef]

52. O‘Brien, P.D.; Hur, J.; Robell, N.J.; Hayes, J.M.; Sakowski, S.A.; Feldman, E.L. Gender-specific differences in diabetic neuropathy
in BTBR ob/ob mice. J. Diabetes Complicat. 2016, 30, 30–37. [CrossRef] [PubMed]

53. Shevalye, H.; Yorek, M.S.; Coppey, L.J.; Holmes, A.; Harper, M.M.; Kardon, R.H.; Yorek, M.A. Effect of enriching the diet with
menhaden oil or daily treatment with resolvin D1 on neuropathy in a mouse model of type 2 diabetes. J. Neurophysiol. 2015, 114,
199–208. [CrossRef] [PubMed]

54. Dai, C.; Tang, S.; Li, J.; Wang, J.; Xiao, X. Effects of colistin on the sensory nerve conduction velocity and F-wave in mice. Basic Clin.
Pharmacol. Toxicol. 2014, 115, 577–580. [CrossRef] [PubMed]

http://doi.org/10.5607/en.2019.28.2.279
http://doi.org/10.1111/nan.12477
http://doi.org/10.1016/j.jdiacomp.2015.09.018
http://www.ncbi.nlm.nih.gov/pubmed/26525588
http://doi.org/10.1152/jn.00224.2015
http://www.ncbi.nlm.nih.gov/pubmed/25925322
http://doi.org/10.1111/bcpt.12272
http://www.ncbi.nlm.nih.gov/pubmed/24861773

	Introduction 
	Materials and Methods 
	Animals 
	Study Design 
	Neurophysiology Protocol 
	Neuropathology 
	Statistical Analysis 

	Results 
	Neurophysiology 
	Nerve Conduction Studies 
	EMG 

	Neuropathology 

	Discussion 
	Conclusions 
	References

