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Abstract

The platinum chemotherapeutic oxaliplatin produces dose-limiting pain, dysesthesia, and cold
hypersensitivity in most patients immediately after infusion. An improved understanding of the
mechanisms underlying these symptoms is urgently required to facilitate development of
symptomatic or preventative therapies. In this study, we have used skin-saphenous nerve
recordings in vitro, and behavioral experiments in mice to characterize the direct effects of
oxaliplatin on different types of sensory afferent fibers. Our results confirmed that mice
injected with oxaliplatin rapidly develop mechanical and cold hypersensitivities. We further
noted profound changes to A fiber activity after application of oxaliplatin to the receptive fields
in the skin. Most oxaliplatin treated Ad- and rapidly adapting AB-units lost mechanical
sensitivity, but units that retained responsiveness additionally displayed a novel, aberrant cold
sensitivity. Slowly adapting AB-units did not display mechanical tachyphylaxis, and a subset
of these fibers was sensitized to mechanical and cold stimulation after oxaliplatin treatment. C
fiber afferents were less affected by acute applications of oxaliplatin, but a subset gained cold
sensitivity. Taken together, our findings suggest that direct effects on peripheral A fibers play
a dominant role in the development of acute oxaliplatin-induced cold hypersensitivity,

numbness, and dysesthesia.

Perspective

The chemotherapeutic drug oxaliplatin rapidly gives rise to dose-limiting cold pain and
dysesthesia. Here, we have used behavioral and electrophysiological studies of mice to
characterize the responsible neurons. We show that oxaliplatin directly confers aberrant cold

responsiveness to subsets of A-fibres, while silencing other fibers of the same types.
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Introduction

Oxaliplatin is an effective anti-cancer drug for the treatment of colorectal cancer and other solid
tumors 4 7 1331 Unfortunately, oxaliplatin produces characteristic cold-evoked paresthesia,
dysesthesia and pain, which are reported as the key dose-limiting effect in approximately 85%
of treated patients 2 5 17.38. 40 These side effects are dose-dependent, and regularly develop
during, or immediately, after a single treatment 36 49,

Numerous ion channels (such as voltage gated sodium, potassium, transient receptor potential
channels (TRPs), and two-pore domain potassium (K2P) leak channels) have been proposed to
mediate oxaliplatin-induced cold hypersensitivity and paraesthesias, based on investigations in
vivo, and electrophysiological and molecular biology studies in vitro 11.12.3541 However, there
IS No consensus supporting any single target or ionic mechanism. Oxaliplatin has been shown
to preferentially modulate the activity of A fibers 10.14.41.48 "and oxaliplatin treatment confers
cold responsiveness to normally temperature insensitive neurons 28, A similar population of
neurons is recruited by other pharmacological agents, such as ciguatoxins, to cause cold evoked
pain behaviors in vivo suggesting that ciguatoxins and oxaliplatin may engage common
mechanisms 20 28.:45 While it is clear that the acute actions of oxaliplatin are unlikely to be
limited to a single class of sensory afferents, the sensory fiber types responsible for the
abnormal cold responsiveness experienced by patients, and that observed in isolated sensory
neurons, remain unknown. Here, we have explored the effects of oxaliplatin on peripheral
sensory nerve terminals using skin-saphenous nerve recordings ex vivo, and behavioral sensory
testing in mice in vivo.

Our results show that mice treated with oxaliplatin display sensory hypersensitivities similar
to those reported by patients. We further report that application of oxaliplatin to the nerve

terminals in the skin causes a distinct, complex pattern of functional abnormalities, particularly



affecting A fibers. The activity of all A fiber subtypes tested, including low threshold mechano-
receptors, was altered by oxaliplatin treatment. A fibers treated with oxaliplatin either lost
sensitivity (become refractory to mechanical stimulation) or fired more action potentials in
response to mechanical stimulation. A fibers that remained mechanically responsive after
oxaliplatin treatment, additionally gained a novel, aberrant response to cooling. While
proportions and response sizes differed, each A fiber class had at least one de novo cold sensing
fiber after oxaliplatin treatment. C fibers, which are central for normal cold sensing, were
modestly affected by oxaliplatin treatment when applied directly to the receptive field.
Similarly, skin-nerve preparations taken from animals treated with oxaliplatin suggested that
multiple fiber types are affected. Taken together, these findings support the hypothesis that
direct activation and silencing of peripheral sensory neurons by the platinum chemotherapeutic

oxaliplatin underlie the acute hypersensitivities and dysesthesias experienced by patients.



Experimental Section

Animal behavior:

Behavioural experiments were carried out according to the U.K. Home Office Animal
Procedures (1986) Act. All procedures were approved by the King’s College London Animal
Welfare and Ethical Review Body. Female C57BL/6J mice were obtained from Charles River
(Margate, UK). or Envigo (Bicester, UK). Oxaliplatin (product Y0000271, Sigma-Aldrich)
was dissolved in water containing 5% glucose (w/v) to recapitulate the iso-osmotic Cl- free
solution administered therapeutically. Mice were dosed with a single (6 mg/kg) intraperitoneal
(i.p.) injection of oxaliplatin or vehicle (5 % glucose). The effect of oxaliplatin on nociception
was monitored for up to 7 days after administration and mice were thereafter killed by cervical
dislocation. The Randall-Selitto paw pressure test was performed using an Analgesy-meter
(Ugo Basile, Gemonio, Italy). Mice were kept in their holding cages to acclimatize (10-15
minutes) to the experimental room. Mice were lightly restrained by the experimenter and a
constantly increasing pressure was applied to the dorsal surface of the hind paw using a blunt
conical probe. The nociceptive threshold was defined as the force in grams at which the mouse

withdrew its paw. A force cut off value of 150 g was used to avoid tissue injury.

Cold nociception was assessed using a cold plate set to 10 °C to measure the paw withdrawal
latency. Mice were lightly restrained and one of the hind paws were placed in contact with the
surface of the cold plate 6. The time taken for a withdrawal response was recorded. A latency
cut off value of 30 seconds was used to avoid tissue injury. Behavioral assessments were also
performed to compare the sensitivities to different temperatures between vehicle- and
oxaliplatin-treated mice at day 3 after injection. Paw withdrawal latencies were compared at

10 -20°C and 35-55°C in 5 °C increments.



Skin-saphenous nerve recordings:

The saphenous nerve and the dorsal hind paw skin that it innervates were dissected free to the
lumbosacral plexus to ensure that a sufficient length of nerve was available for recording. After
dissection, the preparation was placed ‘inside up’ or ‘outside down’ in a bath chamber to
facilitate the oxygenation through the corium side of the skin and the preparation was
superfused with an oxygen saturated modified synthetic interstitial fluid (SIF) solution
containing (inmM): 108 NaCl, 3.5 KClI, 0.7 MgS0O4.7H20, 26.2 Na,COs, 1.65 NaH2P04.2H,0,
9.6 sodium gluconate, 5.55 glucose, 7.6 sucrose and 1.53 CaCl; at 31 + 1°C. The preparation
was left to equilibrate in the organ bath for an hour in order to limit spontaneous fiber activity.
The skin was pinned down using insect pins before the start of recordings and the saphenous
nerve was pulled through into the adjacent smaller recording chamber and placed on a mirror.
The recording chamber including the mirror, gold recording electrode with the saphenous nerve
inside was covered with paraffin oil to enable electrical isolation. The nerve was desheathed
and subsequently teased into fine filaments with forceps. During the recordings, nerve
filaments were placed on the gold electrode in the oil phase, and the reference electrode was
positioned nearby, but in the aqueous phase. Single fibers were identified with a mechanical
search stimulus (manual probing to the skin using a blunt glass rod) and were recorded
extracellularly using a low-noise differential amplifier. The conduction velocity of each axon
was determined by electrically stimulating the most sensitive area of the receptive field with
square-wave pulses (1 millisecond duration every 2 or 4 seconds for A and C fibers
respectively) using a fine electrode and a Digitimer stimulator and measuring the distance from
receptive field to recording electrode. In accordance with earlier studies and recordings in the
mouse, a cut-off of 1.2 m/s was used to distinguish between myelinated and unmyelinated
fibers 5. Fibers with a conduction velocity > 10 m/s were classified as A fibers and those with

a conduction velocity > 1.2 m/s and < 10m/s were classified as Ao fibers. Fibers were further



categorised into subclasses of populations based on responses to mechanical and cold
stimulation following calculation of conduction velocity.

A mechanical stimulating probe (Imm diameter) connected to a force transducer controlled by
the Spike2 programme (Cambridge Electronic Design (CED), UK) was placed in the same
position as the electrode used for electrical stimulation. Forces (in g) were applied to the
receptive field following conversion from an input value (in mV). The mechanical threshold
was determined for each fiber by applying 2 second step waveform pulses. Forces were applied
iteratively until the threshold, defined as the minimum force that evoked two action potentials
was determined. Following this, fibers were mechanically stimulated with step protocols to
enable a more detailed characterization of single units based on their adaptation properties. A
10 second step-shaped force was applied at a low force (4g) and high force (15g) with a two
minute interval between applications to enable recovery of the fiber and to prevent
tachyphylaxis. Step protocols were particularly important to distinguish between low- and high
threshold mechanoreceptors (LTMR and HTMR respectively). After the mechanical
characterization, the cold sensitivity of all fibers was assessed by isolating the receptive field
of individual units with a metal ring (6 mm diameter). Vaseline was applied to the underside
of the ring to create a tight seal and to prevent leakages. The bath solution within the ring was
manually removed with a syringe and a thermocouple was inserted into the ring to record
temperature changes. Cold ramps (60 seconds) were applied by delivery of pre-cooled SIF via
a separate circulation system. If a fiber displayed spontaneous activity before application of
vehicle or oxaliplatin, it was excluded from further analysis. Oxaliplatin was made up on the
day of experiment from lyophilized powder (Sigma-Aldrich) and dissolved in 5 % glucose
solution (278 mOsm). Control experiments (vehicle) used 5 % glucose solution. Oxaliplatin

was used at a concentration of 600LM based on work in rat skin-saphenous nerve preparations
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The extracellular potentials were recorded using a World Precision Instruments (WPI) low-
noise head stage DAMB80 AC differential amplifier (gain of 10%). The signal was filtered with
a low pass (300 Hz) and a high pass (10 KHz) filter. The differential amplifier was connected
to a CED 1401 acquisition board (CED, UK). The output of the signal was visualized on an
oscilloscope, recorded on a PC, and made audible via speakers. All data was acquired using

the Spike2 (CED, UK) software.

Data analysis:

Action potentials were analyzed in Spike2 by creating a template using the action potential
waveform for the fiber in each recording. A separate channel was created with action potentials
for these waveforms at each event (stimulation period) during the recording. This was
duplicated and the channel draw mode function was used to convert this into action
potentials/second (Hz) to visualize discharge rates as a histogram. For analysis, the period
during mechanical and cold stimuli were scanned for events. Data were exported in 1 second
time bins and basic analysis was performed to assess total number of spikes, peak firing
frequency and threshold (temperature for cold) of activation for cold and mechanical
stimulations in Spike2, Excel (Microsoft, USA) and GraphPad Prism (version 9, GraphPad
Software, USA). In addition, the firing pattern of fibers during the cold and mechanical
stimulation periods were exported. Data are presented as mean = SEM unless otherwise stated.
Normality testing was performed on datasets and parametric or non-parametric hypothesis

testing was conducted accordingly.



Results:

Oxaliplatin causes cold and mechanical hypersensitivity in vivo:

Administration of oxaliplatin (6 mg/kg, i.p.) to mice produced cold and mechanical
hypersensitivities (Figure 1a, b) 1. Mice treated with oxaliplatin displayed significantly
reduced paw withdrawal latencies ina cold plate assay (10 °C) 3 hours after injection compared
to the pre-injection value (day 0) and compared to vehicle treated mice (Figure 1a). In addition,
the withdrawal threshold in the paw-pressure test was significantly decreased in oxaliplatin
treated mice 3 hours after injection, both compared to vehicle-treated mice and compared to
the naive baseline reading (day 0, Figure 1b). The behavioral sensitivities to noxious cold (10
°C) and mechanical stimulation followed a biphasic time course, with a period of marked
remission following the immediate onset of hypersensitivities. One day after injection,
oxaliplatin treated animals were no longer hypersensitive to cold or paw pressure. This phase
of brief remission was followed by sustained (2 - 7 days after treatment) hypersensitivities to
both cold and mechanical stimulation (Figure 1a, b). Oxaliplatin has been reported to produce
hypersensitivity to heat, as well as mechanical and cold stimulation 25, Therefore, we examined
nocifensive behaviors over a range of innocuous and noxious temperatures 3 days after vehicle
or oxaliplatin treatment (peak of oxaliplatin induced hypersensitivity). Oxaliplatin did not alter
the responsiveness to warmth or noxious heat in mice (35 - 55 °C) when compared to vehicle-
treated mice (Figure 1c). The reduction in the paw withdrawal latencies between oxaliplatin-

treated and vehicle-treated mice was significant at 10 °C, the coldest temperature tested.

Oxaliplatin treated skin sensory afferents are hyper-excitable:
We next turned to the skin-saphenous nerve preparation, in an attempt to identify the sensory
fiber types responsible for the mechanical and cold hypersensitivity observed in vivo. In

preparations from mice treated systemically with oxaliplatin, single afferent units were difficult

10



to isolate from finely teased nerve fibers due to a high level of spontaneous and evoked (both
by mechanical probing and cooling of the receptive fields) activity in multiple A and C fiber
afferents (Figure 1d). Oxaliplatin-induced hyperexcitability is thought to be predominantly
mediated by A fibers 4. However, our preliminary observations of high levels of impulse
activity in preparations from oxaliplatin treated mice, led us to hypothesize that both A and C
fibers contribute to the oxaliplatin evoked peripheral nerve hyperexcitability. The
spontaneously active and multi-unit nature of recordings from preparations obtained from mice
treated systemically with oxaliplatin precluded investigations of specific identified afferent
fiber classes (e.g. A3, AB, down-hair etc). Since we were unable to accurately determine the
conduction velocity of single units in preparations from oxaliplatin treated mice, we could not
characterize and classify these units reliably. We therefore adapted the experimental design to
instead apply oxaliplatin directly to the receptive fields of sensory neurons in preparations from
naive mice, after identification and characterization of single units. In this way, we sought to

define the acute, direct effects of oxaliplatin on specific, identified sensory nerve subtypes.

Oxaliplatin produced profound A fiber abnormalities

We restricted our investigations of single fibers to mechanosensitive units since we used a
mechanical search strategy to locate receptive fields. We have therefore not examined the
potential impact of oxaliplatin on mechanoinsensitive CC fibres (C cold receptors). We have
also not investigated responses evoked by heat, since heat is not a prominent complaint from
patients, and since we did not detect heat hypersensitivity in oxaliplatin treated mice in vivo.
In total, 96 A fibers were recorded and further categorized into 33 Ad mechanoreceptors (AM,
high threshold mechanoreceptors), 16 Ad - down-hair (D-hair), 21 AB-slowly adapting (ABSA)
and 26 AB-rapidly adapting (ABRA) defined as previously described 23. Furthermore, we

recorded 17 C mechanoreceptors (CM) and 20 C mechano-cold (CMC) receptors. These were

11



divided between vehicle control and oxaliplatin (600 pM) treatment groups (control: n =38 A
fibers, 17 C fibers; oxaliplatin n = 58 A fibers, 20 C fibers).

Vehicle treatment did not significantly change the sensitivity of A and C fibers to mechanical
or cold stimulation when compared to pre-treatment (Figure 2, left hand panel). In contrast,
oxaliplatin (600 uM) reduced the number of fibers that remained mechanically responsive after
treatment (AM: oxaliplatin 7/21, vehicle 11/12, P<0.01, Fisher’s exact test; D-hair: oxaliplatin
2/10, vehicle 4/6; ABRA: oxaliplatin 6/16, vehicle 9/10, P<0.05, Fisher’s exact test). Crucially,
fibers that belonged to these A fiber classes and retained mechanical responsiveness after
oxaliplatin treatment almost uniformly gained a novel aberrant cold sensitivity (6/7 AM, 2/2
D-hair, 6/6 ABRA; Figure 2, right hand panel, blue dots). ABSA fibers resisted oxaliplatin-
induced silencing and a more modest proportion became cold sensitive after oxaliplatin
treatment (3/10). The loss of mechanical CM fiber responsiveness following oxaliplatin was
similar to that observed in vehicle treated preparations, but we observed a novel aberrant cold
sensitivity in 3/7 CM fibers after oxaliplatin treatment. The number of CMC fibers responding
to mechanical and cold stimulation before treatment was 10 and 10 respectively, compared to
9 and 10 after oxaliplatin treatment. Likewise, vehicle treated CMC fibers did not lose
sensitivity to mechanical and cold stimulation and 10/10 responded to mechanical and cold
stimulation after treatment (Figure 2). We next examined the firing properties of the fiber

classes available after oxaliplatin treatment.

Adaptation properties to mechanical stimulation of some A fibers are profoundly altered by
oxaliplatin:

AM: Oxaliplatin significantly and substantially increased the number of action potentials in
AM fibers elicited by a 4 g force step compared to vehicle and pre-treatment controls (post-

vehicle control 20 + 7; pre-oxaliplatin 23 + 6; post-oxaliplatin 308 + 137 APs, P < 0.05,
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Kruskal-Wallis test, n = 10, Figure 3a-c). After exposure to oxaliplatin, the firing rates evoked
by 15¢g force were not significantly increased (oxaliplatin 239 + 136, vehicle 66 £ 17, P > 0.05,
Kruskal-Wallis test, n = 10) . Responses to stimulation with 15 g were also no larger than those
evoked by stimulation with 4 g, suggesting that the encoding properties of AM units had been
compromised. Some AM fibers also displayed activity outlasting the stimulation period at both
low and high force (4g; 5/10, 15g; 2/10, example given in Figure 3b). In contrast to the
increased number of action potentials observed in response to each of the stimuli after
oxaliplatin treatment, AM fibers fired fewer action potentials in response to all forces tested
after vehicle treatment (49 pre-treatment 84 + 50 vs post-treatment 20 + 7 APs, n = 10, data
not shown and Figure 3a; 15g, pre-treatment 111 £ 26 vs post-treatment 67 £ 17 APs; P > 0.05

Kruskal-Wallis followed by Dunn’s multiple comparison test, h = 10).

D-hair: A small number of D-hair low threshold afferents were recorded post oxaliplatin and
vehicle treatment (data not shown, see figure 2 for proportions). The number of D-hair units
that were mechanically available after a 20-minute application of vehicle was reduced by ~30%
(4/6). This reduction increased to 80% after oxaliplatin treatment (2/10 remained mechanically
sensitive). The two units that remained mechanically sensitive post oxaliplatin did not fire more

action potentials or change adaptation properties compared to vehicle treated units.

ABRA: Typically, murine ABRA fibers respond to mechanical force with an on-off pattern of
impulse activity 23. However, oxaliplatin altered the adaptation properties to stimulation with
higher force steps in a subset (3/7) of the RA fibers that retained mechanical responsiveness
after treatment. In these fibers, the response to 15 g mechanical force was reminiscent of that
of SA fibers, with sustained activity throughout the 10 s force step (Figure 3d-f). Oxaliplatin
treatment of ABRA receptive fields also led to the impulse activity persisting beyond the

withdrawal of the force transducer in some units (2/7, Figure 3e). Oxaliplatin did not increase
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the total number of action potentials generated during application of 15 g mechanical force
compared to vehicle treatment (post-vehicle control 5 + 1; pre-oxaliplatin 7 + 1; post-
oxaliplatin 116 + 69 APs, n =6 - 7 fibers, Figure 3d), however were very heterogeneous (max-
min, vehicle 11-2 APs ; oxaliplatin 432-1 APs, Figure 3d, P > 0.05, Kruskal-Wallis test).
Treatment did not increase firing evoked by a 4g step in control conditions (pre-vehicle control
9 + 1 vs post-vehicle control 6 £ 1 APs, data not shown and Figure 3d, n = 6) or after oxaliplatin

treatment (pre-oxaliplatin 5 + 1 vs post-oxaliplatin 3 = 1 APs, Figure 3d,n =6 —7).

ABSA: The impulse activity evoked by force steps in ABSA fibers was reduced significantly
after vehicle treatment (4g, 15¢g; pre-vehicle control 67 + 19, 120 £ 25, APs vs post-vehicle
control 29 £ 6,53 + 19,45 + 13 APs, n =10, P <0.01 for 15 g, Friedman’s followed by Dunn’s
post hoc test, Figure 3g). In contrast, the impulse activity was maintained, but not significantly
increased in ABSA fibers after oxaliplatin treatment compared to pre-treatment values (4g, 15g;
pre-oxaliplatin treatment 102 + 32, 102 + 21, 139 + 27 APs, n = 10 vs post-oxaliplatin 184 +
27,330 + 129, 389 £ 135 APs, n = 10, P > 0.05 Friedman’s followed by Dunn’s post hoc test,
Figure 3g). The total numbers of action potentials discharged during 4 g and 15 g force steps
were also not significantly increased after oxaliplatin compared to vehicle (Figure 3g, P > 0.05,
Kruskal-Wallis followed by Dunn’s post hoc test), which is likely due to the underlying

heterogeneity of ABSA subclasses and responses 8 22,

ABSA fibers fired at higher rates at the beginning of the 10 s force step in control conditions
44,46, 47 This adaptation property was maintained after oxaliplatin treatment, however, on
average firing rates increased at the end of the force step (Figure 3h). Unlike other A fiber
classes, none of the studied ABSA fibers fired after the removal of the mechanical stimulus

(Figure 3h, 1).

Oxaliplatin does not alter C fiber activity evoked by mechanical stimulation

14



Canonical cold and “pain” sensing afferents are C fibers 651, Therefore, we examined the effect
of oxaliplatin on the firing rate and pattern of CM and CMC fibers in response to cold and
mechanical stimulus. Unlike A fiber afferents, exposure to oxaliplatin did not alter CMC and
CM fiber responses to mechanical stimulation (Figure 4 a, b). CMC fibers were stable during
control conditions (49, 15g; pre-vehicle control 28 + 6, 88 + 20 vs post-vehicle control 20 + 4,
67 £ 22, APs, data not shown and Figure 4a, P > 0.05, Kruskal-Wallis followed by Dunn’s post
hoc test) and the action potential firing rate did not change significantly after oxaliplatin
treatment (4g, 159, pre-oxaliplatin 14 £ 5, 58 + 35 vs post oxaliplatin 25 + 16, 59 + 27, APs,
Figure 4a, P > 0.05, Kruskal-Wallis followed by Dunn’s post hoc test). Similarly, CM fibers
did not fire more action potentials during 4g and 15g steps after either oxaliplatin treatment
(49, 15¢; pre-oxaliplatin 19 £ 9, 64 + 29, vs post oxaliplatin 10 £ 5, 33 + 11, APs,n =10, P >
0.05, Kruskal-Wallis followed by Dunn’s post hoc test, Figure 4b) and vehicle treatment did
not significantly alter number of action potentials fired (4g, 159, pre-vehicle control 12 + 4, 32
+ 14, APs vs post-vehicle control 15 £ 9, 52 + 30, Kruskal-Wallis followed by Dunn’s post hoc
test, Figure 4b). CMC, and to a lesser extent, CM fibers were also largely resistant to
oxaliplatin-induced mechanical silencing that was observed in several A fiber classes (see

Figure 2).

Oxaliplatin confers aberrant cold sensitivity to a subset of cold-insensitive CM fibers

Application of oxaliplatin to the receptive fields of CMC did not significantly affect the number
of action potentials discharged during a subsequent cold ramp, (pre-oxaliplatin treatment 48 £
34, 1%t cold ramp after oxaliplatin 113 + 67, P>0.05, Kruskal Wallis followed by Dunn’s post
hoc test, n=10, Figure 4 c). This number was not increased significantly in response to a 2
cold ramp after oxaliplatin (147 + 97, Figure 4 ¢). The firing frequency in vehicle treated CMC

fibers remained stable throughout the recording period (Figure 4 d). We next asked whether
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the temperature threshold for cold activation of these CMC fibers was altered by oxaliplatin
treatment. The temperature threshold of activation was defined as the temperature at which the
second of two sequential action potentials was elicited. The average thresholds, which ranged
between ~ 15 - 19 °C, were not significantly altered by treatment with either vehicle or
oxaliplatin (pre-vehicle treatment 19.4 + 2.6, 15t cold ramp post vehicle 14.6 + 2.6 and 2™ cold
ramp post vehicle 17.4 + 2.8 °C vs pre-oxaliplatin treatment 15.4 + 2.7, 1%t cold ramp post
vehicle 16.9 + 2.2 and 2™ cold ramp post vehicle 18.2 + 2.2 °C, P>0.05, Kruskal Wallis
followed by Dunn’s post-hoc test, n = 10, Figure 4 e). Some CM fibers (3/7) responded to cold
after oxaliplatin treatment compared to 0/10 after vehicle. The number of action potentials
evoked by the cold ramp, as well as the peak firing frequency was low compared to CMC levels
(pre-treatment 0, 1% cold ramp post vehicle 8 + 1, 2™ cold ramp post vehicle 29 £ 9 APs, n = 2

~3).

Oxaliplatin treatment conferred cold sensitivity to subsets of all A fiber subtypes

In the mouse skin, low threshold A beta fibers (ABRA and ABSA) are normally insensitive to
cold or cooling stimuli, and only a small proportion of Ad (AM and D-hair fibers) are
considered cold responsive L. In contrast, oxaliplatin conferred cold responsiveness to a subset
of units from all classes of A-fibers, and to some previously cold-insensitive CM-fibers (see
Figure 2). Oxaliplatin treatment conferred a novel, aberrant cold sensitivity to 16/23 previously
cold insensitive A fibers in response to cooling to < 10 °C compared to 0/34 vehicle control
fibers (AM; Fig. 5 a-d, ABRA; 5 e-h, ABSA,; 5 i-l). Overall, these novel cold responses were
mostly observed in A fibers that also retained mechanical sensitivity after oxaliplatin (11/16).
However, of the cold responsive oxaliplatin treated A-fibres, 1 AM, 1 D-hair, 3ABRA were
refractory to mechanical stimulation after the cold ramp. The magnitude of cold responses in
oxaliplatin treated A fiber receptive fields was highly variable (Figure 5). Some A fibers were

unresponsive (fired <2 APs) to cold during the first ramp but fired during the second cooling
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period and so were considered cold sensitive and included in the following analysis. Repeated
exposure to cold progressively enhanced responses in all types of A fibers after treatment with
oxaliplatin, and the average response threshold was raised to warmer temperatures during the
second ramp after oxaliplatin treatment. The peak firing frequencies for AM fibers were 1%
cold ramp 80.4 + 48.9 and 2" cold ramp 106 + 39.4 APs s1; ABRA 1%t cold ramp 32.1 + 18.9
and 2™ cold ramp 54.4 + 30.4 APs s1; ABSA 1%t cold ramp 20 + 12.5 and 2™ cold ramp 74.3 +
38.2 APs s (Figure 5, n = 6 - 7). In control conditions, a small number of AM fibers are cold
sensitive in the mouse (°%; in this study, vehicle 2/13; oxaliplatin 2/22). These AM-C fibers
were excluded from the analysis of de novo cold responses (Figure 5). The temperature
thresholds of activation of de novo cold sensing AM fibers were 1% cold ramp after oxaliplatin
14.0 £ 4.3 and 2™ cold ramp 26.4 £ 1.1 °C; ABRA 1t cold ramp 8.9 £ 2.6 and 2™ cold ramp
9.1+2.9°C; ABSA 1%t cold ramp 8.5+ 4.7 and 2™ cold ramp 17.8 + 2.3 °C (Figure 5,n=6 -
7). Repeated exposure of A fiber receptive fields to cold did not lead to action potential firing

after vehicle treatment (AM n=13, DH n=6, ABSA n=10, ABRA n=10).
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Discussion

Oxaliplatin treatment produces unpleasant sensory abnormalities acutely, including
hyperalgesia, paresthesia associated with numbness, cold evoked pain, and dysesthesia. These
acute sensory abnormalities remain dose limiting side effects and a debilitating problem for
patients. In this study, we show that application of oxaliplatin to the receptive fields of A, and
to a lesser extent C fibers, confers an aberrant cold responsiveness. Oxaliplatin sensitized a
subset of AM, ABSA, and ABRA to cold and mechanical stimuli and we observed cold-evoked
responses in previously cold-insensitive C fibers after treatment with oxaliplatin. Furthermore,
oxaliplatin made a significant proportion of A fibers refractory to mechanical stimulation. We
conclude that the pain, paresthesia, and numbness experienced by patients at the time of

infusion may be caused by the dual activation and silencing of peripheral sensory neurons.

In mouse models of oxaliplatin induced neuropathy and acute sensory abnormalities,
intraplantar (i.pl.) and intraperitoneal (i.p.) dose regimens have both been shown to enhance
behavioural responsiveness to cold and mechanical stimuli 12 2737, We show that oxaliplatin
(i.p.) gives rise to cold and mechanical hypersensitivities within 3 h of administration, which
parallels the rapid onset of sensory abnormalities observed clinically 3. Surprisingly, both of
these behavioral parameters spontaneously returned to the pre-administration level 24 hours
after oxaliplatin administration. To our knowledge, this is the first time that apparent remission
of cold and mechanical hyperalgesia has been reported in a mouse model of oxaliplatin induced
hyperalgesia. Experimental models of formalin induced pain are characterized by a bi-phasic
time course of the behavioral phenotype 1 26 albeit on a shorter scale. The first phase of the
formalin test is thought to be caused by direct activation of peripheral sensory neurons. It is
followed by a sustained second phase, thought to be driven by both central sensitization and

altered peripheral input 19 Formaldehyde directly applied to rat afferents causes transient
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excitation of C and A fibers followed by loss of excitability including a loss of a mechanical
sensitivity 18. In the same study, the C but not A fiber afferents recovered some activity post
conduction block, ~ 30 mins after removal of formaldehyde. Higher activity of Ap fibers was
observed from whole sural nerve recordings during the first phase of formalin induced pain
compared with phase 2. Our results suggest that the sensory abnormalities produced by
administration of oxaliplatin may follow a similar course of induction, whereby the initial
phase is caused by direct activation and sensitization of some peripheral nociceptors (as
demonstrated here by direct application to receptive fields in the skin); followed by a sustained
sensitization caused by altered peripheral input. Preparations taken from animals treated with
oxaliplatin (3 days after injection) displayed high levels of spontaneous activity in both C and
A fibers, which is consistent with this hypothesis. The spontaneous activity observed in
preparations from oxaliplatin treated mice, also appears a likely source of hypersensitivity and
paraesthesia in vivo. The temporary remission in nocifensive behaviors observed in this study
remains unexplained. While it is highly unlikely that formalin and oxaliplatin share
mechanisms of action in vivo, the formalin model does provide an example of a two-phase
rodent pain model in which the phases are distinguishable in skin afferent recordings like those

performed in this study 18,

It is estimated that ~ 90% of all patients treated with oxaliplatin report paraesthesia, pain, and
cold-evoked dysaesthesias, often at the time of infusion 38, Central sensitization caused by
oxaliplatin has been reported to contribute to mechanical, but not cold hypersensitivity in
humans °. However, prophylactic pregabalin failed to attenuate pain in patients receiving
oxaliplatin infusions, suggesting that the early phase may not rely on central mechanisms °.
Since pain may last for years after cessation of oxaliplatin treatment, long-term changes in

neuronal plasticity and function similar to those observed in neuropathies of other aetiologies
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are likely to be involved. The changes to AP fiber properties reported here may explain the
paraesthesias and numbness experienced by patients after a single treatment cycle 3. QST
studies have shown that long term treatment of oxaliplatin causes deficits in A fiber function,
by increasing detection thresholds in the bump test and to von Frey filaments 10. Patients
experience mechanical and tactile allodynia which might in part be explained by the
sensitization of AB-LTMRs and AM fibers 10.25, The loss of activity in medium-large diameter
fibers observed in this study after relatively brief incubation with oxaliplatin might also
contribute to numbness experienced by patients during chemotherapy infusions. Silencing of
fibers shown in this study, 20 mins after oxaliplatin administration, may appear incongruous
with the high levels of activity seen in fibers from animals treated with oxaliplatin (day 4).
However, some fiber types (AB-SA, C fibers) resisted silencing, and this subset could underlie
the heightened activity at later time points. We also cannot rule out that silenced fibers recover

function over time, thereby contributing to sensory hypersensitivity in vivo.

The major finding of this study is that oxaliplatin applied directly to sensory nerve terminals
either silences or confers de novo cold responsiveness in AB-LTMRs and AM nociceptors. This
adds to the literature supporting a critical role for A fibers in oxaliplatin induced cold evoked
pain 1441 Why are A fibers particularly vulnerable to oxaliplatin treatment? Mechanisms such
as direct modulation of ion channels (not least Nay1.6), and dysfunction in mitochondrial
function have been proposed 4149, Large diameter A fibers express high levels of Nay1.6 2142
and selective inhibition of Nay1.6 reversed the acute oxaliplatin-induced cold and mechanical
allodynia in mice 12, Oxaliplatin causes enhanced Nay1.6 resurgent current in large diameter
DRG neuron 4! and Nav1.6 selective toxins that cause enhanced resurgent currents in large
diameter DRG lead to preferential activation of A fibers in skin-saphenous nerve recordings 2L

Indeed, burst firing patterns akin to those seen in some oxaliplatin treated A fibers were
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observed after selective Nay1.6 activation 1. Nav1.6 is also expressed in peptidergic and non-
peptidergic DRG neurons however Nay1.6 activation alone does not cause cold allodynia in

vivo and conversely dampened temperature evoked C fiber responses ex vivo 1221,

In rodent models, repeated oxaliplatin treatment has been reported to increase expression of
TRPM8 and TRPA1, and to reduce expression of the potassium channels TREK-1 and TRAAK
1,11,15,24,32, 50 Alterations of the expression or function of these ion channels would primarily
be expected to affect the excitability of C fibers, which we did not observe in our study, almost
certainly because we applied oxaliplatin locally to the skin and only for 20 minutes. This short
duration and restricted site of application (peripheral terminal) contrasts with the more
sustained systemic dose regimens that demonstrated transcriptional regulation of ion channels
in DRGs. In addition to exciting neurons by acting at specific transduction molecules
(stimulating TRPM820. 34 inhibiting KCNKs33), cooling also inhibits Kv channels?? 39, thereby
increasing the neuronal excitability by increasing the membrane input resistance 2% 3. In this
way, blockade of Kvl channels reportedly unmasks previously silent large diameter cold
sensing neurons in the DRG 28 and causes cold allodynia in vivo 2. This effect is potentiated
by a Nav1.6 activator that preferentially modulates activity of large mechanosensitive DRG 12,
Our findings are consistent with the hypothesis that enhanced cold and mechanical sensitivity
produced by oxaliplatin in vivo is predominantly driven by large diameter A fibers, which

express both Nayv1.6 and multiple Kv channels.

Recently, in vivo calcium imaging of DRG neurons in mice treated with oxaliplatin and
exposed to cold stimuli revealed “silent” cold sensitive afferents at the level of the DRG 28,
These de novo cold sensitive neurons are predominantly Nay1.8-expressing medium to large

diameter (> 400 um?) however only few expressed Ntrk2 and Calbl, reported to be molecular
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markers for Ad-fiber low threshold mechanoreceptors and AB-fiber low threshold
mechanoreceptor respectively 28.In our study, oxaliplatin altered the properties of both Ad
mechanoreceptors and AP low threshold mechanoreceptors profoundly, either by conferring an
aberrant cold sensitivity or silencing these units. Our observations thus suggest that in addition
to the Nav1.8-expressing medium to large diameter fibers that gained cold sensitivity in in vivo
Ca?*-imaging experiments?8, other A-fibres were also affected by local applications of
oxaliplatin. A key difference between this report and the study by MacDonald et al., (2021),
is the time after oxaliplatin administration (20 minutes after application to receptive field,
compared to 3h after intraplantar injection) when cold responsiveness was tested 28,
Furthermore, low threshold mechano-receptor classification in our study is performed after
functional analysis of the afferent firing pattern. The relationship between transcriptional
markers and afferent properties has not been extensively validated functionally and may
confound interpretation of the results. MacDonald et al report that the large diameter de novo
cold sensing neurons also responded to pinch stimuli 28, Consistent with these observations, we
find that A fibers that respond to cold after oxaliplatin treatment almost always retained
mechanical responsiveness and responded to noxious (high force) mechanical stimuli. The
scope of future work should include an analysis of the Ky conductances that may be responsible

for oxaliplatin-induced activation and cold sensitivity of peripheral sensory neurons.

In conclusion, oxaliplatin treatment causes hyperexcitability and silencing of peripheral
sensory neurons. We further show that oxaliplatin produces biphasic cold and mechanical
hypersensitivities in mice. We expect that these findings will inform efforts to delineate the
etiology of the short- and long-term sensory abnormalities reported by patients. Our findings
support the hypothesis of A fiber dysfunction as a cause of dysesthesia and pain during and

immediately after oxaliplatin transfusion.
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Fi_gure 1: Systemic oxaliplatin causes bi-phasic mechanical and cold hypersensitivity in

gl((;(lei.platin (6 mg/kg in 5 % glucose, i.p.) reduced the paw withdrawal latency in a 10°C cold
plate test (a) and the paw-pressure withdrawal (Randall-Selitto) threshold (b) 3 hours post
administration compared to vehicle control. One day post administration, both cold and paw
pressure sensitivity returned to baseline and control levels. Day 3 - 6 post injection, both 10°C
withdrawal latencies and paw-pressure thresholds were significantly less than control (n = 6).
c¢) Oxaliplatin animals have reduced withdrawal latency compared to vehicle control animals
in response to cold stimulation at 10 °C (p=0.06) but not to warm or hot temperatures (day 3,
n=6). d) Thinly teased filaments of saphenous nerve from skin- nerve preparations taken from
oxaliplatin treated animals (day 3) displayed elevated levels of spontaneous activity.
Representative trace from oxaliplatin treated preparation illustrating non stimulus evoked

activity in putative A and C fibers including repetitive action potential volleys which were not

observed in preparations from vehicle treated mice. Data in a-c are mean £ SEM. *P < 0.05,
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**p < 0.01, ***P < 0.001, compared to vehicle, 2-way repeated measures ANOVA followed
by Sidak’s correction. TP < 0.05, 1P <0.01, 1P < 0.001, compared to the naive preinjection

value, 2-way repeated measures ANOVA followed by Dunnett’s test.

26



VEHICLE OXALIPLATIN
Pre Post Pre Post
15 1 1 | | 25
.\. ~-20
104 T* ;l' |15
5 Ad- Mechanoreceptors - 10
-5
ol o ** Lo
Tt
8- - 15
© .\. - 10
Ad-

4_

o] Down hair WL

0_ ._. _I_ - 0
154 - 20

N, - 15

g 10 .-\‘ Ap- +11 P
. . *

= 5- Rapidly adapting | =

o *k%k

= 0- —@ -0

3101 &—®  Ap ®—o 10

5 Slowly adapting | -

0 o—e o L

8_

of €@ 0\. -10

4- C- | -

2- Mechanoreceptors ./.

- &—9 0=0.05 ~ 0
157 - 15
104 @—e@ C-Mechano-Cold L 10

nociceptor ::

57 -5

0- 0

@ Mechanically sensitive
@ Cold sensitive

Figure 2: Oxaliplatin alters the proportions of cold and mechanically sensitive A fibers

profoundly.

The numbers of fibers that respond to mechanical (black circles) or cold (blue circles)

stimulation after vehicle (left-hand panel) or oxaliplatin treatment (right-hand panel) of the
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corresponding receptive field. Before incubation with vehicle or oxaliplatin, all fibers were
identified using mechanical stimuli and were thus initially mechanosensitive. After vehicle-
treatment (20 min, glucose 5% in SIF) almost all AM (11/12), D-hair (4/6), ABRA (9/10) ABSA
(10/10), CM (7/7) and CMC (10/10) fibers fired in response to mechanical step stimulation.
Pre or post vehicle treatment, very few A fibers fired action potentials in response to a 60 s
cold ramp to ~5 — 8 °C (pre-treatment control 2/22 AM-C, post-treatment 1/11). CMC fibers
responded to cold ramp before and after vehicle treatment (10/10), CM fibers did not gain de
novo cold responsiveness after vehicle treatment (0/10). In contrast, a significant proportion of
AM, D-hair and ABRA were no longer sensitive to mechanical stimuli (P < 0.05, Fisher’s exact
test) after oxaliplatin treatment (20 mins, 600 uM in SIF). Remarkably, AM, D-hair and ABRA
fibres that retained mechanical sensitivity almost all displayed a novel aberrant cold
responsiveness. After oxaliplatin treatment, ABSA, CM, and CMC fibres retained mechanical
sensitivity, but a subset of ABSA and CM fibres gained a novel cold sensitivity. *P < 0.05, **P
<0.01, ***P < 0.001, compared to vehicle, Fisher’s exact test. 1P < 0.05, 1P < 0.01, 1P <

0.001, compared to pre-treatment, Fisher’s exact test.
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Figure 3: A-fibers that retained mechanical responsiveness after oxaliplatin exhibit

increased firing rate and altered adaptation properties.

The number and frequency of action potentials discharged during 10s mechanical stimuli are

increased post oxaliplatin (blue circles) treatment compared to pre-treatment (red circles)

baseline and post-vehicle control values (black circles). a) AM fibers that retained

responsiveness after exposure to oxaliplatin (600 uM in SIF) fired significantly more action

potentials during the 4 g step stimulus compared to vehicle treated units and compared to pre-

treatment (*P < 0.05, Mixed-effects analysis followed by Tukey’s test, n = 8-10 fibers). b) AM

fibers treated with oxaliplatin displayed altered adaptation patterns such as firing after removal

of the 4 g stimulus (n = 5/7), which was not seen before treatment. ¢) Average adaptation
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properties to 4 g, 10 s mechanical force step from all AM fibers tested (***P<0.001,
Wilcoxon’s test, n=10). d) ABRA fibers fired more action potentials during 159 steps after
oxaliplatin treatment compared to vehicle treated units and compared to pre-treatment (Mixed-
effects analysis followed by Tukey’s test, n =6 - 7 fibers). e) Oxaliplatin changed the adaptation
of ABRA fibers (observed in 3 of the 6 units), which typically do not fire throughout the
mechanical stimulus (pre-treatment and post-vehicle control). Some oxaliplatin treated ABRA
fibers also fired after the removal of mechanical stimulus (2/6). f) Average adaptation
properties in response to 15 g, 10 s mechanical force step from all ABRA fibers tested
(Wilcoxon’s signed rank test, n = 7). g) ABSA fibers retained their adaptation properties but
fired more action potentials after oxaliplatin in response to 15 g force steps compared to post
vehicle and pre oxaliplatin (Mixed-effects analysis followed by Tukey’s test, n = 10). h)
Representative trace of ABSA activity during a 15g mechanical stimulus. i) The average
adaptation properties of ABSA fibers (n = 10) demonstrates an increased firing rate particularly

at the beginning and end of the mechanical stimulation (Wilcoxon’s signed rank test, n = 10).
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Figure 4: Oxaliplatin did not alter the firing rate or cold activation thresholds in C-fibers.
Oxaliplatin treatment did not affect the firing rate evoked by mechanical force steps in CM or
CMC units. CMC (a) and CM (b) fibers respond to mechanical force steps by firing similar
numbers of action potentials before and after vehicle and oxaliplatin (P>0.05, two-way RM
ANOVA, n=7-10). The number of action potentials (c) and the peak firing frequency (d)
evoked by cold in CMCs were unchanged by oxaliplatin or vehicle treatment (n = 10). (e) The
temperature threshold for cold activation of CMCs was unchanged by vehicle or oxaliplatin

treatment (n = 10).
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Figure 5: Aberrant cold sensitivity of oxaliplatin treated ABSA, ABRA and AM fibers

Application of oxaliplatin to receptive fields of A fibers conferred aberrant sensitivity to
stimulation with a cooling ramp (from 32 °C to < 10 °C, during 60 s). None of the A-fibers
represented here responded to cold before oxaliplatin treatment. a, e, i) Lines represent average
firing frequencies for each A fiber type. Light blue lines are responses to the first cold ramp
after oxaliplatin treatment, dark blue line represents responses to second cold ramp post
treatment. Typical responses evoked by cooling in AM (b), ABRA (f), and ABSA (j) fibres are
shown together with the respective peak firing frequencies (c, g, k) and temperature response
thresholds (d, h, 1). The second cold ramp generated cold evoked activity at warmer
temperatures than the first ramp in AM and ABSA units (both P<0.05, Wilcoxon matched-pair

signed rank test, n=7).

32



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Anand U, Otto WR, Anand P. Sensitization of capsaicin and icilin responses in
oxaliplatin treated adult rat DRG neurons. Molecular pain. 6:82, 2010

Argyriou AA, Cavaletti G, Briani C, et al. Clinical pattern and associations of
oxaliplatin acute neurotoxicity: a prospective study in 170 patients with colorectal
cancer. Cancer. 119:438-444, 2013

Attal N, Bouhassira D, Gautron M, et al. Thermal hyperalgesia as a marker of
oxaliplatin neurotoxicity: a prospective quantified sensory assessment study. Pain.
144:245-252, 2009

Avan A, Postma TJ, Ceresa C, et al. Platinum-induced neurotoxicity and preventive
strategies: past, present, and future. Oncologist. 20:411-432, 2015

Binder A, Stengel M, Maag R, et al. Pain in oxaliplatin-induced neuropathy--
sensitisation in the peripheral and central nociceptive system. Eur J Cancer. 43:2658-
2663, 2007

Campero M, Baumann TK, Bostock H, Ochoa JL. Human cutaneous C fibres activated
by cooling, heating and menthol. J Physiol. 587:5633-5652, 2009

Carozzi VA, Canta A, Chiorazzi A. Chemotherapy-induced peripheral neuropathy:
What do we know about mechanisms? Neuroscience letters. 596:90-107, 2015
Cuhadar U, Gentry C, Vastani N, et al. Autoantibodies produce pain in complex
regional pain syndrome by sensitizing nociceptors. PAIN. 160:2855-2865, 2019

de Andrade DC, Jacobsen Teixeira M, Galhardoni R, et al. Pregabalin for the
Prevention of Oxaliplatin-Induced Painful Neuropathy: A Randomized, Double-Blind
Trial. Oncologist. 22:1154-e1105, 2017

de Carvalho Barbosa M, Kosturakis AK, Eng C, et al. A quantitative sensory analysis
of peripheral neuropathy in colorectal cancer and its exacerbation by oxaliplatin
chemotherapy. Cancer Res. 74:5955-5962, 2014

Descoeur J, Pereira V, Pizzoccaro A, et al. Oxaliplatin-induced cold hypersensitivity is
due to remodelling of ion channel expression in nociceptors. EMBO Mol Med. 3:266-
278, 2011

Deuis JR, Zimmermann K, Romanovsky AA, et al. An animal model of oxaliplatin-
induced cold allodynia reveals a crucial role for Nav1.6 in peripheral pain pathways.
Pain. 154:1749-1757, 2013

Di Francia R, Siesto RS, Valente D, et al. Current strategies to minimize toxicity of
oxaliplatin: selection of pharmacogenomic panel tests. Anti-Cancer Drugs. 24, 2013
Forstenpointner J, Oberlojer VC, Naleschinski D, et al. A-Fibers Mediate Cold
Hyperalgesia in Patients with Oxaliplatin-Induced Neuropathy. Pain Pract. 18:758-
767, 2018

Gauchan P, Andoh T, Kato A, Kuraishi Y. Involvement of increased expression of
transient receptor potential melastatin 8 in oxaliplatin-induced cold allodynia in mice.
Neuroscience letters. 458:93-95, 2009

Gentry C, Stoakley N, Andersson DA, Bevan S. The roles of iPLA2, TRPM8 and
TRPAL in chemically induced cold hypersensitivity. Molecular pain. 6:4-4, 2010
Grothey A. Oxaliplatin-safety profile: neurotoxicity. Seminars in Oncology. 30:5-13,
2003

Hoffmann T, Klemm F, | Kichko T, et al. The formalin test does not probe
inflammatory pain but excitotoxicity in rodent skin. Physiological Reports. 10:15194,
2022

Hunskaar S, Hole K. The formalin test in mice: dissociation between inflammatory and
non-inflammatory pain. Pain. 30:103-114, 1987

33



20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Inserra MC, Israel MR, Caldwell A, et al. Multiple sodium channel isoforms mediate
the pathological effects of Pacific ciguatoxin-1. Scientific reports. 7:42810, 2017
Israel MR, Tanaka BS, Castro J, et al. NaV 1.6 regulates excitability of
mechanosensitive sensory neurons. J Physiol. 597:3751-3768, 2019

Koerber HR, Woodbury CJ. Comprehensive phenotyping of sensory neurons using an
ex vivo somatosensory system. Physiol Behav. 77:589-594, 2002

Koltzenburg M, Stucky CL, Lewin GR. Receptive properties of mouse sensory neurons
innervating hairy skin. Journal of neurophysiology. 78:1841-1850, 1997

Kono T, Satomi M, Suno M, et al. Oxaliplatin-induced neurotoxicity involves TRPM8
in the mechanism of acute hypersensitivity to cold sensation. Brain Behav. 2:68-73,
2012

Krgigard T, Schrgder HD, Qvortrup C, et al. Characterization and diagnostic evaluation
of chronic polyneuropathies induced by oxaliplatin and docetaxel comparing skin
biopsy to quantitative sensory testing and nerve conduction studies. Eur J Neurol.
21:623-629, 2014

Le Bars D, Gozariu M, Cadden SW. [Acute pain measurement in animals. Part 1]. Ann
Fr Anesth Reanim. 20:347-365, 2001

Ling B, Coudoré-Civiale MA, Balayssac D, Eschalier A, Coudoré F, Authier N.
Behavioral and immunohistological assessment of painful neuropathy induced by a
single oxaliplatin injection in the rat. Toxicology. 234:176-184, 2007

MacDonald DI, Luiz AP, Iseppon F, Millet Q, Emery EC, Wood JN. Silent cold-sensing
neurons contribute to cold allodynia in neuropathic pain. Brain : a journal of neurology.
144:1711-1726, 2021

Madrid R, de la Pena E, Donovan-Rodriguez T, Belmonte C, Viana F. Variable
threshold of trigeminal cold-thermosensitive neurons is determined by a balance
between TRPM8 and Kv1 potassium channels. J Neurosci. 29:3120-3131, 2009
McKemy DD, Neuhausser WM, Julius D. Identification of a cold receptor reveals a
general role for TRP channels in thermosensation. Nature. 416:52-58, 2002
McWhinney SR, Goldberg RM, McLeod HL. Platinum neurotoxicity
pharmacogenetics. Mol Cancer Ther. 8:10-16, 2009

Nassini R, Gees M, Harrison S, et al. Oxaliplatin elicits mechanical and cold allodynia
in rodents via TRPAL receptor stimulation. Pain. 152:1621-1631, 2011

Noel J, Zimmermann K, Busserolles J, et al. The mechano-activated K+ channels
TRAAK and TREK-1 control both warm and cold perception. EMBO J. 28:1308-1318,
2009

Peier AM, Mogrich A, Hergarden AC, et al. A TRP channel that senses cold stimuli
and menthol. Cell. 108:705-715, 2002

Poupon L, Lamoine S, Pereira V, et al. Targeting the TREK-1 potassium channel via
riluzole to eliminate the neuropathic and depressive-like effects of oxaliplatin.
Neuropharmacology. 140:43-61, 2018

Quasthoff S, Hartung HP. Chemotherapy-induced peripheral neuropathy. J Neurol.
249:9-17, 2002

Renn CL, Carozzi VA, Rhee P, Gallop D, Dorsey SG, Cavaletti G. Multimodal
assessment of painful peripheral neuropathy induced by chronic oxaliplatin-based
chemotherapy in mice. Molecular pain. 7:29, 2011

Saif MW, Reardon J. Management of oxaliplatin-induced peripheral neuropathy. Ther
Clin Risk Manag. 1:249-258, 2005

Sarria I, Ling J, Gu JG. Thermal sensitivity of voltage-gated Na+ channels and A-type
K+ channels contributes to somatosensory neuron excitability at cooling temperatures.
J Neurochem. 122:1145-1154, 2012

34



40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

Seretny M, Currie GL, Sena ES, et al. Incidence, prevalence, and predictors of
chemotherapy-induced peripheral neuropathy: A systematic review and meta-analysis.
Pain. 155:2461-2470, 2014

Sittl R, Lampert A, Huth T, et al. Anticancer drug oxaliplatin induces acute cooling-
aggravated neuropathy via sodium channel subtype Na(V)1.6-resurgent and persistent
current. Proceedings of the National Academy of Sciences of the United States of
America. 109:6704-6709, 2012

Usoskin D, Furlan A, Islam S, et al. Unbiased classification of sensory neuron types by
large-scale single-cell RNA sequencing. Nat Neurosci. 18:145-153, 2015

Vastani N: Mechanisms of thermal sensitivity in rodent primary afferent neurons
innervating the skin In: Institute of Child Health, University College London, London,
2009, pp. 373.

Vastani N, Guenther F, Gentry C, et al. Impaired Nociception in the Diabetic
Ins2(+/Akita) Mouse. Diabetes. 67:1650-1662, 2018

Vetter |, Touska F, Hess A, et al. Ciguatoxins activate specific cold pain pathways to
elicit burning pain from cooling. Embo j. 31:3795-3808, 2012

Wellnitz SA, Lesniak DR, Gerling GJ, Lumpkin EA. The regularity of sustained firing
reveals two populations of slowly adapting touch receptors in mouse hairy skin. Journal
of neurophysiology. 103:3378-3388, 2010

Woo SH, Ranade S, Weyer AD, et al. Piezo2 is required for Merkel-cell
mechanotransduction. Nature. 509:622-626, 2014

Yamamoto S, Ono H, Kume K, Ohsawa M. Oxaliplatin treatment changes the function
of sensory nerves in rats. J Pharmacol Sci. 130:189-193, 2016

Yang Y, Luo L, Cai X, et al. Nrf2 inhibits oxaliplatin-induced peripheral neuropathy
via protection of mitochondrial function. Free Radic Biol Med. 120:13-24, 2018

Zhao M, Isami K, Nakamura S, Shirakawa H, Nakagawa T, Kaneko S. Acute cold
hypersensitivity characteristically induced by oxaliplatin is caused by the enhanced
responsiveness of TRPAL in mice. Molecular pain. 8:55, 2012

Zimmermann K, Hein A, Hager U, et al. Phenotyping sensory nerve endings in vitro in
the mouse. Nat Protoc. 4:174-196, 2009

35



