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Highlights
e Topical 10% amitriptyline may provide effective pain relief in CIPN patients.

e No systemic adverse events typically associated with oral amitriptyline or local effects

were reported.
e Mouse studies showed that topical amitriptyline inhibits nociceptor firing responses.
¢ Inhibition was most potent for nociceptor Nav1.8, Nav1.7 and Nav1.9 isoforms.

e Amitriptyline induces calcium ion mobilization via TRPA1 activation.
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Abstract

Oral amitriptyline hydrochloride (amitriptyline) is ineffective against some forms of chronic
pain and is often associated with dose-limiting adverse events. We evaluated the potential
effectiveness of high-dose topical amitriptyline in a preliminary case series of chemotherapy-
induced peripheral neuropathy (CIPN) patients and investigated whether local or systemic
adverse events associated with the use of amitriptyline were present in these patients. We also
investigated the mechanism of action of topically administered amitriptyline in mice. Our case
series suggested that topical 10% amitriptyline treatment was associated with pain relief in
CIPN patients, without the side effects associated with systemic absorption. Topical
amitriptyline significantly increased mechanical withdrawal thresholds when applied to the
hind paw of mice, and inhibited the firing responses of C-, Ap- and Ad-type peripheral nerve
fibers in ex vivo skin—saphenous nerve preparations. Whole-cell patch-clamp recordings on
cultured sensory neurons revealed that amitriptyline was a potent inhibitor of the main

voltage-gated sodium channels (Nav1.7, Nav1.8 and Nav1.9) found in nociceptors. Calcium
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imaging showed that amitriptyline activated the transient receptor potential cation channel,
TRPAL. Our case series indicated that high-dose 10% topical amitriptyline could alleviate
neuropathic pain without adverse local or systemic effects. This analgesic action appeared to

be mediated through local inhibition of voltage-gated sodium channels.

Perspective

Our preliminary case series suggested that topical amitriptyline could provide effective pain
relief for chemotherapy-induced peripheral neuropathy patients without any systemic or local
adverse events. Investigation of the mechanism of this analgesic action in mice revealed that
this activity was mediated through local inhibition of nociceptor Nav channels.

Key words

Amitriptyline; Chemotherapy-induced peripheral neuropathy; Analgesics; topical
administration; voltage-gated sodium channels; nociceptive sensory neurons;

transient receptor potential ankyrin 1; nociceptors /Nav1.8, Nav1.7 and Nav1.9

isoforms.

Introduction
Antidepressants are an essential component of the therapeutic strategy for treatment of many
causes of persistent pain *> *. Tricyclic antidepressants (TCAs) are the recommended first-

o152 Amitriptyline

line treatment for many forms of persistent neuropathic pain
hydrochloride (amitriptyline), a TCA approved for the treatment of major depression, has
been shown to be effective for the treatment of pain associated with a range of neuropathic
pain conditions, including diabetic neuropathy, fibromyalgia and postherpetic neuralgia ** *

2" However, many patients are unable to achieve optimal pain relief with oral amitriptyline
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due to the occurrence of dose-limiting intolerable adverse events (AEs), including
somnolence, anticholinergic effects and cardiotoxicity ** % °.

As a potential alternative, two anecdotal case reports have indicated that topical
administration of high-dose (10%) amitriptyline in creams may provide effective treatment for
neuropathic pain, potentially allowing optimal treatment doses to be achieved while

minimizing the risk of systemic AEs ** ¥

. In particular, encouraging results have been
reported with 10% topical amitriptyline in a pilot study of patients presenting with hand and
foot chemotherapy-induced peripheral neuropathy (CIPN) “.

At present, the precise mechanisms underlying the analgesic effects of amitriptyline remain
unclear. A potential mechanism may involve reinforcemernit of the descending inhibitory pain
pathways by the accumulation of norepinephrine and serotonin in central synapses, resulting
in suppression of ascending pain messages in the spinal cord **. Amitriptyline also displays a
range of other pharmacological activities that may contribute to its analgesic properties.
Amitriptyline is an antagonist of the histamine, muscarinic, adrenergic, and serotonin
receptors, and leads to blockade of voltage-gated sodium ion channels ** **. It also appears to
interact with calcium ion channels *. Indirect studies using the forced swim test as a model of

depressive-like behavior in rodents * #°

, and functional assays in rat dorsal root ganglia (DRG)
cell cultures **, have indicated that amitriptyline may also modulate members of the transient
receptor potential (TRP) cation channel family. Dysregulation of Nav channels and TRP
channels, such as TRP vanilloid 1 (TRPV1) and TRP ankyrin 1 (TRPA1), has been implicated
in the pathophysiology of neuropathic pain ® **, including that of CIPN. Both sodium and
TRP channels are viewed as therapeutic targets for the development of new neuropathic pain
treatments °% °°. Although many investigators have demonstrated the inhibitory effects of

antidepressants on Nav channels as a possible mechanism of analgesia ', studies on the

effects of amitriptyline on the activities of the TRP channels are limited and, to our



Journal Pre-proof

knowledge, no one has tested whether amitriptyline applied to the skin improves pain by
alleviating its peripheral somatosensory component.

Thus, we first investigated the potential effectiveness of topically applied 10% amitriptyline
in a preliminary, uncontrolled, observational case series of patients with CIPN and assessed
whether there were any local AEs, or AEs associated with systemic absorption of
amitriptyline in these patients. We then aimed to gain insight into the mechanisms involved in
the analgesic activity of topically applied amitriptyline by using experimental approaches in
mice to assess the effects of amitriptyline on the nociceptive withdrawal threshold of hind
paws, nociceptive afferent messages, TRP channel-mediated calcium ion mobilization, and

Nav1.7, Nav1.8 and Nav1.9 channel activity.

Methods
Patient case series

Adult and pediatric patients with CIPN of the hands and/or feet were recruited after being
referred to the pain management department at the Necker Hospital (Paris, France) by their
oncologist or hematologist. Patients referred for severe CIPN that persisted after completion
of anticancer therapy, and patients referred while still undergoing therapy were eligible for the
study. For the patients still undergoing anticancer treatment, the aim of the referral was to
determine if their CIPN could be managed before making any decisions to change or reduce

the dose of their anticancer therapy.

Patients with open lesions on the hands or feet, and those with dementia or who were
incapable of applying the cream themselves, were not eligible. This study was conducted

within the framework of the ongoing management of the patients. Patients were informed of
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the aims of the study, the fact that any benefits of the treatment may not be observed before 1
month of use, and that the risk of systemic side effects was expected to be much lower than
that associated with oral amitriptyline. Patients were also informed of the risk of skin irritation
at application sites, and of safety issues regarding the need to avoid ingesting the cream and to
prevent the cream from coming into contact with the eyes. All patients gave oral consent
before being included in the study. The study was approved by the Research Ethics
Committee of the Hopitaux Universitaires Paris-Ouest (HUPO) and by the French Data

Protection Authority (Commission Nationale de I’Informatique et des Libertés, CNIL).

Patients were instructed to apply 1g (obtained using a measuring device) of 10%
amitriptyline hydrochloride cream (oil-in-water emulsion), twice a day to each area with pain
sensations such as burning, numbness, and tingling. Thus, the total amount of cream used per
day varied between 2 g and 4 g depending on the number of extremities (hands and/or feet)
affected. Patients were told to apply the cream thinly and to rub it in gently, and to wait 30
minutes before handwashing. There was no need for foot washing after application of the
cream. No other new or existing analgesics or other pain-relieving nonpharmacologic

therapies (such as acupuncture, cryotherapy etc.) were to be used during the study period.

Neuropathic pain was assessed before and after 1 month of treatment using a validated scale
from the Douleur neuropathique en 4 questions (DN4, neuropathic pain in 4 questions)
questionnaire **. Pain intensity was assessed at day 7, day 15 and month 1, using the Numeric
Pain Rating Scale (NPRS *%). Patients were also asked to report any local or systemic AEs at

each visit.
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Laboratory animals

The mice used in this study were bred and housed in accredited facilities; they were adult
males, 6 to 12 weeks old, and from a C57BI/6J background. The animals were kept in
standard laboratory conditions with 12-hour light/dark periods at a temperature of 22+2 °C
and supplied with dry food and drinking water ad libitum. All animals were handled in
compliance with the European Community guidelines for the care and use of animals
(2010/63/EEC). Since pain might occur in these experiments, the guidelines of the Committee
for Research and Ethical Issues of the International Association for the Study of Pain °* were
followed. Furthermore, all procedures were approved by the institutional review board of the

regional ethics committee (Région PACA).

Assessment of the nociceptive withdrawal threshiold in mice using the Randall-Selitto

test

The nociceptive withdrawal threshold was assessed using a Randall-Selitto electronic
algesimeter (Ugo Basil, Italy) foliowing a protocol similar to that described by Santos-
Nogueira et al. 2012 *®. During the test, the animal was placed into a pouch that provided
access to the right hind paw (test paw). They were then carefully immobilized with the same
hand used to hold the test paw. The test consisted of the application of an increasing
mechanical force, in which pressure was applied onto the dorsal surface of the right hind paw.
The mechanical threshold was defined as the force (in grams) at which the mouse withdrew
its paw from the device. The cut-off value was fixed at 250 g in order to protect the paw from
possible tissue damage. Mice were habituated during the four days before the test to get used

to the manipulation.
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The nociceptive withdrawal threshold was measured before and 5 minutes after the
application of a control cream (Excipial hydrocreme®) or a cream containing 10%
amitriptyline to the test area (i.e. the right hind paw). Creams were applied by an investigator
wearing gloves who used their index finger to gently rub 300 pL of cream (approximately
30 pg of amitriptyline) over the dorsal surface of the test area for 5 minutes. Animals were
randomly assigned to the treatment groups (n=8 for each group) and measurements were
made blind, i.e. the investigator was not aware of the nature of the cream that had been
applied. Each reported data point represents the mean of three consecutive measurements

taken at 5-minute intervals.
Ex vivo single-unit recordings from mouse skin—nerve preparations

Adult male mice were anesthetized with isoflurane (4%) and sacrificed by severing of the
carotid arteries. Skin—saphenous nerve preparations and single-fiber recordings were carried
out according to the method described by Zimmerman et al. (2009) ®*. The saphenous nerve
and the skin of the hind limb were carefully dissected and placed in a custom-designed organ
chamber containing warm oxygenated synthetic interstitial fluid (SIF). The SIF buffer had the
following composition (in- mM): 120 NaCl, 3.5 KCI, 0.7 MgSQO,, 1.7 NaH,PO4, 5 Na,HCO3,
2 CaCly, 9.5 Na-Gluconate, 5.5 glucose, 7.5 sucrose, and 10 HEPES. The pH was set to 7.4
and the osmolarity was maintained at 300 mOsm/L. The skin was placed corium side up in the
organ bath, continuously superfused with SIF buffer and maintained at a temperature of 31 °C

using a CL-100 temperature controller (Warner Instrument, Harvard Apparatus, USA).

The saphenous nerve was placed in an adjacent recording chamber filled with mineral oil,
gently teased, and groups of nerve fibers were placed on a gold recording electrode in order to
isolate single-unit activity. Extracellular action potentials from single nerve fibers were

recorded with a DAM 80 AC differential amplifier (WPI) and digital outputs were acquired
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using the CED Spike2 system (sampling rate of 20 kHz; Cambridge Electronic Design
Limited, UK). Spikes were discriminated off-line using the Spike2 software (Cambridge
Electronic Design Limited, UK) and analyzed individually to avoid false positives. The
mechanically evoked activity of single saphenous nerve fibers was first obtained in response
to von Frey hair stimulations (Friedrich-Alexander University, Erlangen, Germany). Once a
receptive field had been characterized, a patch of skin was isolated from the surrounding bath
using a plastic minichamber (inner diameter: 0.8 cm) continuously superfused with buffer at
31 °C. The receptive field was then stimulated using von Frey mechanical probes mounted on
the arm of a computer-controlled piezoelectric stepper (E-861 NEXACT® controller; PI,
Germany). Conduction velocity was determined by electrically stimulating (Tungsten
microelectrode: 10 mm ext/60 mm PI; FHC, USA) identified receptive fields with square
wave pulses (0.1-0.5 ms, 7-15 V). Classically, axons are considered to be A-type when the
conduction velocity is over 1-2 m/s . However, to avoid ambiguity, axons in our study were
only considered to be A-type when the conduction velocity was at least 4 m/s. Fibers with a

conduction velocity below 1 m/s were classified as C fibers.

Recordings of mechanically induced firing of sensory fibers were carried out in the absence of
amitriptyline (control) and after superfusion of the skin preparation with amitriptyline for at
least 10 minutes and after a 30-minute washout. The amitriptyline was prepared as stock
solutions in water and stored at -4 °C until use. It was freshly prepared before each
experiment and diluted to working concentrations in the SIF buffer. Dose-response was
obtained by measuring firing activity after skin superfusion with increasing concentrations of

amitriptyline (10-100 uM).
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Culture of mouse dorsal root ganglion neurons

Cultures of DRG were prepared from male mice anesthetized with isoflurane (4%, Piramal
Critical Care) and sacrificed by severing of the carotid arteries. Cultures of dissociated DRG

neurons were established from thoracolumbar DRG as described previously %°.

DRG for whole-cell patch-clamp recordings were incubated in Hanks Balanced Salt Solution
(HBSS; Invitrogen, France) containing 2 mg/mL of collagenase IA (Sigma, France) for
approximately 45 minutes at 37 °C. DRG were washed at least 10 times and then triturated
with a fired polished glass Pasteur pipette. Dissociated DRG neurons were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen) supplemented with 10% heat-
inactivated fetal calf serum, 50 U/mL penicillin—streptomycin, 2 mM L-glutamine, 25 mM
glucose, 25 ng/mL nerve growth factor, and 2 ng/mL glial-derived neurotrophic factor

(Invitrogen).

For calcium mobilization measuremernts, 10 DRG cultures (two mice per culture) were
washed with HBSS (Thermo Fisher Scientific, Massachusetts, USA), and incubated in HBSS
containing 1 pg/mL papain (Sigma Aldrich, Missouri, USA) and L-cysteine (pH 7.4, Sigma
Aldrich) for 10 minutes at 37 °C. DRG were rinsed in Leibovitz's L-15 Medium (Thermo
Fisher Scientific, Waltham, MA USA) containing 1% penicillin—streptomycin and 10% Fetal
Bovine Serum (FBS) (Thermo Fisher Scientific) and digested twice with 4 mg/mL dispase 11
(Sigma Aldrich) and 1 mg/mL collagenase type I (Sigma Aldrich) for 10 minutes at 37 °C.
Neurons were then mechanically dissociated. After centrifugation at 50 g, neurons were
plated into an eight-well Nunc™ Lab-Tek™ II CC2™ Chamber Slide System (Thermo Fisher
Scientific, Massachusetts, USA) in DMEM containing 3% FBS, 1% penicillin—streptomycin
and 10 puM of a cocktail of mitosis inhibitors including cytosine-f-D-arabinofuranoside, 5-

fluorouracil, and uridine (Sigma Aldrich) for 24 hours.
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Transient transfection of HEK?293T cells with hNavl.7 cDNA

Human embryonic kidney 293T (HEK293T) cells were grown in DMEM containing 4.5
mg/mL glucose, 10% FBS, 50 U/mL penicillin and 50 pg/mL streptomycin. Cells were plated
onto 12-mm round glass poly-D-lysine-coated coverslips placed in 24-well plates and
transfected using lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. hNav1.7 and GFP plasmids were co-transfected at a concentration of 600 and

100 ng/mL, respectively. Experiments were conducted on cells 24-48 hours post-transfection.

Whole-cell patch-clamp recordings of sodium currents in DRG neurons and transfected

human embryonic kidney cells

Patch-clamp recordings were made using borosilicate electrodes (Harvard Apparatus,
Holliston, Massachusetts, USA) with a resistance of 2-3 MQ when filled with an intracellular
solution consisting of (in mM): 130 CsCl, 10 Hepes, 8 NaCl, 0.4 NaGTP, 4 MgATP, 1
MgCl,, 1 CaCl, and 10 EGTA (adjusted to pH 7.3 with CsOH, ~300 mOsm/L). The bath
solution had a lower concentration of sodium (in mM): 60 NaCl, 110 Sucrose, 3 KCl, 2.5
CaCl,, 1 MgCl,, 10 HEPES, and 10 glucose (pH 7.35, 300 mOsm/L). Voltage-gated sodium
ion currents were leak-subtracted using a P/6 protocol and voltage errors were minimized
using 75-80% series resistance compensation. Cultured cells were perfused with the bath
solution at a flow rate of 5 mL/min. Recordings were made at room temperature (20-24°C)
using an Axopatch 200B amplifier (Axon Instruments, Boston, Massachusetts, USA), filtered

at 1-2 kHz, and digitally sampled at 5-20 kHz.

Sodium currents were recorded individually. To record the tetrodotoxin (TTX)-resistant
Nav1.8 and Nav1.9 currents in relative isolation, DRG neurons were bathed in a standard bath

solution containing 300 nM TTX (to block TTX-sensitive Na* currents) and 50 pM La*" and
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1 mM amiloride (to block voltage-activated Ca®* currents) *2. The Navl1.8 current was
recorded in Nav1.9” DRG neurons, whereas the Nav1.9 current was recorded in Nav1.8”
DRG neurons. Nav1.8” and Nav1.97 mice were generated from a C57BI/6J background as
previously described by °. Fast activating/inactivating TTX-sensitive Na* currents (Nav1.1
and Nav1.6) in putative non-nociceptors were recorded in wild-type DRG neurons that had
large cell membrane capacitance (Cm>60 pF) and lacked any TTX-resistant Na current
components. Nav1.7 recordings were made using the transfected HEK cells. All Na* currents

were recorded before and after cumulative addition of amitriptyline (1 uM—1 mM).

Treatment of dorsal root ganglion neurons for measurements of calcium mobilization

DRG neurons were incubated with HBSS containing 20 mM Hepes, 1 mM fluo-4
acetoxymethyl (AM) ester (Thermo Fisher Scientific, Waltham, MA USA) and 0.02%
pluronic acid for 30 minutes at 37 °C followed by an additional incubation for 30 minutes at
room temperature. The medium was then discarded and replaced by HBSS. Calcium
mobilization in the DRG neurons was measured in response to increasing concentrations of
amitriptyline (0.01 mM-1 mM) to obtain a dose-response curve. The effects of TRP channel
agonists and antagonists on amitriptyline-induced calcium ion mobilization were then
assessed as follows: neurons were incubated with either an antagonist for TRPV1 (10 uM
AMG 9810, Sigma Aldrich) or an antagonist for TRPA1 (HCO30031; Sigma Aldrich), or
with the vehicle (0.001% DMSO HBSS) for 5 minutes before adding increasing amounts of
amitriptyline or an agonist either for TRPV1 (62 nM capsaicin, Sigma Aldrich) or for TRPAL

(50 uM allyl isothiocyanate, AITC; Sigma Aldrich).

Calcium imaging
Neurons were imaged using an inverted microscope (Zeiss) and a 10x 0.5 NA objective.

Images were acquired using a CCD camera (Zeiss) and Zen software (Zeiss). Acquisition
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parameters were kept constant during each experiment. Kinetic analysis was performed using
85 recordings (one per second). Baseline fluorescence was determined for 0 to 10 seconds,
and then fluorescence was measured from the 10" to the 65" second after the neurons were
incubated with the drugs or controls. At 65 seconds, 50 mM KCI was added to the cells in
order to allow discrimination between neurons and glial cells. Variations in fluorescence

intensity measured in each neuron were identified using Image J2 software.
Statistics

Data are presented as numbers and percentages, or means + the standard deviation (SD) or
standard error of the mean (SEM). Depending on the samiple size, statistical analyses were
performed using the paired two-tailed t-test, the Kruskal-Wallis test (with subsequent Dunn’s
multiple comparison tests) or the Wilcoxon test as appropriate. Differences were considered

significant if p < 0.05.

Results

Effectiveness of 10% amitriptyline hydrochloride cream in patients with chemotherapy-
induced peripheral neuropathy.

In total, 25 patients (23 adults, and two children aged 8 and 12 years) with CIPN of the hands
(n=1, 4%), feet (n=9, 36%) or hands and feet (n=15, 60%) were included in the case series
and treated for 1 month with a cream containing 10% amitriptyline. Among the 25 patients,
seven were referred for onset of CIPN while responding well to ongoing anticancer treatment.
The remaining 18 patients were cancer survivors who had long-standing CIPN that persisted
after they had completed their chemotherapy. The baseline demographic and clinical

characteristics of the patients are shown in Table 1. The most common neuropathic
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chemotherapeutic agents were bortezomib (n=6; 24%), oxaliplatin (n=4, 16%) and taxanes
(n=4, 16%).

All the patients were experiencing severe pain at baseline with a mean NPRS score of 7/10
and a mean DN4 score of 6/10 (Table 2). After the 1-month treatment with topical
amitriptyline, the mean DN4 score had decreased to 3/10 (Table 2 and Figure 1A; P<0.001).
In addition, reported mean pain intensity decreased from severe at baseline to mild after the 1-
month treatment (NPRS score: 3: Table 2 and Figure 1B; P<0.001). Large improvements in
pain scores were observed in association with the topical amitriptyline treatment for the seven
patients with CIPN whose anticancer therapy was ongoing, and these patients were able to
continue their effective cancer treatment without any changes to the dose or regimen being
needed.

No local AEs (such as skin irritation), nor any of the frequent systemic AEs associated with
oral amitriptyline use (notably xerostomia, dizziness or somnolence) were reported following

application of the cream by the patients in our case series.

Amitriptyline administered topically to the skin increases the nociceptive withdrawal
threshold in mice

We tested whether a cream containing 10% amitriptyline had analgesic/antinociceptive effects
on the response thresholds to mechanical pressure stimulation in mice using the Randall-
Selitto test with an electronic algesimeter. The nociceptive withdrawal threshold was assessed
before and after a 5-minute gentle massage with a control cream or a cream containing 10%
amitriptyline. No difference in nociceptive withdrawal threshold was observed following
treatment with the control cream (Figure 2A), whereas paw surfaces were significantly less

sensitive to noxious stimuli following application of the 10% amitriptyline cream (Figure 2B),
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with the mean nociceptive threshold value increasing by approximately 12% following

application of the 10% amitriptyline cream.

Amitriptyline inhibits the activities of both nociceptive and non-nociceptive nerve fibers

in skin—nerve preparations

The effects of amitriptyline on nerve fibers were evaluated by recording single-unit activity
from skin—saphenous nerve preparations from adult mice (Figure 3). Low-threshold AP
mechanoreceptors were identified as showing low mechanical thresholds (< 1 mN, n=6) with
high conduction velocities (> 20 m/s) and were identified as slowly adapting based on
responses to constant force mechanical stimuli. C-type mechanonociceptive fibers were
recognized as displaying high mechanical thresholds (range 11-32 mN, n=13) with low
conduction velocities (< 1 m/s) and tonic activity. A5 mechanonociceptive fibers were
identified by their very high mechanical thresholds (> 80 mN, n=6) and relatively high

conduction velocities (3-14 m/s).

Exposure of the receptive field of both C-type mechanonociceptors and of low-threshold Ap
mechanoreceptors to 100 uM amitriptyline inhibited mechanically induced firing (Figures 3A
and B). Mean inhibition of evoked firing after a 10-minute application of 100 uM
amitriptyline to the skin preparation was 95.6%, 87.5% and 82.5% in C, Ad and AP fibers,
respectively (Figure 3C). Amitriptyline inhibition was dose-dependent with ICs, values of 15,
16 and 26 uM for C, Ad and AP fibers, respectively (Figure 4) and reversible within 30-35

minutes of washout.
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Amitriptyline inhibits sodium ion channels in sensory neurons with greater potency

towards nociceptor channel isoforms

We investigated the effects of amitriptyline on Nav channels in sensory neurons from mouse
DRG neurons recorded using the patch-clamp technique. Nav channels including the Nav1.7,
Nav1.8 and Navl.9 isoforms are key to nociception, whereas other TTX-S Nav channel
isoforms (Navl.1 and Nav1.6) transmit non-noxious information * We found that
amitriptyline applied at increasing concentrations inhibited these channels (Figure 5).
Inhibition by 100 uM amitriptyline was typically reversible within 20 £ 2 minutes. Plotting
the inhibitory effect versus amitriptyline concentration (Figure 6A) yielded ICsy values of
4.25+0.4,6.97 £0.3 and 15.6 + 0.5uM for Nav1.7, Navl.8 and Nav1.9, respectively (Figure
6B). Amitriptyline was 10-fold less potent (62 + 0.5 uM) at inhibiting TTX-S Nav currents of
touch mechanoreceptors than the Nav1.8, Navl1.7 and Nav1.9 currents of nociceptive neurons

(Figure 6B).

Amitriptyline activates dorsal root ganglion neurons through TRPAL channels

The effect of amitriptyline on calcium ion mobilization was investigated in primary cultures
of mouse DRG neurons. Exposure to amitriptyline led to increases in the concentration of
intracellular calcium ions within 10 seconds (Figure 7A) and this effect was dose-dependent
with an ICso of 0.05 mM (Figure 7B). The intracellular calcium ion amplitude curve reached a
plateau after around 20 seconds of amitriptyline exposure (Figure 7A), indicating that the
response was associated with calcium ion channel opening. We therefore assessed whether
amitriptyline-induced calcium ion mobilization was dependent on amitriptyline binding to
TRPV1 or TRPAL by pre-treating the cells with antagonists of these receptors. Pretreatment
of the DRG neurons with an excess of TRPAL antagonist (HC30301) led to inhibition of

amitriptyline-induced calcium ion mobilization (Figure 7C). In contrast, the pretreatment of
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neurons with an antagonist for TRPV1 (AMG9810) had no effect (Figure 7C). We then
assessed the ability of amitriptyline to facilitate the response of DRG neurons to stimulation.
Addition of suboptimal doses of amitriptyline did not potentiate the activation of the DRG
neurons induced by either a TRPV1 agonist (capsaicin) or a TRPAL agonist (AITC) (Figure
7D).

Discussion

Our preliminary case series suggested that a 1-month topical treatment with 10% amitriptyline
could lead to pain relief in a series of patients with CIPN, without any local or systemic AEs.
We also demonstrated that amitriptyline inhibited nocifensive behavior when applied to the
skin and dampened nociceptive C and Ad afferent signaling in a skin—nerve preparation from
mice. Our findings indicate that topically applied amitriptyline acts through local peripheral
inhibition of a variety of Nav channel subtypes, preferentially those expressed in nociceptors,

and that amitriptyline induces calcium ion influx via TRPAL channel activation.

Effectiveness of 10% amitriptyline hydrochloride cream in patients with CIPN

Our exploratory case series involving 25 patients with CIPN of the hands and/or feet
suggested that topical 10% amitriptyline cream, administered twice daily for 1 month, could
be effective at relieving the neuropathic pain induced by chemotherapy. This treatment
allowed CIPN patients to continue their anticancer therapy without any adjustments to their
chemotherapy dose or regimen. However, the major limitation of this case series was that it
was carried out on 25 patients as part of their ongoing management, and thus this design did
not allow for inclusion of a control arm. Further, larger scale and controlled studies are
needed to confirm the effectiveness of the treatment.

CIPN is a common AE of cancer therapy and is characterized by spontaneous or evoked pain

reported as electric shock-like sensations, burning, tingling, paresthesia, dysesthesia,
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allodynia, or hyperalgesia *’. Symptoms persist or worsen with successive rounds of
chemotherapy, and may continue for months or even years after chemotherapy. Indeed,
among the patients in our case series, around 70% were referred for severe CIPN that
persisted after completion of chemotherapy. Treatment options for relieving CIPN are very
limited *X. In the absence of an FDA-approved therapy, duloxetine, a serotonin and
norepinephrine dual reuptake inhibitor, is the only treatment option for CIPN recommended
by the American Society of Clinical Oncology®. As onset of CIPN has a major impact on
long-term quality of life and may lead to early dose reduction or early discontinuation of
chemotherapy, there is an urgent need to develop new effective treatment strategies to
improve outcomes for CIPN patients 2.

A randomized controlled study evaluating the effectiveness of oral amitriptyline as a CIPN
treatment found that amitriptyline had no significant effect on pain; however, the amitriptyline
dose used in this study was kept low to limit the risk of AEs *. Similarly, randomized clinical
trials evaluating the effectiveness of low-dose (<5%) topical amitriptyline in combination
with 2% ketamine, or with 1.5% ketamine and 0.8% baclofen, revealed a trend towards the
reduction of sensory symptoms and improvement of motor neuropathy, but no significant
effect on pain " . The findings of our case series are in agreement with those reported by
Rossignol et al. (2019) showing that a 1-month treatment with high-dose (10%) topical
amitriptyline led to a significant reduction in pain scores *°.

Skin irritation has been reported as a local AE of creams containing topical amitriptyline in
some previous reports >*: however, no local AEs were reported in our case series. In addition,
some case reports have indicated that high-dose amitriptyline creams are associated with an
increased risk of systemic absorption and AEs *> %. No systemic AEs were reported in our
study or in the 44 CIPN patients treated with the 10% amitriptyline cream reported by

Rossignol et al. (2019) “°. In addition, preliminary analyses of blood samples from 12 patients
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in our study found no detectable levels (limit 40ng/mL by immunoassay; Abbot laboratories)
of amitriptyline, or its metabolite nortriptyline, in the serum. Although these analyses need to
be conducted on a larger group of patients using a more sensitive detection method, these
initial findings — taken together with the absence of systemic AEs in patients treated with the
10% amitriptyline cream — suggest that topical amitriptyline exerts an analgesic action by
having a direct, local effect on the peripheral neuropathy.

This preliminary study provided promising data that led us to investigate the mechanism of

action of topical amitriptyline in detail in mice.
Antinociceptive action of amitriptyline cream in mice

Our in vivo experiments in mice demonstrated that amitriptyline cream could act on the
peripheral nervous system, and was efficient at raising the nociceptive withdrawal threshold.
These findings are in agreement with previous studies showing that amitriptyline applied to
rodent paws can alleviate pain in animal models of neuropathic (nerve constriction injury) and

inflammatory (formalin test) pain *°.
Amitriptyline inhibits nociceptive afferent messages by targeting sodium channels

Our experiments on sensory fibers in isolated mouse skin—saphenous nerve preparations
indicate that-amitriptyline, dose-dependently and reversibly, inhibited the evoked firing
responses of the low-threshold AB-mechanosensory fibers and high-threshold C- and Ad-
sensory fibers that innervate the superficial layers of the mouse skin. Thus, as expected from
its wide-ranging action on sodium ion channels, amitriptyline suppressed the activities of
sensory afferents regardless of their sensory modality. However, the degree of block appeared
to be slightly greater in nociceptive fibers than in AB-mechanosensory fibers. Use-dependent

block is classically associated with preferential binding of amitriptyline to inactivated and/or
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open-state Nav channels °. Use-dependent block is particularly advantageous for reducing
ectopic discharge and pain transmission. At appropriate concentrations, these properties
therefore predispose amitriptyline to preferentially target active nociceptive fibers over touch

mechanoreceptors.

Patch—clamp-derived mechanistic analysis demonstrated that amitriptyline is a potent
inhibitor of both TTX-sensitive and TTX-resistant Nav channels in DRG neurons, providing a
potential mechanism of analgesia. Like many Nav inhibitors — including local anesthetics,
anticonvulsants, antiarrhythmics and analgesics — amitriptyline exerts most of its effects by
stabilizing the channels in an inactivated conformation ** 2. Through its inhibitory action on
Nav channels, amitriptyline dampens the excitability of sensory neurons and abolishes the
firing activity of cutaneous sensory nerve fibers. The inhibitory effects were more potent for
Navl.7, Nav1.8 and Nav1.9, which are distributed in DRG nociceptors, than for Nav1.1 and
Nav1.6, which are primarily found in non-nociceptive sensory neurons *. The effect of
amitriptyline was most potent on Navl1l.7 and Navl1.8, with half-maximal inhibitory
concentrations of 4.25+0.4 and 6.97 £0.3 uM, respectively. Navl.7 is an essential
component of nociception and produces a rapidly activating and inactivating current involved
in subthreshold depolarization and action potential generation. Gain-of-function mutations of
the Nav1.7 gene, SCN9A, are associated with pain disorders such as inherited erythromelalgia

and paroxysmal pain disorder 1 #; whereas loss-of-function mutations are linked to the

1324 |n addition,

complete insensitivity to pain that may be accompanied by anosmia
increased Nav1.7 expression has been implicated in paclitaxel- and oxaliplatin-induced CIPN
%8 The Nav1.8 channel is also associated with clear pain phenotypes in humans, with gain-of-

function mutations causing painful peripheral neuropathy 2°

and gene polymorphisms
appearing to be associated with an increased incidence of oxaliplatin-induced CIPN *.

Amitriptyline was also a very potent inhibitor of Nav1.9, which is strongly expressed in
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nociceptors and which contributes to the generation of a persistent inward current at

subthreshold voltages *°

. Nav1.9 is associated with diverse clinical disorders including
familial episodic limb pain >, congenital insensitivity to pain *°, and small fiber neuropathy *.
Thus, the broad potency of amitriptyline towards the nociceptor channels Nav1.7, Nav1.8 and
Nav1.9 may prove to be a valuable characteristic, allowing topical amitriptyline to be an
effective analgesic for a range of conditions. However, it should be noted that these studies
were carried out using wild-type mice measuring evoked pain, and it may be of interest to

perform further studies, if technically feasible, to investigate the efficacy of topical

amitriptyline in an animal model of CIPN.

Amitriptyline induces calcium ion influx by activation of TRPA1

Our study of the effect of amitriptyline on calcium ion mobilization revealed that
amitriptyline increases the intracellular calcium concentration in sensory neurons via TRPAL
channel activation. TRPAL is predominantly expressed in nociceptive C- and Ad-type sensory
neurons in DRGs and the trigeminal ganglia *3. It plays a key role in chemonociception and is
activated in response to a broad range of exogenous stimuli found in many plants, food,
cosmetics and pollutants, and by endogenous stimuli such as bradykinin, prostaglandins and
hydrogen peroxide *°. In addition, TPRA1 activation plays a role in diabetic neuropathy and
CIPN induced by oxaliplatin, vincristine and paclitaxel °.

The precise role played by amitriptyline-induced TRPAL activation in the action of
amitriptyline remains to be determined. On the one hand, pungent natural compounds
(mustard, clove, cinnamon, ginger etc.) that induce burning sensations are known to activate
TRPAL1 °, and burning skin irritation has been reported in a few studies as a local side effect
of amitriptyline cream use °*. Sensitization of sensory neurons via activation of TRPA1 has
also already been implicated in injection site and postoperative inflammation and pain after

use of local anesthetics ®* *. However, no local AEs were reported by the 25 patients in our
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case series or by the 44 CIPN patients treated with the 10% amitriptyline cream in the study
by Rossignol et al. (2019) *. On the other hand, the TRPA1 activation could also be involved
in the analgesic action of amitriptyline. Agonist-induced intracellular accumulation of calcium

2 and a

has already been shown to lead to TRPAL desensitization in sensory neurons
mechanism involving initial activation of TRPAL, followed by desensitization and sustained
inhibition, has already been implicated in the antinociceptive action of acetaminophen *. Thus,
amitriptyline-induced activation of the TRPAL channel may be implicated in the onset of
local AEs, such as the burning sensations and skin irritation at cream application sites

reported previously in a few cases, whereas its subsequent desensitization may contribute to

the analgesic activity of topical amitriptyline.
Conclusion

The results of our case series provided an indication that 10% topical amitriptyline had an
analgesic action that was mediated by local, rather than systemic, effects on neuropathic pain
in patients with severe CIPN. Thus, topical amitriptyline will be expected to have a much
better safety profile compared to oral and parenteral routes. The results of our studies in mice,
and on sensory small fibers from the peripheral nervous system, provided insight into the
mechanisms underlying the potential pain-relieving effects of 10% amitriptyline cream in the
patients with. CIPN. Taken together these findings suggested that the high-dose topically
administered amitriptyline displayed antinociceptive action in the peripheral nervous system

through potent inhibition of nociceptor Nav channels and nociceptive fiber firing.
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Figure 1. Chemotherapy-induced hand and/or foot pain is alleviated by local 10%
amitriptyline application. Twenty-five patients with chemotherapy-induced neuropathic
pain were treated with 10% amitriptyline hydrochloride cream, applied twice a day to each
area with pain, for one month. Pain was assessed before and 1 month after treatment using
both the Neuropathic pain in 4 questions (Douleur Neuropathique 4 Questions; DN4)
questionnaire (A) and the Numeric Pain Rating Scale (B). Circles represent patient scores and
each line represents one patient. Statistical analysis was performed using the Wilcoxon

matched pairs test. ****p < 0.0001.
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Figure 2. Effects of a single, 5-minute skin application of a cream containing 10%
amitriptyline on the nociceptive withdrawal threshold in mice. Nociceptive withdrawal
thresholds were measured using a Randall-Selitto electronic algesimeter. Values were
obtained for individual mice before and 5 minutes after application of a control cream (A) or a
10% amitriptyline (AMT) cream (B). Data are the means = SEM of measurements conducted

in triplicate on eight mice from each group. ns, not significant; **p<0.01, Wilcoxon test.
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Figure 3. Amitriptyline applied to skin preparations reduces the mechanically induced
activities of sensory fibers from the saphenous nerve. A. Discharge of a low-threshold Ap
(slow-adapting) mechanoreceptor in response to a 1 mN mechanical stimulus applied to the
surface of the skin in the absence of amitriptyline (control), and after 10 minutes of skin
superfusion with amitriptyline (100 puM). Note that inhibition was not complete and was
partially reversed -after a 30-minute washout of amitriptyline. B. Firing in a C-type
mechanonociceptor fiber in response to 11.4 mN mechanical stimulation in the absence of
amitriptyline (control), and full inhibition after 10 minutes of superfusion of the receptive
field with amitriptyline (100 puM). Data presented are representative of 6 and 13 Ap- and C-
type fiber recordings, respectively. C. Mean firing discharge of C, Ad and AP sensory fibers
before and after 10 minutes of skin superfusion with 100 uM amitriptyline. The number of
recordings is indicated. Recordings for the C, Ad and AP fibers were conducted using seven
skin—saphenous nerve preparations from seven mice. Data are expressed as means = SEM.
AMT, amitriptyline; SA, slow-adapting; Cv, conduction velocity; **p<0.01, Wilcoxon test
***n<0.001, paired two-tailed t-test.
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Figure 4. Nociceptive C and AJ fibers are more susceptible to amitriptyline block than
low-threshold Ap fibers. Dose-dependent effect of amitriptyline (AMT) on firing responses
of single saphenous C, A3 and AP sensory fibers (n=5 for each concentration). Each bar
represents the mean inhibition expressed as a percentage of the control response. Approximate

ICsp values were 15, 16 and 26 uM for C, Ad and AP sensory fibers, respectively.
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Figure 5. Amitriptyline inhibits all sodium channel isoforms from sensory neurons.
Effect of cumulative application of amitriptyline (AMT) on the current through Nav channels
expressed in nociceptors (Nav1.8, Nav1.9 and Navl.7) and the tetrodotoxin (TTX)-sensitive
fast activating/inactivating Nav channels (TTX-S: mixture of Nav1.2 and Navl.6) expressed
in non-nociceptive (large diameter) sensory neurons. Currents were elicited by voltage steps
from a holding potential of -100 mV (Nav1.8 and Nav1.9) or -80 mV (Nav1.7 and TTX-S
Nav). Nav1.9 current was recorded in Nav1.8” DRG neurons, whereas Nav1.7 was recorded
in hNavl.7-expressing human embryonic kidney cells. Data presented are representative of

the recordings from seven measurements, except for the Nav1.9 current (n=5).
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Figure 6. Amitriptyline shows a 10-fold potency for Nav1.8 and Navl.7 over Navl.1 and
Navl.6. A. Dose-response curves for amitriptyline (AMT) block of Nav currents. Dose-
response curves were obtained by plotting the percentage inhibition at steady-state against the
drug concentration. Data are expressed as means + SEM (n=5-7). B. 1Cs values for Nav1.7,
Nav1.8, Nav1.9 and TTX-S Nav currents derived from the dose-response Hill curves shown
in A. Note that amitriptyline shows a greater potency for nociceptor Nav channel isoforms
(Navl1.7, Nav1.8 and Nav1.9) than for the TTX-S Nav channels (Nav1.1 and Nav1.6) present

in non-nociceptive neurons.
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Figure 7. Amitriptyline induces an increase in intracellular [Ca*'] in mouse sensory
neurons through TRPAL. A. Representative Ca’* flux measurements in DRG neurons
exposed to 0.1 mM amitriptyline (AMT). AF/F was calculated as maximal
fluorescence/baseline fluorescence. The baseline fluorescence was measured over a 10-second
period before the addition (indicated by the arrow) of either AMT (black circles) or the
vehicle (HBSS; white circles). B. Dose-response curve showing the percentage of DRG
neurons displaying intracellular calcium mobilization in response to increasing amounts of
amitriptyline (black circles). As a control, the response to exposure to HBSS alone is also
shown (white circle). The percentage of responding neurons was calculated as the number of
DRG neurons in which AMT induced calcium mobilization, relative to the total number of
neurons identified by their ability to respond to 50 mM KCI. ***p<0.001 and **p<0.01, as
compared to a control with the vehicle alone, according to the Kruskal-Wallis test and

subsequent Dunn’s multiple comparison tests. (C) Effects of a 5-minute incubation with 10
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MM AMG9810 (TRPV1 antagonist) or HC30301 (TRPAL1 antagonist) on amitriptyline-
induced Ca®* mobilization in mouse DRG neurons. Data are expressed as means + SEM of
three independent experiments with two wells per condition and 60 to 80 neurons per well.
Statistical analysis was performed using the Kruskal-Wallis test and subsequent Dunn’s
multiple comparison tests. *p<0.05 for the difference between antagonist-treated cells
compared with cells incubated with the vehicle alone. (D) Effects of a 5-minute incubation
with 0.01 mM amitriptyline on Ca®* mobilization induced by 62 nM capsaicin (TRPV1
agonist) or 50 uM allyl isothiocyanate (AITC; TRPAL agonist) in mouse sensory neurons.
Data are expressed as means = SEM of three independent experiments with two wells per
condition and 60 to 80 neurons per well. Statistical analysis was performed using the

Kruskal-Wallis test and subsequent Dunn’s multiple comparison tests.

Tables

Table 1. Demographic and clinical characteristics of patients at baseline.

Demographic and clinical characteristics Patients
N=25
Gender, n (%)
Male 10 (40)
Female 15 (60)
Age (years)
Mean + SD 58 + 18.3
Median (min—-max) 63 (8-82)
Primary disease, n (%)
Lymphoma 5 (20)
Myeloma 7 (28)
Breast cancer 6 (24)
Colon/rectum cancer 3(12)
Leukemia 2 (8)
Sinus cancer 1(4)
Rhabdomyosarcoma 1(4)

Neurotoxic agent, n (%0)
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Bortezomib 6 (24)
Oxaliplatin 4 (16)
Vincristine 4 (16)
Taxanes 4 (16)
Trastuzumab emtansine 2(8)
Cisplatin 1(4)
Cyclophosphamide 1(4)
Doxorubicin 1(4)
Lenalidomide 1(4)
Vindesine 1(4)
Time to CIPN onset (days)
Mean = SD 106 + 94.0
Median (min-max) 90 (1-365)%
Duration of CIPN before treatment (months)
Mean + SD 18 + 32.4
Median (min—-max) 3 (0-120)
Area affected by CIPN, n%
Feet 9 (36)
Hands 1(4)
Hands and feet 15 (60)

4 Two patients had onset of CIPN on the same day as receiving their first chemotherapy treatment (day 1).

Abbreviations: SD, standard deviation; CIPN, chemotherapy-induced peripheral neuropathy

Table 2. Pain scores at baseline and after 1 month of treatment.

Pain scores Baseline 1 month
N=25 N=25

DN4 score (0-10)
Mean = SD 6+1.6 3+18

Median (Min—Max) 6 (4-9) 2 (0-7)

NPRS score (0-10)
Mean + SD 720 3+x21

Median (Min—-Max) 8 (3-10) 2 (0-7)

Abbreviations: DN4, Douleur Neuropathique 4 Questions (Neuropathic pain in 4 questions);
NPRS, Numeric Pain Rating Scale; SD, standard deviation.
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