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Abstract

This work tries to help overcome the lack of relevant translational screening assays, as a

limitation for the identification of novel analgesics for neuropathic pain. Hyperexcitability and

neurite shortening are common adverse effects of antiviral and antitumor drugs, leading to

neuropathic pain. Now, as seen in the drug screening that we developed here, a high-con-

tent microscopy-based assay with immortalized dorsal root ganglia (DRG) neurons (differ-

entiated F11 cells) allowed to identify drugs able to protect against the iatrogenic neurite

shortening induced by the antitumor drug vincristine and the antiviral drug rilpivirine. We

observed that vincristine and rilpivirine induced a significant reduction in the neurite length,

which was reverted by α-lipoic acid. We had also evidenced protective effects of pregabalin

and melatonin, acting through the α2δ-2 subunit of the voltage-dependent calcium channels

and the MT1 receptor, respectively. Additionally, two hits originated from a previous primary

screening aimed to detect inhibitors of hyperexcitability to inflammatory mediators in DRG

neurons (nitrendipine and felodipine) also prevented neurite shortening in our model. In

summary, in this work we developed a novel secondary assay for identifying hits with neuro-

protective effect against iatrogenic neurite shortening, consistent with the anti-hyperexcit-

ability action previously tested: highlighting nitrendipine and felodipine against iatrogenic

damage in DRG neurons.

Introduction

Neuropathic pain is caused by an injury affecting either the central or the peripheral nervous

system. It is characterized by spontaneous pain generated by non-painful stimuli (allodynia)

or an exaggerated response to painful stimuli (hyperalgesia) [1]. Many etiologies, including

diabetes, alcoholism, genetic diseases, metabolopathies, or infections have been implicated for

the pathogenesis of this syndrome [2], along with the iatrogenic adverse effects of several

drugs on the peripheral sensory neurons. These adverse effects comprise one of the major
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dose-limiting adverse effects of many antiviral and antitumor drugs [3, 4]. These drugs induce

neuronal degeneration in the sensory nerves leading to denervation of the hands and feet pro-

ducing sensory disturbances, including numbness and neuropathic pain that most often starts

in the distal extremities in a glove-and-stocking distribution [5]. The conventional analgesic

drugs, such as opioids or non-steroidal anti-inflammatory drugs (NSAIDs), are insufficient to

alleviate neuropathic pain, and the relief from iatrogenic neuropathic pain remains a medical

need because of the lack of effective analgesics for the treatment of this pathological condition.

Consequently, drugs such as anticonvulsants (e.g., pregabalin or gabapentin), serotonin-spe-

cific reuptake inhibitors, and tricyclic antidepressants are being prescribed for the treatment of

this condition, although these are all poorly effective [6].

Since the late 20th century, many drug discovery programs have been centered on target-

based assays and have evaluated the effect of molecules on previously identified targets.

Thereby, new drugs for neuropathic pain share similar mechanisms of action and the current

targets may not be relevant considering the actual pathogenesis occurring in vivo [7]. A pheno-

typic approach considering some disease engagement could imply an important advance in

the development of novel analgesics to treat neuropathic pain as new drugs could be selected

by their ability to alleviate translational attributes of that disease [8].

In a previous study, we developed a novel in vitro primary phenotypic high-throughput

screening (HTS) assay based on hyperexcitability induced by inflammatory mediators in the

sensory nerves on the F11 cell line, an immortalized dorsal root ganglia (DRG) neuronal cell

line. Using this approach we discovered five hits (protriptyline, nicardipine, nimodipine, felo-

dipine and nitrendipine) from the Prestwick library [9]. Here, we aimed to develop another

phenotypic in vitro assay, in this case a high-content screening (HCS) secondary assay for eval-

uating the effect of drugs on the iatrogenic adverse effects (neurites shortening) of antivirals

and antitumor agents on the immortalized DRG cell line F11. The antiviral rilpivirine and the

antitumor agent vincristine were selected as they are prototypical drugs producing neuro-

pathic pain in humans [10]. So, we aimed to propose a translational screening methodology to

detect new drugs potentially useful for the treatment of iatrogenic neuropathic pain, acting

both to amend excitability and neurite shortening induced by antitumor and antiviral

treatments.

Materials and methods

Reagents

Vincristine (1257; Tocris, Bristol, United Kingdom), paclitaxel (1097; Tocris), rilpivirine (HY-

10574; Haoyuan Chemexpress, Shanghai, China), and melatonin (M5250; Sigma-Aldrich,

Madrid, Spain) were stored in dimethylsulfoxide (DMSO; D8418; Sigma-Aldrich) at a stock

concentration of 10 mM. (±)-α-Lipoic acid (T1395; Sigma-Aldrich) was stored in ethanol

(MERC1.00983.1000; VWR, West Chester, PA, USA) at a stock concentration of 100 mM.

Pregabalin (3775; Tocris) was stored in Hank’s Balanced Salt Solution (HBSS) (pH 7.4) at a

concentration of 10 mM. The stock compounds from Prestwick1 Chemical Library were dis-

solved in DMSO at a concentration of 10 mM and added to an intermediate 96-well plate by

using an Echo liquid handler (Labcyte Inc., Cannock Chase, Staffordshire, United Kingdom)

to a final concentration of 10 μM in a differentiation medium in the cell plate.

Cell culture

F11 cells (08062601; ECCAC, Salisbury, England, UK) were grown in Dulbecco’s Modified

Eagle’s Medium without sodium pyruvate (DMEM; D5671; Sigma-Aldrich) supplemented

with 10% (v/v) non-dialyzed fetal calf serum (F9665; Sigma-Aldrich), 100 IU/ml penicillin and
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100 μg/ml streptomycin (P0781; Sigma-Aldrich), and 2 mM glutamine (G7513; Sigma-

Aldrich) in a humidified atmosphere containing 5% carbon dioxide, at 37 ˚C. F11 cells were

routinely checked for mycoplasma contamination and tested negative.

Immunofluorescence assays

Cells (80% confluence) were plated on clear-bottom 96-well plates (6005558; Perkin-Elmer,

Madrid, Spain) previously treated with 30 μg/ml poly-D-lysine (P6407; Sigma-Aldrich). The cells

were seeded in 50 μl of culture medium at a density of 7,500/well. After 24 h, the culture medium

was replaced with a differentiation medium containing 100 IU/ml penicillin and 100 μg/ml

streptomycin, 2 mM glutamine, 1 mM N6,20-O-dibutyryladenosine 30,50-cyclic monophosphate

(dibutyryl-cAMP; sc-201567; Santa Cruz Biotechnologies, Heidelberg; Germany), 30 μM forsko-

lin (sc-3562; Santa Cruz Biotechnologies), and 0.5% dialyzed fetal calf serum (FCSd; F0392;

Sigma-Aldrich) in Dulbecco’s Modified Eagle’s Medium without sodium pyruvate. After 72 h of

differentiation, the cells were exposed to 1 nM vincristine, 100 nM rilpivirine, 1 μM paclitaxel,

and to the indicated drugs whose effects were tested after dissolving in 50 μL of the differentia-

tion medium. After 24 h, the medium was replaced with a fresh differentiation medium.

After 72 h of medium replacement, the F11 cells were fixed for 20 min with 4% paraformal-

dehyde (158127; Sigma-Aldrich) in HBSS (pH 7.4) at 4 ˚C. The cells were then washed twice

with HBSS before permeabilizing with a blocking buffer containing 5% bovine serum albumin

(BSA) (10775835001; Sigma-Aldrich) and 0.1% Triton X-100 (T8787; Sigma-Aldrich) in HBSS

for 30 min at room temperature. The cells were then stained for 1 h with 1:500 dilution of

Alexa 488 dye-conjugated anti-ß-tubulin mouse antibody (558605; Becton & Dickinson Bio-

sciences, San Agustı́n de Guadalix, Madrid, Spain) and 2.5 μM nuclear stain DRAQ5 (108410;

Abcam, Cambridge, UK). An Operetta High-Content Imaging System (Perkin-Elmer, Tres

Cantos, Madrid, Spain) was used to capture all the fluorescence and bright field images (12

fields/well, 20X). The image analyses were performed with the Harmony High Content Imag-

ing and Analysis software (Perkin-Elmer). At least four independent sets of experiments, each

with at least six replicates, were performed.

Real-time RT-PCR

Cells were seeded and differentiated on 6-well plates (CLS3516; Sigma-Aldrich) at a concentra-

tion of 250,000 cells/well. After 72 h of differentiation, the cells were exposed to 1 nM vincris-

tine, 1 μM paclitaxel, and 100 nM rilpivirine. After 24 h, the total RNA was extracted using the

RNeasy Plus Mini kit (741006; Qiagen, Las Matas, Madrid, Spain). The quality and quantity of

the eluted RNA samples were verified by a NanoDrop spectrophotometer (Thermo Fisher

Scientific, Alcobendas, Madrid, Spain). The total RNA (10 ng) was reverse transcribed to sin-

gle-stranded cDNA using the express One-Step Superscript qRT-PCR kit (11781200; Invitro-

gen, Carlsbad, CA, USA). The real-time PCR analysis was performed with individual TaqMan

gene expression assays in a QuantStudio 12K Flex reader (Life Technologies, Carlsbad,

CA, USA) using standard experimental conditions designed by the manufacturer. The individ-

ual assay identification numbers were as follows: Mtnr1a: Mm00434999_m1, Mtnr1b:

Mm00467511_m1, Cacna2d1: Mm01135167_m1, and Cacna2d2: Mm00457825_m1. All tem-

plates were analyzed in triplicate and the quantification cycle (Cq) value of each gene was nor-

malized to 36b4 according to ΔCq = Cq (examined gene) − Cq (36b4).

Data analyses

The maximum neurite length was measured employing Harmony High Content Imaging and

Analysis software (Perkin-Elmer). The results were normalized to the maximum neurite length
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of control differentiated cells. The data obtained in the immunofluorescence assays were com-

pared by Student’s t-test using GraphPad Prism1 6.0 software (GraphPad, La Jolla, CA, USA),

with the exception of data of the effect of the hits from Prestwick Chemical Library, that were

compared by ANOVA followed by Dunett’s post-hoc test employing SPSS statistical software

package version 25.0 (IBM Corporation, Armonk, NY, USA). The differences were considered

statistically significant at p<0.05.

Results

A new in vitro phenotypic assay allowed the evaluation of iatrogenic

neurite shortening

The antitumor drug vincristine and the antiviral drug rilpivirine induced neurite shortening

when administered alone (Fig 1B and 1C) as revealed by comparison with the control differen-

tiated cells (Fig 1A). α-Lipoic acid (10 μM) was used as a positive control drug because it was

previously described as a protective compound against the toxicity of neurotoxic drugs [11].

Despite the fact that it did not induced changes in neurite length by itself (Fig 1D), we

observed in our assay that when it was employed in combination with vincristine and rilpivir-

ine, it exerted a significant protective effect against the iatrogenic reduction of the neurite

length caused by both vincristine and rilpivirine (Fig 1E–1G) (p<0.001, Student’s t-test).

Pregabalin and melatonin showed protective effects against neurite

shortening induced by antitumor and antiviral drugs in our assay

We checked whether two described drugs used for the treatment of neuropathic pain were

protective against neurite shortening induced by the antitumor and antiviral drugs in our

model. We exposed the differentiated F11 cells to a combination of 100 μM pregabalin with 1

nM vincristine or 100 nM rilpivirine. Pregabalin, a drug with an approved indication for the

treatment of neuropathic pain [12], did not induce significative changes in neurite length by

itself (Fig 2D), but induced a significant reversion of neurite shortening caused by the antiviral

drug rilpivirine and the antitumor drug vincristine (Fig 2A–2G) (p<0.01, Student’s t-test).

To assess whether the model was valid for the detection of the protective effect of drugs

reported to be effective in iatrogenic neuropathic pain, but not approved for the indication, we

selected melatonin. Melatonin is reported to revert neuronal toxicity produced by the antitu-

mor drug paclitaxel [13]. First, we exposed the differentiated F11 cells to 1 μM melatonin and

1 μM paclitaxel to assess if we could counteract neurite shrinkage induced by paclitaxel. We

showed that 1 μM melatonin exerted a significant protective effect against neurite shortening

elicited by 1 μM paclitaxel in our model (Fig 3A, 3B, 3F and 3I) (p<0.01, Student’s t-test),

despite the fact that it did not induce significant changes in neurite length by itself (Fig 3E). To

assess the validity of our approach, we also tested melatonin against the reduction of neurite

length caused by vincristine and rilpivirine. We found that melatonin exerted a significant

reversion of neurite length induced by both agents, reinforcing the validity of our approach

(Fig 3C, 3D, 3G, 3H and 3J) (p<0.001, Student’s t-test).

α2δ-2 subunit of the voltage-dependent calcium channels and MT1 receptor

mRNAs were expressed in the differentiated F11 cells

Pregabalin is known to bind with similar affinity to both α2δ-1 and α2δ-2 subunits of the volt-

age-dependent calcium channels [14]. In order to ascertain the contribution of each target, we

assessed the expression of the α2δ-1 and α2δ-2 subunits of the voltage-dependent calcium

channels in our cells. We found that in the differentiated F11 cells exposed to vincristine and
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rilpivirine Cacna2d2, the gene that encodes the α2δ-2 subunit of the voltage-dependent cal-

cium channels, was expressed, while the levels of mRNA encoded by Cacna2d1, the gene that

encodes the α2δ-1 subunit of the voltage-dependent calcium, were undetectable (S1A Fig).

Melatonin exerts its effects acting through MT1 and MT2 receptors. In order to check the

relative contribution of each target in the observed effect, we evaluated the expression of MT1

Fig 1. α-Lipoic acid induced a significant reversion of neurite shortening induced by vincristine and rilpivirine. The representative images of (A)

differentiated F11 cells, (B) differentiated F11 cells exposed to 1 nM vincristine, and (C) to 100 nM rilpivirine are shown. The effects of 10 μM α-lipoic

acid (D) on differentiated F11 cells and on the differentiated F11 cells exposed to (E) 1 nM vincristine and (F) 100 nM rilpivirine are shown. The images

are representative of four assays each with six replicates (scale bar, 100 μm). (G) The maximal average length of the neurites quantified by image analysis

in all the conditions tested is shown. The values represent the mean ± S.E.M. (n = 4, measurements performed in six replicates). ���p<0.001 (Student’s

t-test).

https://doi.org/10.1371/journal.pone.0248139.g001
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and MT2 receptors in our model. We found that in the differentiated F11 cells exposed to vin-

cristine, paclitaxel, and rilpivirine, Mtnr1a, the gene that encodes the melatonin MT1 receptor,

was expressed, whereas the levels of mRNA encoded by Mtnr1b, the gene that encodes the mel-

atonin MT2 receptor, were undetectable (S1B Fig).

Fig 2. Pregabalin induced a significant reversion of neurite shortening induced by vincristine and rilpivirine. The representative images of (A)

control differentiated F11 cells, of the effect of (B) 1 nM vincristine and (C) 100 nM rilpivirine on differentiated F11 cells, and (D) of the effect of

100 μM pregabalin on the differentiated F11 cells and on differentiated F11 cells exposed to (E) 1 nM vincristine and (F) 100 nM rilpivirine, are shown.

The images are representative of four assays each with six replicates (scale bar, 100 μm). (G) The average length of the neurites quantified by image

analysis in all the conditions tested is shown. The values represent the mean ± S.E.M. (n = 4, measurements performed in six replicates). ��p<0.01

(Student’s t-test).

https://doi.org/10.1371/journal.pone.0248139.g002
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Felodipine and nitrendipine reversed neurite shortening

In order to validate the new assay for the discovery of the novel protective drugs against iatro-

genic neurite shortening, we checked the effects of five hits from the Prestwick chemical library

that previously showed an effect in reverting the hyperexcitability elicited by the inflammatory

mediators [9]. From this list of five, felodipine and nitrendipine also significantly counteracted

neurite shortening in the differentiated F11 cells exposed to vincristine (Fig 4A–4E) (p<0.05

for felodipine and p<0.001 for nitrendipine; ANOVA test followed by Dunett’s post-hoc anal-

ysis). Nitrendipine, also significantly protected against neurite shortening in the differentiated

F11 cells induced by rilpivirine in differentiated F11 cells (Fig 4F–4H) (p<0.05, ANOVA test

followed by Dunett’s post-hoc analysis).

Discussion

The major finding of this work was the validation of two hits for iatrogenic neuropathic pain

by a novel phenotypic assay employing a translational model. There is a lack of translational in
vitro phenotypic screening assays for assessing drugs potentially useful for the treatment of

neuropathic pain. Thus, we focused this study on the development of a new model for the

identification of analgesic drugs based on their neuroprotective potential. Previously, we

had identified five novel hits from a phenotypic screening assay that counteracted the

Fig 3. Melatonin induced a significant reversion of neurite shortening induced by paclitaxel, vincristine, and rilpivirine. Representative images of

(A) control F11 differentiated cells, of the effect of (B) 1 μM paclitaxel, (C) 1 nM vincristine and (D) 100 nM rilpivirine on differentiated F11 cells and of

(E) the effect of 1 μM melatonin on differentiated F11 cells and on differentiated F11 cells exposed to (F) 1 μM paclitaxel, (G) 1nM vincristine and (H)

100 nM rilpivirine are shown. The images are representative of four assays each with six replicates (scale bar, 100 μm). (I) Average length of the neurites

quantified by image analysis in all the conditions tested is shown. The values represent the mean ± S.E.M. (n = 4, measurements performed in six

replicates). �p<0.01 (Student’s t-test). (J) Graph depicting the average length of the neurites after treatment with 1 μM melatonin on the differentiated

F11 cells exposed to 1 nM vincristine and 100 nM rilpivirine. The values represent the mean ± S.E.M. (n = 4, measurements performed in six

replicates). ���p<0.01 (Student’s t-test).

https://doi.org/10.1371/journal.pone.0248139.g003
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hyperexcitability of the immortalized DRG neurons after exposing to inflammatory mediators

[9]. Now, we have developed a complementary assay for new drugs on the neuronal damage

present in the neuropathy.

Several drugs have been described to elicit iatrogenic neuropathic pain as a result of neurite

shortening in the DRG neurons as an adverse effect [15]. It is the case of the neurite shortening

effect of rilpivirine and vincristine in the immortalized DRG neuron-like cell line F11. This

cell line has shown to retain many features of the native DRG neurons, including the synthesis

of neurotransmitters and the expression of neuropeptides, chemokines, opioid receptors, and

voltage-gated calcium channels. This explains why the F11 cells are used as surrogates for the

primary DRG neurons in many studies, including those involving the neurobiology of neuro-

pathic pain [16, 17]. Up to date the in vitro models available for measuring neurite shortening

Fig 4. Felodipine and nitrendipine demonstrated activity counteracting vincristine-induced neurite shortening and nitrendipine protected

against rilpivirine-induced neurite shortening in the differentiated F11 cells. (A) Graph showing the average length of the neurites after treatment

with five hits from the Prestwick chemical library on the differentiated F11 cells exposed to 1 nM vincristine. The values represent the mean ± S.E.M.

(n = 4, measurements performed in six replicates). �p<0.05, ���p<0.001 (ANOVA test followed by Dunett’s post-hoc analysis). Representative images

of (B) control differentiated F11 cells, (C) differentiated F11 cells exposed to 1 nM vincristine and (D) to 1 nM vincristine and 10 μM felodipine, and to

(E) 1 nM vincristine and 10 μM nitrendipine. (F) Graph showing the average length of the neurites after treatment with five hits from the Prestwick

chemical library on the differentiated F11 cells exposed to 100 nM rilpivirine. The values represent the mean ± S.E.M. (n = 4, measurements performed

in six replicates). �p<0.05 (ANOVA test followed by Dunett’s post-hoc analysis). Representative image of the effect of (G) 100 nM rilpivirine and of (H)

100 nM rilpivirine and 10 μM nitrendipine on the differentiated F11 cells. The image is representative of four assays each with six replicates (scale bar,

100 μm).

https://doi.org/10.1371/journal.pone.0248139.g004
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employed primary DRG neurons [18], however they had several limitations, like the low

throughput of the assays and the use of animals for neuron obtention. These issues are avoided

by employing differentiated F11 cells, since they are an unlimited source of cells allowing High

Content Imaging assays, their easy differentiation, as well as the fact that it avoids the presence

of non-neuronal cells that may interfere with neuronal signals [19].

Vincristine is an antitumor drug that inhibits microtubule depolymerization inducing

mitotic arrest [20]. Its toxicity is related to mitochondrial dysfunction. An increase in the

intracellular calcium level leads to axon degeneration in the DRG neurons [21–23]. Rilpivirine

is an antiviral drug that belongs to the group of reverse transcriptase inhibitors. One of the

most relevant adverse effects of this group is neuropathic pain attributed to damages caused to

the DRG neurons [24–26].

In this new model, we were able to verify a clear neurite shortening induced by both the

antitumor drug vincristine at a concentration of 1 nM and the antiviral rilpivirine at a concen-

tration of 100 nM. For this purpose, we set up a microscopy assay employing a high-content

automated fluorescence microscope to quantify the reduction in the neurite length in the dif-

ferentiated F11 cells grown on 96-well plates.

As a control, we used α-lipoic acid because it was described as a protective compound for

patients treated with neurotoxic drugs [27]. α-Lipoic acid is an antioxidant that protects

against reactive oxygen species-induced mitochondrial dysfunction [11]. In our study, 10 μM

α-lipoic acid was used according to the plasma concentration achieved in clinical practice [28].

We observed that this compound protected against neurite shortening induced by both vin-

cristine and rilpivirine in the differentiated F11 cells.

For evaluating the system predictiveness, we tested pregabalin and melatonin, two already

described drugs for neuropathic pain. 100 μM pregabalin, as a first-line drug [12], significantly

prevented neurite shortening induced by both 1 nM vincristine and 100 nM rilpivirine. This

concentration was similar to therapeutic pregabalin blood levels described in several clinical

trials [29].

It is described that pregabalin prevents hyperexcitability of the sensory neurons in patients

with neuropathic pain through the inhibition of α2δ-1 and α2δ-2 subunits of the voltage-gated

calcium channels [14]. So, we checked the expression of mRNA encoding both subunits. We

observed that mRNA encoding the α2δ-2 subunit of the voltage-gated calcium channels was

predominantly expressed while mRNA encoding α2δ-1 subunit expression was undetectable.

These results suggest that the protective effects of pregabalin are mediated by its interaction

with the α2δ-2 subunit. Indeed, Tedeschi et al. (2016) showed that the blockade of the α2δ-2

subunits by pregabalin promotes axonal growth both in the central and peripheral neurons

[30].

Another antitumor drug that has been reported to induce DRG toxicity is paclitaxel [31].

Galley et al (2017) showed that paclitaxel increases the membrane potential and reduces the

metabolic activity in the DRG cells by altering the mitochondrial function [13]. In the same

work, the authors proved that melatonin limits paclitaxel toxicity both in a rodent model of

paclitaxel-induced neuropathic pain and an in vitro assay evaluating the mitochondrial mem-

brane potential [13].

In our study, we observed that paclitaxel leads to a reduction in the neurite length in the dif-

ferentiated F11 cells and that this neurite shortening could be reverted by 1 μM melatonin as

described by Galley et al. [13]. Moreover, we observed that 1 μM melatonin also protected

against neurite shortening induced by both vincristine and rilpivirine. We observed that MT1

receptor is the predominant receptor for melatonin expressed in our system, which is in agree-

ment with previous results on neuroprotective and antioxidant effects of melatonin acting on
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MT1 receptor [32]. Furthermore, it was previously shown by Kaneko et al. (2011) that MT1

receptor was related to neurogenesis [33].

In our lab, we had previously performed a screening through a novel phenotypic primary

assay of the excitability in the F11 cell model and five hits with potential analgesic effects (felo-

dipine, nitrendipine, nicardipine, nimodipine, and protriptyline) were detected from the

Prestwick chemical library [9]. All those hits were already described as drugs that could be use-

ful for relieving neuropathic pain [34, 35]. So, we also checked these compounds in the novel

phenotypic assay. Felodipine and nitrendipine protected against the reduction in the neurite

length induced by vincristine, while nitrendipine protected against the reduction in the neurite

length induced by rilpivirine. Both felodipine and nitrendipine are L-type calcium channels

inhibitors belonging to the chemical group 1,4-dihydropyridines [37]. Moreover, both com-

pounds block calcium effluxes from mitochondria [36], having been described that the

potency of nitrendipine is greater than the potency of felodipine [37], suggesting that their

neuroprotective role may be driven by modulating mitochondrial calcium homeostasis.

Indeed, the smaller effect of both compounds as protectors against neurite shortening elicited

by rilpivirine compared to the protective effect induced by vincristine may be due to the fact

that vincristine toxicity is related to a disbalance in calcium homeostasis in mitochondria [38],

while rilpivirine effect on mitochondria is more modest [39, 40].

Although a neuroprotective action has been described for all the inactive compounds in

our model, their mechanism of action is not related to the protection against neurite shorten-

ing. Thereby, nimodipine and nicardipine exert an anti-inflammatory action in microglia in

neurodegenerative diseases, while felodipine enhances autophagy in the brain [41]. On the

other hand, protriptyline has been described as a neuroprotective drug in Alzheimer disease

but its action is related to the defense against the formation of amyloid aggregates [42]. This

emphasizes that the neuroprotective effect of felodipine and nitrendipine comes from their dif-

ferent mechanism of action involving mitochondrial calcium homeostasis and discard that it

would come from any non-specific side effect.

In summary, in this study we developed a phenotypic microscopy-based assay employing

the DRG-like sensitive neurons against neurite shortening induced by vincristine and rilpivir-

ine and validated by using the positive controls α-lipoic acid, pregabalin, and melatonin. This

assay complements as a secondary screening our previously developed hyperexcitability assay,

whereas the new neurite shortening assay is focused on the detection of compounds with neu-

roprotective properties. Taking into account the complexity of neuropathic pain, we believe

that this type of complementary primary and secondary assays will help in advance towards

the detection of useful analgesics for different etiologies of neuropathic pain. Finally, we found

that felodipine and nitrendipine can behave as such potential analgesics with both anti-hyper-

excitability and neuroprotective actions.

Supporting information

S1 Fig. Pregabalin and melatonin exert their neuroprotective effects on F11 cells through

the α2δ-2 auxiliary subunit of the calcium voltage-gated channel and the MT1 receptor,

respectively. (A) Expression of Cacna2d1 and Cacna2d2 mRNA, that encode α2δ-1 and α2δ-2

calcium voltage-gated channel subunits, respectively, in the differentiated F11 cells after expo-

sure to 1 nM vincristine and 100 nM rilpivirine as compared to the control differentiated cells

are shown. The values shown are the mean ± S.D. of ΔCq (n = 2, measurements per triplicate).

The Cacna2d1 mRNA levels were undetectable. (B) Expression of Mtnr1a and Mtnr1b mRNA,

that encode melatonin MT1 and MT2 receptors, respectively, in the differentiated F11 cells

after exposure to 1 nM vincristine, 100 nM rilpivirine, and 1 μM paclitaxel as compared to the
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control differentiated cells. The data represent the mean ± S.D. of ΔCq (n = 2, values per tripli-

cate). The Mtnr1b mRNA levels were undetectable.

(TIF)

Author Contributions
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Writing – review & editing: Manuel Merlos, Javier Burgueño, Marı́a Isabel Loza.

References
1. Jensen TS, Finnerup NB. Allodynia and hyperalgesia in neuropathic pain: Clinical manifestations and

mechanisms. Lancet Neurol. 2014; 13: 924–935. https://doi.org/10.1016/S1474-4422(14)70102-4

PMID: 25142459

2. Zimmermann M. Pathobiology of neuropathic pain. Eur J Pharmacol. 2001; 429: 23–37. https://doi.org/

10.1016/s0014-2999(01)01303-6 PMID: 11698024

3. Krukowski K, Nijboer CH, Huo X, Kavelaars A, Heijnen CJ. Prevention of chemotherapy-induced

peripheral neuropathy by the small-molecule inhibitor pifithrin-μ. Pain. 2015; 156: 2184–2192. https://

doi.org/10.1097/j.pain.0000000000000290 PMID: 26473292

4. Hao S. The Molecular and Pharmacological Mechanisms of HIV-Related Neuropathic Pain. Curr Neuro-

pharmacol. 2013; 11: 499–512. https://doi.org/10.2174/1570159X11311050005 PMID: 24403874

5. Kaley TJ, Deangelis LM. Therapy of chemotherapy-induced peripheral neuropathy. Br J Haematol.

2009; 145: 3–14. https://doi.org/10.1111/j.1365-2141.2008.07558.x PMID: 19170681

6. Finnerup N, Attal N, Haroutounian S, McNicol E, Baron R, Dworkin R, et al. Pharmacotherapy for neuro-

pathic pain in adults: a systematic review and meta-analysis. Lancet Neurol. 2015; 14: 162–173. https://

doi.org/10.1016/S1474-4422(14)70251-0 PMID: 25575710

7. Sams-Dodd F. Target-based drug discovery: Is something wrong? Drug Discov Today. 2005; 10: 139–

147. https://doi.org/10.1016/S1359-6446(04)03316-1 PMID: 15718163

8. Warchal SJ, Unciti-Broceta A, Carragher NO. Next-generation phenotypic screening. Future Med

Chem. 2016; 8: 1131–1347. https://doi.org/10.4155/fmc-2016-0025 PMID: 27357617

9. Martı́nez AL, Brea J, Monroy X, Merlos M, Burgueño J, Loza MI. A New Model of Sensorial Neuron-Like

Cells for HTS of Novel Analgesics for Neuropathic Pain. SLAS Discov. 2019; 24: 158–168. https://doi.

org/10.1177/2472555218810323 PMID: 30383474

10. Baron R, Binder A, Wasner G. Neuropathic pain: diagnosis, pathophysiological mechanisms, and treat-

ment. Lancet Neurol. 2010; 9: 807–19. https://doi.org/10.1016/S1474-4422(10)70143-5 PMID:

20650402

11. Melli G, Taiana M, Camozzi F, Triolo D, Podini P, Quattrini A, et al. Alpha-lipoic acid prevents mitochon-

drial damage and neurotoxicity in experimental chemotherapy neuropathy. Exp Neurol. 2008; 214:

276–284. https://doi.org/10.1016/j.expneurol.2008.08.013 PMID: 18809400

12. Patel R, Dickenson AH. Mechanisms of the gabapentinoids and α 2 δ-1 calcium channel subunit in neu-

ropathic pain. Pharmacol Res Perspect. 2016; 4: e00205. https://doi.org/10.1002/prp2.205 PMID:

27069626

PLOS ONE A novel in vitro assay to screen for neuroprotective drugs against iatrogenic neurite shortening

PLOS ONE | https://doi.org/10.1371/journal.pone.0248139 March 10, 2021 11 / 13

https://doi.org/10.1016/S1474-4422%2814%2970102-4
http://www.ncbi.nlm.nih.gov/pubmed/25142459
https://doi.org/10.1016/s0014-2999%2801%2901303-6
https://doi.org/10.1016/s0014-2999%2801%2901303-6
http://www.ncbi.nlm.nih.gov/pubmed/11698024
https://doi.org/10.1097/j.pain.0000000000000290
https://doi.org/10.1097/j.pain.0000000000000290
http://www.ncbi.nlm.nih.gov/pubmed/26473292
https://doi.org/10.2174/1570159X11311050005
http://www.ncbi.nlm.nih.gov/pubmed/24403874
https://doi.org/10.1111/j.1365-2141.2008.07558.x
http://www.ncbi.nlm.nih.gov/pubmed/19170681
https://doi.org/10.1016/S1474-4422%2814%2970251-0
https://doi.org/10.1016/S1474-4422%2814%2970251-0
http://www.ncbi.nlm.nih.gov/pubmed/25575710
https://doi.org/10.1016/S1359-6446%2804%2903316-1
http://www.ncbi.nlm.nih.gov/pubmed/15718163
https://doi.org/10.4155/fmc-2016-0025
http://www.ncbi.nlm.nih.gov/pubmed/27357617
https://doi.org/10.1177/2472555218810323
https://doi.org/10.1177/2472555218810323
http://www.ncbi.nlm.nih.gov/pubmed/30383474
https://doi.org/10.1016/S1474-4422%2810%2970143-5
http://www.ncbi.nlm.nih.gov/pubmed/20650402
https://doi.org/10.1016/j.expneurol.2008.08.013
http://www.ncbi.nlm.nih.gov/pubmed/18809400
https://doi.org/10.1002/prp2.205
http://www.ncbi.nlm.nih.gov/pubmed/27069626
https://doi.org/10.1371/journal.pone.0248139


13. Galley HF, McCormick B, Wilson KL, Lowes DA, Colvin L, Torsney C. Melatonin limits paclitaxel-

induced mitochondrial dysfunction in vitro and protects against paclitaxel-induced neuropathic pain in

the rat. J Pineal Res. 2017; 63: e12444. https://doi.org/10.1111/jpi.12444 PMID: 28833461

14. Li Z, Taylor CP, Weber M, Piechan J, Prior F, Bian F, et al. Pregabalin is a potent and selective ligand

for α 2 δ- 1 and α 2 δ-2 calcium channel subunits. Eur J Pharmacol. 2011; 667: 80–90. https://doi.org/

10.1016/j.ejphar.2011.05.054 PMID: 21651903

15. Fukuda Y, Li Y, Segal RA. A mechanistic understanding of axon degeneration in chemotherapy-induced

peripheral neuropathy. Front Neurosci. 2017; 11: 1–12.

16. Vetter I, Lewis RJ. Characterization of endogenous calcium responses in neuronal cell lines. Biochem

Pharmacol. 2010; 79: 908–920. https://doi.org/10.1016/j.bcp.2009.10.020 PMID: 19883631

17. Callejo G, Giblin JP, Gasull X. Modulation of TRESK Background K+ Channel by Membrane Stretch.

PLoS One. 2013; 8: 1–12. https://doi.org/10.1371/journal.pone.0064471 PMID: 23691227

18. Chen L-H, Sun Y-T, Chen Y-F, Lee M-Y, Chang L-Y, Chang J-Y, et al. Integrating Image-Based High-

Content Screening with Mouse Models Identifies 5-Hydroxydecanoate as a Neuroprotective Drug for

Paclitaxel-Induced Neuropathy. Mol Cancer Ther. 2015; 14: 2206–2214. https://doi.org/10.1158/1535-

7163.MCT-15-0268 PMID: 26294744

19. Doran C, Chetrit J, Holley MC, Grundy D, Nassar MA. Mouse DRG Cell Line with Properties of Nocicep-

tors. PLoS One. 2015; 10: e0128670. https://doi.org/10.1371/journal.pone.0128670 PMID: 26053673

20. LaPointe NE, Morfini G, Brady ST, Feinstein SC, Wilson L, Jordan MA. Effects of eribulin, vincristine,

paclitaxel and ixabepilone on fast axonal transport and kinesin-1 driven microtubule gliding: Implications

for chemotherapy-induced peripheral neuropathy. Neurotoxicology. 2013; 37: 231–239. https://doi.org/

10.1016/j.neuro.2013.05.008 PMID: 23711742

21. Kaur G, Jaggi AS, Singh N. Exploring the potential effect of Ocimum sanctum in vincristine-induced

neuropathic pain in rats. J Brachial Plex Peripher Nerve Inj. 2010; 5: 1–9.

22. Broyl A, Corthals SL, Jongen JLM, van der Holt B, Kuiper R, de Knegt Y, et al. Mechanisms of periph-

eral neuropathy associated with bortezomib and vincristine in patients with newly diagnosed multiple

myeloma: a prospective analysis of data from the HOVON-65/GMMG-HD4 trial. Lancet Oncol. 2010;

11: 1057–1065. https://doi.org/10.1016/S1470-2045(10)70206-0 PMID: 20864405

23. Liu H, Smith CB, Schmidt MS, Cambronne XA, Cohen MS, Migaud ME, et al. Pharmacological bypass

of NAD+ salvage pathway protects neurons from chemotherapy-induced degeneration. Proc Natl Acad

Sci. 2018; 115: 10654–10659. https://doi.org/10.1073/pnas.1809392115 PMID: 30257945

24. Hinckley S, Sherman S, Best BM, Momper J, Ma Q, Letendre SR, et al. Neurotoxicity screening of anti-

retroviral drugs with human iPSC-derived neurons. Conference on Retroviruses and Opportunistic

Infections. Boston, Massachusetts; 2016. https://2jg4quetidw2blbbq2ixwziw-wpengine.netdna-ssl.com/

wp-content/uploads/sites/2/posters/2016/395.pdf

25. Boateng EK, Novejarque A, Pheby T, Rice ASC, Huang W. Heterogeneous responses of dorsal root

ganglion neurons in neuropathies induced by peripheral nerve trauma and the antiretroviral drug stavu-

dine. Eur J Pain. 2015; 19: 236–45. https://doi.org/10.1002/ejp.541 PMID: 25070481

26. Robinson B, Li Z, Nath A. Nucleoside reverse transcriptase inhibitors and human immunodeficiency

virus proteins cause axonal injury in human dorsal root ganglia cultures. J Neurovirol. 2007; 13: 160–7.

https://doi.org/10.1080/13550280701200102 PMID: 17505984

27. Desideri I, Francolini G, Becherini C, Terziani F, Delli Paoli C, Olmetto E, et al. Use of an alpha lipoic,

methylsulfonylmethane and bromelain dietary supplement (Opera®) for chemotherapy-induced periph-

eral neuropathy management, a prospective study. Med Oncol. 2017; 34: 46. https://doi.org/10.1007/

s12032-017-0907-4 PMID: 28205185

28. Yadav V, Marracci GH, Munar MY, Cherala G, Stuber LE, Alvarez L, et al. Pharmacokinetic study of

lipoic acid in multiple sclerosis: comparing mice and human pharmacokinetic parameters. Mult Scler J.

2010; 16: 387–397. https://doi.org/10.1177/1352458509359722 PMID: 20150394

29. Chew ML, Alvey CW, Plotka A, Pitman VW, Alebic-Kolbah T, Scavone JM, et al. Pregabalin controlled-

release pharmacokinetics in healthy volunteers: Analysis of four multiple-dose randomized clinical phar-

macology studies. Clin Drug Investig. 2014; 34: 627–637. https://doi.org/10.1007/s40261-014-0221-2

PMID: 25078977

30. Tedeschi A, Dupraz S, Laskowski CJ, Xue J, Ulas T, Beyer M, et al. The Calcium Channel Subunit

Alpha2delta2 Suppresses Axon Regeneration in the Adult CNS. Neuron. 2016; 92: 419–434. https://

doi.org/10.1016/j.neuron.2016.09.026 PMID: 27720483

31. Brandolini L, Benedetti E, Ruffini PA, Russo R, Cristiano L, Antonosante A, et al. CXCR1/2 pathways in

paclitaxel-induced neuropathic pain. Oncotarget. 2017; 8: 23188–23201. https://doi.org/10.18632/

oncotarget.15533 PMID: 28423567

PLOS ONE A novel in vitro assay to screen for neuroprotective drugs against iatrogenic neurite shortening

PLOS ONE | https://doi.org/10.1371/journal.pone.0248139 March 10, 2021 12 / 13

https://doi.org/10.1111/jpi.12444
http://www.ncbi.nlm.nih.gov/pubmed/28833461
https://doi.org/10.1016/j.ejphar.2011.05.054
https://doi.org/10.1016/j.ejphar.2011.05.054
http://www.ncbi.nlm.nih.gov/pubmed/21651903
https://doi.org/10.1016/j.bcp.2009.10.020
http://www.ncbi.nlm.nih.gov/pubmed/19883631
https://doi.org/10.1371/journal.pone.0064471
http://www.ncbi.nlm.nih.gov/pubmed/23691227
https://doi.org/10.1158/1535-7163.MCT-15-0268
https://doi.org/10.1158/1535-7163.MCT-15-0268
http://www.ncbi.nlm.nih.gov/pubmed/26294744
https://doi.org/10.1371/journal.pone.0128670
http://www.ncbi.nlm.nih.gov/pubmed/26053673
https://doi.org/10.1016/j.neuro.2013.05.008
https://doi.org/10.1016/j.neuro.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23711742
https://doi.org/10.1016/S1470-2045%2810%2970206-0
http://www.ncbi.nlm.nih.gov/pubmed/20864405
https://doi.org/10.1073/pnas.1809392115
http://www.ncbi.nlm.nih.gov/pubmed/30257945
https://2jg4quetidw2blbbq2ixwziw-wpengine.netdna-ssl.com/wp-content/uploads/sites/2/posters/2016/395.pdf
https://2jg4quetidw2blbbq2ixwziw-wpengine.netdna-ssl.com/wp-content/uploads/sites/2/posters/2016/395.pdf
https://doi.org/10.1002/ejp.541
http://www.ncbi.nlm.nih.gov/pubmed/25070481
https://doi.org/10.1080/13550280701200102
http://www.ncbi.nlm.nih.gov/pubmed/17505984
https://doi.org/10.1007/s12032-017-0907-4
https://doi.org/10.1007/s12032-017-0907-4
http://www.ncbi.nlm.nih.gov/pubmed/28205185
https://doi.org/10.1177/1352458509359722
http://www.ncbi.nlm.nih.gov/pubmed/20150394
https://doi.org/10.1007/s40261-014-0221-2
http://www.ncbi.nlm.nih.gov/pubmed/25078977
https://doi.org/10.1016/j.neuron.2016.09.026
https://doi.org/10.1016/j.neuron.2016.09.026
http://www.ncbi.nlm.nih.gov/pubmed/27720483
https://doi.org/10.18632/oncotarget.15533
https://doi.org/10.18632/oncotarget.15533
http://www.ncbi.nlm.nih.gov/pubmed/28423567
https://doi.org/10.1371/journal.pone.0248139


32. Gbahou F, Cecon E, Viault G, Gerbier R, Jean-Alphonse F, Karamitri A, et al. Design and validation of

the first cell-impermeant melatonin receptor agonist. Br J Pharmacol. 2017; 174: 2409–2421. https://

doi.org/10.1111/bph.13856 PMID: 28493341

33. Kaneko Y, Hayashi T, Yu SJ, Tajiri N, Bae EC, Solomita MA, et al. Human amniotic epithelial cells

express melatonin receptor MT1, but not melatonin receptor MT2: A new perspective to neuroprotec-

tion. J Pineal Res. 2011; 50: 272–280. https://doi.org/10.1111/j.1600-079X.2010.00837.x PMID:

21269327

34. Ambrosino P, Soldovieri MV, De Maria M, Russo C, Taglialatela M. Functional and biochemical interac-

tion between PPARα receptors and TRPV1 channels: Potential role in PPARα agonists-mediated anal-

gesia. Pharmacol Res. 2014; 87: 113–122. https://doi.org/10.1016/j.phrs.2014.06.015 PMID:

25014183

35. Sudoh Y, Cahoon EE, Gerner P, Kuo Wang G. Tricyclic antidepressants as long-acting local anesthet-

ics. Pain. 2003; 103: 49–55. https://doi.org/10.1016/s0304-3959(02)00375-5 PMID: 12749958

36. Palmero M, Gutierrez LM, Hidalgo MJ, Reig JA, Ballesta JJ, Viniegra S. The low-affinity dihydropyridine

receptor and Na+/Ca2+ exchanger are associated in adrenal medullary mitochondria. Biochem Phar-

macol. 1995; 50: 879–883. https://doi.org/10.1016/0006-2952(95)00194-5 PMID: 7575651

37. Uceda G, Garcı́a AG, Guantes JM, Michelena P, Montiel C. Effects of Ca2+ channel antagonist sub-

types on mitochondrial Ca2+ transport. Eur J Pharmacol. 1995; 289: 73–80. https://doi.org/10.1016/

0922-4106(95)90170-1 PMID: 7540145

38. Chantal T, Nancy F, Claudette B, Gaston D, Aimé C. Action of vinca alraloides on calcium movements
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