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ABSTRACT: Neuropathic pain is one of the foremost adverse
effects that worsens quality of life for patients undergoing an
antiretroviral treatment. Currently, there are no effective analgesics
for relieving it; thus, there is an urgent need to develop novel
treatments for neuropathic pain. Previously, we described and
validated F11 cells as a model of DRG (dorsal root ganglia)
neurons. In the current work, we employed F11 cells to identify
regulators of antiretroviral-induced neuropathic pain combining
functional and transcriptomic analysis. The antiretroviral zalcita-
bine (ddC) increased the excitability of differentiated F11 cells
associated with calcium signaling without morphological changes
in the neuronal phenotype, mimicking the observed increase of painful signaling in patients suffering from antiretroviral-induced
neuropathic pain. Employing RNA sequencing, we observed that zalcitabine treatment upregulated genes related with oxidative
stress and calcium homeostasis. The functional impact of the transcriptomic changes was explored, finding that the exposure to
zalcitabine significantly increased intracellular oxidative stress and reduced store-operated calcium entry (SOCE). Because the
functional and transcriptomic evidence points toward fundamental changes in calcium signaling and oxidative stress upon zalcitabine
exposure, we identified that NAD(P)H quinone dehydrogenase and the sarcoplasmic/endoplasmic reticulum calcium ATPase 3
were involved in zalcitabine-induced hyperexcitability of F11 cells. Overexpression of those genes increases the calcium-elicited
hyperexcitability response and reduces SOCE, as well as increases intracellular ROS levels. These data do not only mimic the effects
of zalcitabine but also highlight the relevance of oxidative stress and of calcium-mediated signaling in antiretroviral-induced
hyperexcitability of sensory neurons, shedding light on new therapeutic targets for antiviral-induced neuropathic pain.
KEYWORDS: Neuropathic pain, antiretrovirals, hyperexcitability, calcium transients, transcriptomic assays, adverse effects

■ INTRODUCTION

Neuropathic pain is caused by injuries affecting either the
central or the peripheral nervous system. It includes a wide
range of pain processing alterations, including spontaneous
pain generated by nonpainful stimuli (allodynia) or an
exaggerated response to painful stimuli (hyperalgesia). Many
etiologies, including diabetes, alcoholism, genetic diseases,
metabolopathies, or infections, have been implicated in the
pathogenesis of this syndrome.1,2 One of the major causes of
neuropathic pain is the side effects of drugs causing toxicity on
peripheral sensory neurons.3 This is the case of antiretroviral
therapy with zalcitabine (ddC), a nucleoside analogue inhibitor
of human immunodeficiency virus (HIV) reverse transcriptase,
employed in the treatment of patients with HIV infection and
related with the induction of neuropathic pain.4

One of the reasons why the alleviation of neuropathic pain is
still an unmet clinical need is the underlying complexity of pain
transmission and processing, which makes the identification of
novel targets and analgesic drugs very challenging.5 Dorsal root

ganglia (DRG) neurons are responsible for transmitting pain
signals from the periphery to the spinal cord. Primary DRG
neurons would represent a perfect model for studying those
disturbances affecting pain transmission through DRG
neurons; however, the use of primary neurons in drug
screening has several very significant drawbacks, such as the
need to use animals for testing or labor-intensive isolation
procedures.6 Previously, we described a novel in vitro
phenotypic assay in the hybrid mouse neuroblastoma and rat
DRG neuron F11 cell line as an artificial translational model to
overcome these drawbacks.7 F11 cells acquire phenotypic
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features of DRG neurons after a differentiation process elicited
by an increase in intracellular cAMP.8,9 We employed F11 cells
to identify new analgesics for neuropathic pain by quantifying
the neuron excitability and demonstrated its utility to find
novel drugs protecting against inflammatory mediators.7 A
transcriptomic study of this cell line in comparison to primary
DRG cells was previously performed by Yin et al. in 2016,10

finding that F11 cells express molecular markers present in
primary DRGs and also receptors and ion channels relevant for
nociceptive signaling.
Thus, our working hypothesis is that treating differentiated

F11 cells with zalcitabine could lead to the identification of the
mechanisms of zalcitabine-induced neuropathic pain. There-
fore, we aim to deconvolute the effect of zalcitabine on
differentiated F11 cells, employing a combination of functional
and genomic assays.

■ RESULTS AND DISCUSSION

The major finding of this work was the identification of
oxidative stress and calcium signaling as two mechanisms
involved in zalcitabine-induced damage in an immortalized
DRG neuronal cell line. We employed a combination of
functional and transcriptomic approaches to identify two
proteins involved in differentiated F11 cell hyperexcitability
induced by zalcitabine.
One of the most prevalent adverse effects related to

antiretrovirals is neuropathic pain, which is induced by
different types of damage in peripheral neurons leading to

hypersensitivity.11 In our work, we aimed to deconvolute the
mechanism of this harmful effect, by employing a combination
of neuronal functional assays and transcriptomics in an
immortalized sensory neuronal cell line. Thus, we exposed
differentiating F11 cells to zalcitabine, an antiviral that has
been related to the induction of neuropathic pain as an adverse
effect.12

We observed, as previously described,8 that about 50% of all
F11 cells acquire phenotypic features of DRG neurons after
differentiation. This is due to the nature of F11 cells as a
hybridoma between DRG neurons and neuroblastoma cells.
Exposure to zalcitabine during differentiation induced a
significant increase in the entrance of calcium in response to
KCl in differentiated F11 cells at an 80% of confluence, with a
36% increase in the maximal intracellular concentration of
calcium (p < 0.01, extra sum-of-squares F test) (Figure 1A) but
without significant changes in the EC50 of KCl. The observed
increase in the amount of intracellular calcium concentration is
consistent with the fact that calcium is implicated in the
transmission of painful signals across DRG neurons13 and with
aberrant calcium levels in DRG neurons, which have been
implicated in the pathogenesis of antiretroviral-elicited neuro-
pathic pain.14 This increase in the intracellular concentration
of calcium was not accompanied by phenotypic changes in
morphology (Figure 1B,C), neurite length (p = 0.2, Student’s t
test) (Figure 1D), nor connections in neurons compared to
control differentiated F11 cells (Figure S1), denoting that,
despite changes in the response of cells, morphology and

Figure 1. Antiretroviral drug zalcitabine induces an increase in the intracellular concentration of calcium in response to KCl in differentiated F11
cells without changes in neurite length. (A) Increase in the intracellular concentration of Ca2+ elicited by KCl in differentiated F11 neurons exposed
to 10 μM zalcitabine (ddC) during differentiation compared to control differentiated F11 cells. Values shown are means ± SD of four assays (n =
4) with triplicate measurements. ** p < 0.01 (extra sum-of-squares F test). Representative microphotographs of (B) control differentiated F11 cells
stained against β-tubulin and in (C) differentiated F11 cells exposed to zalcitabine (ddC) during differentiation and (D) maximal neurite length
before and after exposure to zalcitabine (ddC). Photographs are representative of three assays (n = 3) with 16 replicates per condition. Scale bar =
50 μm. Values shown for part D are means ± SD of three assays (n = 3) with 16 replicates per measurement.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.1c00129
ACS Chem. Neurosci. 2021, 12, 2619−2628

2620

https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.1c00129/suppl_file/cn1c00129_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00129?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00129?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00129?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00129?fig=fig1&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00129?rel=cite-as&ref=PDF&jav=VoR


neuronal connections are preserved. This finding contrasts
with the fact that the antiviral rilpivirine induced neurite
shortening in differentiated F11 cells.15 This difference may be
explained by the fact that rilpivirine and zalcitabine present
different chemical structures: Whereas rilpivirine is a non-
nucleoside analogue reverse-transcriptase inhibitor, zalcitabine
is a nucleoside-analogue reverse-transcriptase inhibitor.16

Interestingly, it was previously described that, in iPSC derived
cells, non-nucleoside analogue reverse-transcriptase inhibitors
like rilpivirine induced neurite retraction, whereas nucleoside-
analogue inhibitors like tenofovir or abacavir did not.17

In order to investigate which genes are involved in the
increase of excitability of differentiated F11 cells after exposure
to zalcitabine during differentiation, we compared the

Figure 2. Exposure of differentiating F11 neurons to zalcitabine enhances the transcription of genes related with oxidative stress and calcium
signaling. Volcano plot depicting the change in the expression of (A) mouse and (B) rat genes in F11 cells exposed to 10 μM zalcitabine during
differentiation. Points are the mean of the values obtained with three RNaseq experiments performed with different samples. Changes observed in
genes belonging to (C) mouse and (D) rat signaling pathways in differentiated F11 cells exposed to zalcitabine (ddC) during differentiation. (E)
Comparative quantitation of the expression of Nqo1 and Atp2a3 genes in control differentiated F11 cells and in F11 cells exposed to 10 μM
zalcitabine during differentiation employing RT-qPCR. Values shown are means ± SD of three assays (n = 3) with three replicates per
measurement. ** p < 0.01; * p < 0.05 (Student’s t test).
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transcriptome of untreated differentiated F11 cells and of
differentiated F11 cells exposed to the antiretroviral during
differentiation. Zalcitabine elicited changes in the expression of
13 859 mouse genes (Figure 2A) and 11 270 rat genes (Figure
2B). We focused the scope of our study on the expression of
genes involved in the defense against cellular damage. In
particular, we observed an increase in the transcription of
pathways and genes related to the defense against intracellular
ROS (such as Nqo1) and to the regulation of intracellular
calcium concentrations (such as Atp2a3) (Table 1). This

finding is in agreement with the variations detected in the
metabolic pathways, in which we observed that zalcitabine
induces a repression in those genes that encode proteins
related with obtaining energy from reducing agents like
oxidative phosphorylation and also with the increase of genes
related to mitochondrial damage (Figure 2C,D).
To validate the effect of zalcitabine on the upregulation of

genes related to oxidative stress, we compared the concen-
tration of ROS in differentiated F11 cells exposed to
zalcitabine during differentiation and in control differentiated
F11 cells. We observed that zalcitabine increased the
concentration of ROS in an 8.1%, leading to higher oxidative
stress (Figure 3A−C) (p < 0.05, Student’s t test). Despite the
fact that this increase in ROS concentration is small, it was also
observed in DRG neurons when they were exposed to other
drugs that induce neuropathic pain like cisplatin.18 Those
expositions were enough to produce mitochondrial damage in

neuronal cells.19,20 The observed increase in ROS concen-
trations in differentiated F11 cells exposed to zalcitabine
during differentiation has a translational relationship with DRG
neurons in patients suffering from neuropathies induced by
antiretroviral drugs due to damage in mitochondrial DNA, in
which an increase in oxidative stress has been described.21,22

It has also been described that the increase in intracellular
calcium concentration in animal models of neuropathic pain is
strongly related to higher levels of ROS.23,24 Previous studies
pointed out that antiretroviral treatments elicited dramatic
changes in the activity of voltage-gated calcium channels and in
intracellular calcium concentrations.25 In agreement with this,
we observed that the exposure to zalcitabine during differ-
entiation elicited an increase in the entrance of calcium in
response to changes in membrane potential in differentiated
F11 cells, but the treatment induced a decrease in SOCE
(store-operated calcium entry) (Figure 3D,E) (p < 0.05,
Student’s t test). This demonstrates that the increase in
calcium entry elicited by KCl is due to the entrance of calcium
from the extracellular medium but not from endoplasmic
reticulum stores and is in agreement with our previous study,
in which we described the implication of voltage-gated calcium
channels in neuropathic pain induced by an inflammatory
stress in DRG neurons.7 Furthermore, we observed that
exposure to the antiretroviral lessens the transcription of genes
encoding transient receptor potential canonical (TRPC)
channels (Table S1, Figure S2) that are involved in SOCE.26

These findings are in accordance with the results obtained by
Staaf et al. (2009) in animal models of neuropathic pain, in
which there was a reduction in the expression of TRPC
channels, indicating that these channels modulate pain
signaling.27

Among the genes related to oxidative stress and calcium
signaling whose expression was increased in differentiated F11
cells after exposure to zalcitabine during differentiation, Nqo1
and Atp2a3 were upregulated (Figure 2E) (p < 0.01 for Nqo1
and p < 0.05 for Atp2a3, Student’s t test). Nqo1 encodes
NAD(P)H quinone dehydrogenase, an enzyme involved in the
defense against both exogenous and endogenous quinones by
the reduction of the substrate.28 Although it has been proposed
as an antitumor target, its role in pain is still controversial.29,30

The upregulation of Atp2a3, which encodes SERCA3 (a
pump that takes calcium ions from the cytoplasm and
introduces them into the endoplasmic reticulum, thus
maintaining a constant cytosol Ca2+ concentration31), is in
accordance with the fact that it has been described that
zalcitabine led to an increase in the expression of genes
encoding sarcoplasmic/endoplasmic reticulum calcium AT-
Pases in animal models.12 Nevertheless, the role of SERCA3 in
pain has yet to be clearly established.
An increase in the expression of Nqo1 and Atp2a3 was also

observed after exposition to F11 cells to a combination of
inflammatory mediators composed by 10 μM histamine, 10
μM serotonin, 10 μM prostaglandin E2, and 1 μM bradykinin
(Figure S3; Table S3), suggesting that both genes are involved
not only in iatrogenic neuropathic pain but also in neuropathic
pain by an inflammatory origin.
To study the role of these genes in the zalcitabine-elicited

increase in oxidative stress and calcium regulation, we
evaluated the effect of the gain-of-function of those genes by
overexpressing them independently. Overexpression of both
Nqo1 and Atp2a3 elicited an increase in the intracellular
concentration of calcium in response to KCl (Figure 4A,B) (p

Table 1. Top 25 Significantly Upregulated Mouse and Rat
Genes in Differentiated F11 Cells Exposed to 10 μM
Zalcitabine during Differentiation Quantified by RNA-seqa

mouse rat

position

expression
(expr.) log

ratio symbol position

expr.
log
ratio symbol

1 2.09 Taf 7l 1 2.05 Sytl1
2 1.81 Nqo1 2 2.00 Kcnj3
3 1.76 Sytl1 3 1.89 Zbtb32
4 1.64 Ppef1 4 1.86 Galnt5
5 1.52 Ca6 5 1.78 Gsta1
6 1.50 Atp2a3 6 1.75 Wisp2
7 1.50 Gsdmd 7 1.69 Ppef1
8 1.49 Kcne5 8 1.66 Pimreg
9 1.45 Akr1b7 9 1.54 Pax4
10 1.43 4930481a15rik 10 1.50 Apobec2
11 1.43 Pax4 11 1.50 Akr1b10
12 1.40 Trim63 12 1.49 Mir-671
13 1.40 Spon2 13 1.44 Nqo1
14 1.38 Mir-671 14 1.39 Slc30a3
15 1.37 Clcf1 15 1.38 Spon2
16 1.33 Col13a1 16 1.37 Slc22a4
17 1.32 Chtf18 17 1.36 Atp2a3
18 1.30 Cpxm1 18 1.34 Trim63
19 1.29 Mt2 19 1.32 Apobr
20 1.28 Nppb 20 1.32 Ncf 2
21 1.26 Pimreg 21 1.31 Col13a1
22 1.24 Kcp 22 1.30 Myh7b
23 1.22 Adgrf4 23 1.30 Nkx2−8
24 1.22 Lctl 24 1.29 Clcf1
25 1.22 Ccdc88b 25 1.29 Slc1a7

aData is the mean of three experiments with different samples.
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< 0.001 for Nqo1, p < 0.01 for Atp2a3, extra sum-of-squares F
test), associated with a reduction in SOCE (Figure 4C,D) (p <
0.05, Student’s t test), and also an increase in the intracellular
oxidative stress (Figure 4E−H) (p < 0.01, Student’s t test).
NAD(P)H quinone dehydrogenase is an enzyme usually

related with protection against oxidative substances. However,
it has been described in cells exposed to ozone or to
naphthoquinones that NAD(P)H quinone dehydrogenase can
also increase the production of ROS by the autoxidation of
NAD(P)H quinone dehydrogenase derived products.32,33

Interestingly, a reduction in SOCE is related with an increase
in the expression of the NAD(P)H quinone dehydrogenase in
murine embryonic fibroblasts lacking STIM1, an important
regulator of SOCE for the adaption to cellular energy needs.34

The overexpression of Atp2a3 induces an increase in the
entrance of calcium into the endoplasmic reticulum. Because
SOCE is a mechanism for the regulation of calcium
concentration activated when endoplasmic reticulum calcium
stores are empty,35 when the entrance of calcium into these
stores is enhanced, SOCE is stopped. The increase in the
entrance into endoplasmic reticulum stores was accompanied
by a compensatory entry of extracellular calcium into the
cytoplasm and by an increase in the ROS concentration in
differentiated F11 cells. This allows us to connect the changes
observed in calcium homeostasis and the increase in oxidative

stress elicited by zalcitabine in differentiated F11 cells with the
effect of Nqo1 and Atp2a3 overexpression.
In summary, we have found how zalcitabine alters calcium

signaling and oxidative phenotypic stress in immortalized DRG
neurons, leading to cell hyperexcitability. Transient over-
expression of Nqo1 and Atp2a3 genes encoding proteins
involved in these two processes elicits an increase in oxidative
stress and in the entrance of calcium from the extracellular
medium into the cytoplasm, mimicking the effect of
antiretroviral exposure on DRG neuronlike cells. These results
demonstrate that the disbalance in intracellular calcium levels
and the increase in ROS through the increase in the expression
of these two genes are the molecular mechanisms of
antiretroviral-induced damage in a model of DRG neurons.
Despite the fact that those results may be confirmed in primary
DRG neurons, they shed light on novel therapeutic targets for
iatrogenic, antiretroviral-induced neuropathic pain.

■ METHODS
Reagents. KCl (131494; Panreac-AppliChem, Castellar del Valles̀,

Barcelona, Spain), CaCl2 (22320.298; VWR, Llinars del Valles̀,
Barcelona, Spain), histamine (H7250; Sigma-Aldrich, Madrid, Spain),
and serotonin (H9523; Sigma-Aldrich) were freshly weighed and
dissolved before each assay. Zalcitabine (ddC; 16019; Cayman, Ann
Arbor, MI, USA), prostaglandin E2 (14010; Cayman), bradykinin
(HY-P0206; Haoyuan Chemexpress, Shanghai, China), and thapsi-

Figure 3. Exposure to zalcitabine during differentiation induces an increase in oxidative stress and a reduction in SOCE in differentiated F11 cells.
Representative microphotographs of ROS accumulation stained with CellRox Green in (A) control differentiated F11 cells and (B) in differentiated
F11 cells exposed to zalcitabine (ddC) during differentiation and (C) intracellular concentration of ROS measured by CellRox Green probe.
Photographs are representative of three assays (n = 3) with 18 replicates per condition. Scale bar = 50 μm. Values shown for part C are means ± SD
of three assays (n = 3) with 18 replicates per measurement. * p < 0.05 (Student’s t test). (D) Calcium transients evoked by calcium restoration after
exposure to 1 μM thapsigargin in differentiated F11 cells exposed and not exposed to zalcitabine (ddC) during differentiation and (E) summary of
results of responses to calcium restoration 14 min after the addition of thapsigargin. Values shown for part D are means of one representative assay
of four experiments with 24 replicates per measurement. Values shown for part E are means ± SD of four assays (n = 4) with 24 replicates per
measurement. *p < 0.05 (Student’s t test).

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.1c00129
ACS Chem. Neurosci. 2021, 12, 2619−2628

2623

https://pubs.acs.org/doi/10.1021/acschemneuro.1c00129?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00129?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00129?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00129?fig=fig3&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00129?rel=cite-as&ref=PDF&jav=VoR


Figure 4. Overexpression of Nqo1 and Atp2a3 denoted a key role of NAD(P)H quinone dehydrogenase and SERCA3 in zalcitabine-induced stress.
Intracellular calcium mobilization elicited by KCl in (A) differentiated F11 cells in which Nqo1 gene was overexpressed compared to control
differentiated F11 cells and (B) differentiated F11 cells in which Atp2a3 gene was overexpressed compared to control differentiated F11 cells.
Values shown are means ± SD of four experiments (n = 4) with measurements in triplicate. ***p < 0.001; **p < 0.01 (extra sum-of-squares F test).
(C) Calcium transients brought about by calcium restoration after exposition to 1 μM thapsigargin in control differentiated F11 cells and in
differentiated F11 cells after overexpression of Nqo1 and Atp2a3 genes and (D) summary of results of responses to calcium restoration 11.5 and
17.3 min after the addition of thapsigargin in control differentiated F11 cells and in differentiated F11 cells after overexpression of Nqo1 and Atp2a3
genes. Values shown for part C are means of one representative assay of four experiments with 12 replicates per measurement. Values shown for
part D are means ± SD of four assays (n = 4) with 12 replicates per measurement. * p < 0.05 (Student’s t test). Representative microphotographs
of ROS accumulation stained with CellRox Green in (E) control differentiated F11 cells and in differentiated F11 cells after transfection with (F)
Nqo1 and (G) Atp2a3. Photographs are representative of three assays (n = 3) with 16 replicates per condition. Scale bar = 50 μm. (H) Intracellular
concentration of ROS measured by CellRox Green in differentiated F11 cells after overexpression of Nqo1 and Atp2a3 compared to control
differentiated F11 cells. Values shown are means ± SD of three experiments (n = 3) with 16 replicates per measurement. ** p < 0.01 (Student’s t
test).
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gargin (T9033; Sigma-Aldrich) were diluted in DMSO (dimethyl
sulfoxide; D8418; Sigma-Aldrich) at a stock concentration of 10 mM
and stored at −20 °C.
Cell Culture and Differentiation. Mouse neuroblastoma/rat

embryonic DRG neuron hybrid F11 cells (08062601; ECCAC,
Salisbury, England, UK) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) without sodium pyruvate (D5671; Sigma-Aldrich)
supplemented with 10% (v/v) nondialyzed fetal calf serum (FBS;
F9665; Sigma-Aldrich), 2 mM glutamine (G7513; Sigma-Aldrich),
and 100 units/mL penicillin and 100 μg/mL streptomycin (P0781;
Sigma-Aldrich) in a humidified atmosphere containing 5% carbon
dioxide, at 37 °C. F11 cells were routinely checked for mycoplasma
contamination and tested negative. Maximum number of passages was
22.
Differentiation was achieved by exposing F11 cells for 72 to a

differentiation medium containing 1 mM dibutyryl-cAMP (N6,2′-O-
Dibutyryladenosine 3′,5′-cyclic monophosphate) (sc-201567; Santa
Cruz Biotechnologies, Heidelberg; Germany), 30 μM forskolin (sc-
3562; Santa Cruz Biotechnologies), 0.5% dialyzed fetal calf serum
(F0392; Sigma-Aldrich), 100 units/mL penicillin, and 100 μg/mL
streptomycin and 2 mM glutamine in DMEM without sodium
pyruvate.
Measurement of Calcium Transients. F11 cells were seeded in

clear, flat-bottomed, black-walled, 384-well plates (781091; Greiner
Bio-One, Frickenhausen, Baden-Württemberg, Germany), pretreated
with 2 μg/mL laminin (L2020; Sigma-Aldrich) and 30 μg/mL poly-D-
lysine (P6407; Sigma-Aldrich) at a density of 5000 cells/well. After 24
h, culture medium was replaced by 10 μM zalcitabine diluted in
differentiation medium in the corresponding wells. After 72 h, the
medium was removed and replaced by 25 μL of fresh medium and
incubatedwith 25 μL of FLIPR Calcium-6 dye (R8190; Molecular
Devices, Sunnyvale, CA), diluted in HBSS containing 20 mM HEPES
[(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid); H3375;
Sigma-Aldrich] (pH 7.4), for 2 h at 37 °C. Changes in intracellular
calcium concentration ([Ca2+]i) were recorded with a FDSS7000EX
Functional Drug Screen System (Hamamatsu Photonics, Cerdanyola
del Valles̀, Barcelona, Spain) by excitation of the calcium-sensitive
fluorescent dye with a light source at 470−495 nm and emission in
the 515−575 nm range. FDSS tips (A8687-62; Hamamatsu
Photonics) were pretreated with a solution of 0.1% BSA (Bovine
Serum Albumin; 10775835001; Sigma-Aldrich) diluted in the assay
buffer. [Ca2+]i responses were obtained as the difference between the
maximum and the minimum fluorescence values by considering the
peak elicited by KCl. Four independent sets of experiments, each with
three replicates, were performed. Data was normalized to the
maximum response to KCl of differentiated cells.
Store-operated calcium entry (SOCE) measurements were

performed as previously described.35 Briefly, F11 cells were seeded,
differentiated, and transfected as exposed. FLIPR Calcium-6 dye was
dissolved in calcium-free HBSS (HEPES-buffered saline), in which
Ca2+ was omitted, and 1 mM BAPTA [1,2-bis(o-aminophenoxy)
ethane-N,N,N′,N′-tetraacetic acid; A4926; Sigma-Aldrich] was added.
After being incubated for 2 h at 37 °C, fluorescence was measured in a
FDSS7000EX Functional Drug Screen System as exposed. Fluo-
rescence was calibrated to calcium concentration ([Ca2+]) using the
following formula:
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where KD = 320 nM, F is the measured fluorescence, Fmax is the
fluorescence value determined after addition of 0.1% Triton X-100
(101556683; Sigma-Aldrich) with 10 mM CaCl2 in HBSS, and Fmin is
the fluorescence value determined after addition of 0.1% Triton X-100
with 10 mM BAPTA in HBSS. At least three independent sets of
experiments were performed, each with 12 replicates.
Measurement of Oxidative Stress. F11 cells were seeded in

clear, flat-bottomed, black-walled, 384-well plates pretreated with 30
μg/mL poly-D-lysine at a density of 2500 cells/well. After 24 h,
culture medium was replaced by differentiation medium containing 10

μM zalcitabine in the corresponding wells. After 72 h, CellRox Green
(C10444; Thermo Fisher Scientific) was added to a final
concentration of 5 μM. Thirty minutes later, the F11 cells were
fixed for 15 min with 4% paraformaldehyde (158127; Sigma-Aldrich)
in FBS at 4 °C and were stained with 1.5 μg/mL wheat germ
agglutinin conjugated with Alexa Fluor 555 (W32464; Invitrogen,
Paisley, UK) and 2.5 μM nuclear stain DRAQ5 (108410; Abcam,
Cambridge, UK). An Operetta High-Content Imaging System
(PerkinElmer, Tres Cantos, Madrid, Spain) was used to capture
fluorescence and bright field images (5 fields per well, 20x). Image
analysis was conducted using the Harmony High Content Imaging
and Analysis Software (PerkinElmer), considering the mean intensity
of green fluorescence in the cytoplasm of F11 cells only. To do this,
we programmed the software to measure only the intensity of the dye
in the cytoplasm, surrounded by the cell membrane, which was
stained with the wheat germ agglutinin conjugated with Alexa Fluor
555. Three independent sets of experiments, each with 18 replicates,
were performed.

Microscopy Assays. Cells were plated on clear-bottom 96-well
plates (6005558; PerkinElmer) previously treated with 30 μg/mL
poly-D-lysine. Cells were seeded in 50 μL of culture medium at a
density of 7500 per well. After 24 h, the culture medium was replaced
by differentiation medium containing 10 μM zalcitabine in the
corresponding wells. At 72 h after medium replacement, F11 cells
were fixed for 20 min with 4% paraformaldehyde in PBS at 4 °C. The
cells were then washed twice with HBSS before being permeabilized
with blocking buffer containing 5% BSA 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 a 1:500 dilution of Alexa 488
dye-conjugated anti-ß-tubulin mouse antibody (558605; Becton &
Dickinson Biosciences, San Agustiń de Guadalix, Madrid, Spain), as a
neuron-specific marker,36 and 2.5 μM nuclear stain DRAQ5. An
Operetta High-Content Imaging System (PerkinElmer, Tres Cantos,
Madrid, Spain) was used to capture all fluorescence and bright field
images (12 fields per well, 20x). Image analysis was conducted with
the Harmony High Content Imaging and Analysis Software
considering maximum neurite length in each well. Three independent
sets of experiments, each with 16 replicates, were performed. Results
were normalized to the maximum neurite length of differentiated cells.

The analysis of the number of connections between cells was
performed after staining cells employing the exposed protocol. An
Operetta High-Content Imaging System was employed to capture all
fluorescence and bright field images (9 fields per well, 10x). Image
analysis was conducted with the Harmony High Content Imaging and
Analysis Software considering the number of nodes, the maximum
neurite length, and the mean neurite length in each well.

RNA Sequencing. F11 cells were seeded in Corning square
bioassay dishes (CLS43110; Sigma-Aldrich) at a concentration of 20
million cells per dish and differentiated 24 h later. After 72 h, cells
were exposed to 10 μM zalcitabine or to a combination of
inflammatory mediators composed by 10 μM histamine, 10 μM
serotonin, 10 μM prostaglandin E2, and 1 μM bradykinin. Total RNA
from F11 cells was extracted and purified with the RNeasy Mini Kit
(Qiagen, Hilden, Germany). RNA quantity, integrity, and quality
were estimated employing a 2100 Agilent Bioanalyzer (Agilent
Technologies, Las Rozas, Madrid, Spain) to calculate RIN (RNA
integrity number). All the samples had RIN values greater than 8.
Sequencing was performed using the NextSeq 500 platform (Illumina,
San Diego, CA, USA). Three RNaseq experiments were performed
with independent samples.

Bioinformatics Analysis of RNA-seq Data. Reads were
individually mapped against both the mouse genome assembly
NCBI37/mm9 and the rat genome RGSC Rnor_5.0/rn5. First, the
quality of the generated data was tested, using FastQC and Prinseq
(Babraham Bioinformatics, Cambridge, UK). The 440 M high quality
reads were obtained (91% of total reads). Subsequently, duplicated
sequences were detected using Picard tools (Picard tools, Cambridge,
MA, USA) and aligned with the specific gene sequence by the STAR
algorithm (Spliced Transcripts Alignment to a Reference). A quality
control of generated data was performed with RNA-SeQC. The
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quantification of the expression of each gene was performed using the
HOMER (Hypergeometric Optimization of Motif EnRichment)
software, performing the differential gene expression analysis by R
tools.37 Differential expression analysis was performed using the edgeR
R package.38 Sequences were previously filtered by selecting only
genes present in at least 3 samples with a count value greater than 1
cpm. Multidimensional scaling was also performed, to explore the
overall differences between groups. A quasi-likelihood F test was used
to test for differential expression, using a negative binomial
generalized linear model. Afterward, the top differential expressed
genes (FDR adjusted p-value <0.05) were employed to perform a
biological interpretation analysis of the differential expression between
categories, using the IPA (Ingenuity Pathway Analysis) software
(Quiagen).
Real Time Reverse Polymerase Chain Reaction (RT-qPCR).

RNA for RT-qPCR was obtained employing the same methodology as
RNA for RNA sequencing. RT-qPCR was performed with 5 ng of
RNA, using the EXPRESS One-Step Superscript qRT-PCR kit
(11781200; Thermo Fisher Scientific, Alcobendas, Madrid, Spain).
Gene expression was determined through TaqMan assays on a
QuantStudio 12K Flex reader (Life Technologies, Carlsbad, CA,
USA). Gene-specific probes and primers from Applied Biosystems
(Foster City, CA, USA) were used. Two TaqMan gene expression
assays were employed: Nqo1 (Rn00566528_m1) and Atp2a3
(Rn00563800_m1). All templates were analyzed in triplicate, and
the quantification cycle (Cq) value of each gene was normalized to
36b4, according to ΔCq = Cq (examinated gene) − Cq (36b4). The
relative amount of each mRNA after exposition to each drug was
normalized to the expression of the gene in control differentiated F11
cells and transformed in a fold change in arbitrary unit (AU) values
using the equation AU = 2−ΔΔCq.
Plasmid Transfection. Nqo1 plasmid was a gift from Yosef Shaul

(Addgene plasmid no. 61735; http://n2t.net/addgene:61735; RRID:
Addgene_61735).39 Atp2a3 plasmid was a gift from Jonathan Lytton
& David MacLennan (Addgene plasmid no. 75189; http://n2t.net/
addgene:75189; RRID:Addgene_75189).40 pcDNA3 empty vector
was a gift from Marian Castro. Plasmids were purified with
Nucleobond Xtra Midi EF Kit (740420; Macherey-Nagel GmBH,
Düren; Germany).
Reverse transfection was performed with 0.0768 μg of DNA and

0.3072 μL of FuGENE HD (E2312; Promega Biotech, Alcobendas,
Madrid, Spain) per well (ratio 1:4). Cells were seeded and transfected
in clear, flat-bottomed, black-walled, 384-well plates at a density of
2500 cells per well in culture medium; 72 h later, the culture medium
was substituted by the differentiation medium. Transfection efficiency
was confirmed by parallel transfection, with a construct coding for
GFP protein, and overexpression was tested by RT-qPCR, seeding,
and transfecting 105 F11 cells per well in 12-well, clear, flat-bottomed,
TC-treated multiwell cell culture plates (353043; Corning, Tewks-
bury, MA, USA).
Data Analysis. Data analysis was performed using GraphPad

Prism 6.0 software (GraphPad Software, La Jolla, CA). A sigmoidal
dose−response model was used to fit the concentration−response
curves. The data fits were compared using the extra sum-of-squares F
test. Neurite length assays, oxidative stress, SOCE quantification, and
RT-qPCR data were compared by Student’s t test for statistic
hypothesis inference. Differences were considered statistically
significant at p < 0.05.
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■ ABBREVIATIONS
AMP, adenosine monophosphate; ATP, adenosine triphos-
phate; BAPTA, 1,2-bis(o-aminophenoxy) ethane-N,N,N′,N′-
tetraacetic acid; BSA, bovine serum albumin; ddC, zalcitabine;
DMEM, Dulbecco’s modified Eagle’s medium; DMSO,
dimethyl sulfoxide; DNA, deoxyribonucleic acid; DRG, dorsal
root ganglia; HBSS, Hank’s balanced salt solution; HEPES, 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HIV,
human immunodeficiency virus; NAD(P)H, nicotinamide
adenine dinucleotide phosphate; PBS, phosphate buffer
solution; RIN, RNA integrity number; RNA, ribonucleic
acid; ROS, reactive oxygen species; RT-qPCR, reverse
transcription quantitative polymerase chain reaction;
SERCA3, sarcoplasmic/endoplasmic reticulum calcium AT-
Pase 3; SOCE, store-operated calcium entry; TRPC, transient
receptor potential canonical
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