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OPEN ACCESS

The isolation and culture of dorsal root ganglion (DRG) neurons cause adaptive
changes in the expression and regulation of ion channels, with consequences on
neuronal excitability. Considering that not all neurons survive the isolation

and that DRG neurons are heterogeneous, it is difficult to find the cellular subtype
of interest. For this reason, researchers opt for DRG-derived immortal cell lines
to investigate endogenous properties. The F-11 cell line is a hybridoma of
embryonic rat DRG neurons fused with the mouse neuroblastoma line N18TG2. In
the proliferative condition, F-11 cells do not display a gene expression profile
correspondent with specific subclasses of sensory neurons, but the most significant
differences when compared with DRGs are the reduction of voltage-gated sodium,
potassium and calcium channels, and the small amounts of TRPV1 transcripts.
To investigate if functional properties of mature F-11 cells showed more similarities
with those of isolated DRG neurons, we differentiated them by serum deprivation.
Potassium and sodium currents significantly increased with differentiation, and
biophysical properties of tetrodotoxin (TTX)-sensitive currents were similar to
those characterized in small DRG neurons. The analysis of the voltage-dependence
of calcium currents demonstrated the lack of low threshold activated components.
The exclusive expression of high threshold activated Ca*" currents and of
TTX-sensitive Na* currents correlated with the generation of a regular tonic
electrical activity, which was recorded in the majority of the cells (80%) and was
closely related to the activity of afferent TTX-sensitive A fibers of the proximal
urethra and the bladder. Responses to capsaicin and substance P were also recorded
in ~20% and ~80% of cells, respectively. The percentage of cells responsive to
acetylcholine was consistent with the percentage referred for rat DRG primary
neurons and cell electrical activity was modified by activation of non-NMDA
receptors as for embryonic DRG neurons. These properties and the algesic profile
(responses to pH5 and sensitivity to both ATP and capsaicin), proposed in
literature to define a sub-classification of acutely dissociated rat DRG neurons,
suggest that differentiated F-11 cells express receptors and ion channels that are
also present in sensory neurons.
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INTRODUCTION

The F-11 cell line is a hybrid obtained by fusion of embryonic rat dorsal root ganglion
(DRG) and mouse neuroblastoma by Platika et al. (1985). These cells have been widely
used in the past years in proliferating conditions to study properties of DRG neurons, but
their transcriptomic analysis appeared only 2 years ago by means of Illumina
next-generation sequencing, revealing that their gene expression profile did not resemble
any specific defined DRG subclass (Yin, Baillie ¢» Vetter, 2016).

F-11 cells could also be differentiated into functional neurons by retinoic acid incubation
(Chiesa et al., 1997; Ambrosino et al., 2013), and by their maintenance on biocompatible
substrates (neoglucosylated collagen matrices, Russo et al., 2014). Although the acquisition
by differentiated F-11 cells of characteristic neuronal electrophysiological properties, such as
sodium, potassium and calcium currents, and action potential (AP) firing, have been
described, their properties as sensory neurons have not been documented so far.

Here, we show for the first time an exhaustive characterization of the electrophysiological
properties of F-11 cells differentiated by serum deprivation. Our aim was to investigate
if differentiated F-11 cells manifest similarities with DRG neurons in order to verify whether
they are an adequate model for studying mechanisms involved in the detection and

transmission of noxious stimuli.

MATERIALS AND METHODS

Cell cultures

F-11 cells (mouse neuroblastoma N18TG-2 x rat DRG, ECACC Cat#08062601 RRID:
CVCL_H605; Platika et al., 1985) were seeded at 60,000 cells/35 mm dish and were
maintained without splitting in low serum medium for almost 2 weeks to induce
differentiation. The complete composition of the medium was: Dulbecco’s modified
Eagle’s medium (Cat#D6546; Sigma-Aldrich, St. Louis, MO, USA), 2 mM glutamine
(Sigma-Aldrich, St. Louis, MO, USA), 1% fetal bovine serum (FBS, Cat# F2442; Sigma-
Aldrich, St. Louis, MO, USA). The cells were incubated at 37 °C in a humidified
atmosphere with 5% CO,, receiving fresh medium twice per week. F-11 cells maintained in
10% FBS medium were used as control. Morphological and functional analysis were
performed at 10-14 days of differentiation, whereas cells growing in the
non-differentiation medium underwent the same analysis at 7 days to avoid dramatic cell
death due to confluence.

Immunofluorescence

F-11 cells were plated at a density of 60,000 cells on coverslips pre-treated with gelatin
from porcine skin (Sigma-Aldrich, St. Louis, MO, USA). Cells were then maintained in
DMEM medium supplemented with 1% or 10% serum. After 10 and 7 days, respectively,
differentiated and undifferentiated cells were fixed for 10 min in 3.7% paraformaldehyde in
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phosphate-buffer saline (PBS), permeabilized for 4 min with 0.1% Triton X-100 in PBS,
and stained with monoclonal anti-NeuN/Fox3 produced in mouse primary antibody
(1:150, Cat#MAB-94161; Immunological Sciences, Rome, Italy). Incubation with
secondary antibody Cyanine3 goat anti-mouse IgG (H+L) (1:200, Cat#A10521, RRID:
AB_2534030; Thermo Fisher, Waltham, MA, USA) was maintained for 45 min. After
washout in 1x PBS, DAPI (Sigma-Aldrich, St. Louis, MO, USA) was added at the final
concentration of 1 pg/ml in 1x PBS and incubation was maintained for 10 min at room
temperature. After washing, the slides were mounted and photographed using an
A1RNikon (Nikon, Tokyo, Japan) laser scanning fluorescence confocal microscope at
40x magnification. A total of 16-20 z-stack images from 10 different fields for each
condition were taken. For this analysis three coverslips of cells maintained in 10% serum
and three coverslips of cells in 1% serum were prepared. Transmission images were
captured with a Leica TCSSP2 confocal microscope equipped with a 100x/PH3 oil
immersion objective. The images were acquired from three cultures of cells maintained in
10% serum and from three cultures of cells in 1% serum.

Functional analysis by the patch-clamp technique
Functional characterization of the electrophysiological properties of F-11 cells was
performed by the patch-clamp technique in the whole-cell configuration. For the
experiments, culture media were replaced by a standard extracellular solution which
contained (mM): NaCl 135, KCI 2, CaCl, 2, MgCl, 2, hepes 10, glucose 5, pH 7.4.
The standard pipette solution contained the following (mM): potassium aspartate 130,
NaCl 10, MgCl, 2, CaCl, 1.3, EGTA 10, hepes 10, pH 7.3. Recordings were acquired by the
pClamp8.2 software (pClamp, RRID:SCR_011323) and the MultiClamp 700A amplifier
(Axon Instruments; Molecular Devices, LLC., San Jose, CA, USA). Resting membrane
potential (V) and APs were monitored in the current-clamp mode. Cells that did not
exhibited spontaneous firing were depolarized with 1 s-long current pulses under
conditioning hyperpolarization at —75/-80 mV to verify their capability to generate
repetitive spiking. In the voltage-clamp mode, series resistance errors were compensated
for a level of up to 85-90%. Sodium (In,) and potassium (Ix) currents were recorded by
applying a standard protocol: starting from a holding potential of —-60 mV, cells were
conditioned at —90 mV for 500 ms and successively tested by depolarizing potentials in
10 mV-increments, from —80 to +40 mV. Na" and K" currents were isolated by applying
0.3-1 uM tetrodotoxin (TTX) or 10 mM tetraethylammonium (TEA) in the bath. To
determine current densities (I, and Ix), the maximal inward and outward current
intensities were respectively chosen for Na* and K* currents. Na* channel biophysical
properties of activation and inactivation were studied by using a pipette solution
containing (mM): CsF 105, CsCl 27, NaCl 5, MgCl, 2, EGTA 10, hepes 10, pH 7.3. The
voltage-dependence of activation was determined by the above mentioned protocol,
whereas for the inactivation properties the protocol consisted in a conditioning step with
amplitude from —105 to 0 mV and duration of 600 ms, followed by a test at —10 mV.
Ether-a-go-go-related gene (ERG) potassium currents (I,) were recorded by using an
extracellular solution containing a higher K" concentration (40 mM), and by imposing a
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standard protocol which, starting from an holding potential of -60 mV, conditioned the
cell membrane for 15 s from —80 to +20 mV (20 mV increments) and successively
hyperpolarized at —120 mV to evoke the tail current. Normalized tail currents were
interpolated with a Boltzmann function to obtain the activation curve. To study the
voltage-dependence of ERG channel inactivation, a stimulation protocol was applied
which, starting from a holding potential of 0 mV, applied voltage steps with duration

of ~200 ms and amplitude from +20 mV to —140 mV. ERG potassium current was
analyzed by using WAY-123,398 (1 uM) as selective blocker and CsCl (5 mM) as further
inhibitor.

Ba®* currents through voltage-dependent Ca®" channels were recorded under
conditions which suppressed Na* and K" currents: the culture medium was replaced by an
external solution composed by TEA-chloride 130 mM, BaCl, 10 mM, MgCl, 1 mM,
hepes 10 mM, TTX 1 puM, glucose 10 mM, pH 7.3; the internal pipette solution
contained CsCl 140 mM, MgCl, 4 mM, hepes 10 mM, EGTA 10 mM, Na-ATP
2 mM, pH 7.2. To examine the current-voltage relationship (IV) of Iy,, the cells were
depolarized with increasing 10 mV steps from —60 to +50 mV. Moreover, to analyze the
contribution of high threshold (Ig,high)) and low threshold (Igaow)) currents, cells were
stimulated by two different protocols: Ig,(nign) Were elicited by depolarizing pulses to 0 mV
for 150 ms from an holding potential of —~80 mV, whereas for Ip,jow) the holding potential
was imposed at —90 mV and the test potential was clamped at —50 mV. Addition of
200 pM CdCl, (Sigma-Aldrich, St. Louis, MO, USA) in the extracellular solution
confirmed that Iy, flowed through voltage-dependent calcium channels, and nifedipine
(5 uM, Sigma-Aldrich, St. Louis, MO, USA) was used to isolate the component of Iy,
through L-type voltage-dependent calcium channels.

Acetylcholine (ACh) currents were evoked by applying ACh (1 mM, Sigma-Aldrich,
St. Louis, MO, USA) and were inhibited by the nicotinic ACh receptor antagonist
d-tubocurarine (DTC, 1 uM, Sigma-Aldrich, St. Louis, MO, USA). Glutamate (1 mM,
Sigma-Aldrich, St. Louis, MO, USA), CNQX (6-cyano-7-nitroquinoxaline-2,3-dione,

10 uM, Tocris, Bristol, UK) and AP5 ((2R)-amino-5-phosphonovaleric acid, 40 pM,
Tocris, Bristol, UK) were bath applied to evaluate the functional expression of a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartic acid
(NMDA) receptors, respectively. To allow NMDA receptor activation, Mg”*-free
extracellular solution was used.

To study acidic condition responses mediated by transient receptor potential vanilloid 1
(TRPV1) non-selective cation channel and acid-sensing ion channels (ASIC), cells were
superfused with a solution containing (mM): NaCl 135, KCl 2, CaCl, 2, MgCl, 2, MES 10,
glucose 5, pH 5, or pH 6. To investigate the expression of proteins involved in nociception,
capsaicin (CAPS, 3 uM, Sigma-Aldrich, St. Louis, MO, USA) and substance P (SP,

2 uM, Sigma-Aldrich, St. Louis, MO, USA) were applied.

Data analysis
Patch-clamp experiments were performed on a minimum of two and on a maximum
of twenty independent cultures for each condition. For the analysis, Origin 8
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Figure 1 Differentiated F-11 cells express the neuronal nuclear antigen NeuN. (A, B) The panels
illustrate NeuN staining in red, DAPI in blue and the color overlay (merged) in F-11 cells maintained in
10% FBS and 1% FBS, respectively. A total of 16-20 z-stack images from for each condition were taken.
(C) Quantification of NeuN positive cells (histograms) in 10 different fields confirmed no or minor
expression of this nuclear marker in 10% FBS compared to 1% FBS cultures. Fluorescence images were
captured with a laser scanning fluorescence confocal microscope at 40x magnification. Scale bar,
20 pm. Full-size K] DOT: 10.7717/peerj.7951/fig-1

(RRID:SCR_014212; Microcal Inc., Northampton, MA, USA) and Excel (Microsoft,
Redmond, WA, USA) were routinely used. Data are presented as mean * s.e.m. Mean
comparisons were obtained using the unpaired t-test or the non parametric Mann-
Whitney test. The number of responsive cells in the two conditions was compared using
the x* test. The significance level was set for p < 0.05.

RESULTS

Neuronal differentiation of neuroblastoma F-11 cells

After 12-14 days in 1% FBS medium, F-11 cells stained positively for the neuronal nuclear
protein NeuN (Fig. 1) and about 50% of the culture was characterized by neuronal
networks of cells exhibiting typical neuronal morphology. When 1% FBS cultures were
analyzed by the patch-clamp technique, only cells with neuronal morphology showed
electrophysiological properties characteristic of mature neurons (Fig. 2). These cells,
defined as “differentiated cells” throughout the article, compared to cells maintained in
10% FBS medium (“undifferentiated cells”), had more hyperpolarized resting membrane
potentials (Vi e =50.5 £ 1.9 mV vs. —=17.1 + 3.8 mV), and exhibited increased sodium and
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Figure 2 Differentiated cells with neuronal morphology were selected for electrophysiological
recordings. (A, B) In undifferentiated F-11 cells, the round cell bodies and the absence of neuronal
processes were consistent with the lack of electrical activity. Scale bar, 20 um. (C, D) Differentiated F-11
cells showed oval cell bodies and long processes (indicated by arrows) which were consistent with the
discharge of spontaneous or induced action potentials. Scale bar, 20 pm. (E) A significantly higher
percentage of differentiated cells was able to fire action potentials compared to undifferentiated cells.
(F) Moreover, cells able to generate spontaneous spiking were significantly more represented in the
differentiated culture. Asterisks represent significance. Full-size k&l DOI: 10.7717/peerj.7951/fig-2

potassium current densities (for I,: 114 + 10.2 pA/pF vs. 42.5 + 15 pA/pF; for Ix: 181.4 +
17.9 pA/pF vs. 40.9 £ 5.5 pA/pF). Moreover, a significantly higher percentage of cells was
able to fire induced or spontaneous APs. Cells endowed with APs were 85% in
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differentiating conditions vs. 13% in control conditions (x2 test); moreover cells with
spontaneous spiking reached 61% vs. 18% (x2 test) (Figs. 2E and 2F). Therefore,

we investigated in the differentiated cells the presence of ion channels expressed in
DRG neurons.

Expression of voltage-dependent sodium and potassium channels in
differentiated cells

Sodium currents were fast and completely blocked by 1 pM TTX, indicating that
differentiated F-11 cells did not express TTX-resistant sodium currents which are conversely
present in some classes of DRG neurons. Activation and inactivation properties were
consistent with those of TTX-sensitive currents characterized in small DRG neurons by
Cummins & Waxman (1997) (for activation: V,,, = -22+05mV,k=62+04 mV,n=>5;
for inactivation: Vy, = =68 £ 2 mV, k =5+ 1 mV, n = 7) (Figs. 3A and 3B). Potassium
current kinetic and voltage-dependence (Fig. 3A) were consistent with delayed rectifier
potassium currents. Potassium current amplitude was reduced of 84% + 1% by 10 mM TEA
administration (n = 17). F-11 cells also expressed ERG potassium current I, (Figs. 3E-3G),
as already referred for undifferentiated F-11 cells in Faravelli et al. (1996) and for cells

differentiated in retinoic acid by Chiesa et al. (1997). In our conditions, I, current density

erg
significantly increased in differentiated compared to undifferentiated cells (42 + 9 pA/pF,
n=8,vs. 14 £ 2 pA/pF, n = 14). Thus voltage-dependence of activation and inactivation were
also compared. V,,, and k values for activation and inactivation in undifferentiated cells
were: —29.7 £ 2.4 and 9 mV (n = 6); —64.8 + 4.4 and 18 mV (n = 7), respectively. Activation
properties did not change in differentiated cells and were V,,, = -32 + 3 mV and k = 5mV,
n = 12. Concerning the voltage-dependence of inactivation, V;,, was =56 + 3 mV and k
was 12 mV, n = 4. I, currents from both undifferentiated and differentiated cells were
almost completely inhibited by WAY-123,398 (block fractions were respectively, 77% =+ 4%,
n==6,and 71% + 6%, n = 9).

Moreover, they were also blocked by 5 mM Cs** (mean inhibition was 70% for both
undifferentiated and differentiated cells). Cs** had no effects on the outward potassium

components, which conversely were almost completely inhibited by 10 mM TEA (Fig. 3H).

Barium currents through voltage-dependent calcium channels

In DRG neurons all the different types of voltage-dependent calcium channels have been
described, but low voltage-activated calcium currents (Ic,qow)) have been identified only
in small and medium diameter cells (Scroggs ¢ Fox, 1992). To verify the functional
expression of calcium channels in F-11 cells, whole-cell Ba’* currents were recorded under
conditions which suppressed Na" and K" currents, by adding TTX and TEA in the
extracellular solution, and CsCl in the patch-pipette (see Materials and Methods for
details). The I-V curve was determined by measuring the peak current evoked at potentials
from —60 and +50 mV. It showed a peak between —20 and —10 mV in undifferentiated
cells (n = 9) and around -10 mV in differentiated cells (n = 8) (Figs. 4A and 4B).

To discriminate between high threshold (Igy(nign)) and low threshold-activated currents
(Ipagiow))> two different protocols were applied as described in Materials and Methods.
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Figure 3 Differentiated F-11 cells expressed voltage-dependent sodium and potassium currents. (A) Sodium and potassium currents evoked by
depolarizing steps from a preconditioning potential of —-90 mV. Sodium currents were isolated by the application of the selective blocker
TTX. All sodium currents were TTX-sensitive. Potassium outward currents exhibited properties consistent with delayed rectifier currents and
they were inhibited by 10 mM TEA. (B) Activation (g/gmax empty square symbols) and inactivation (I/I,,., filled square symbols) properties of
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Figure 3 (continued)
voltage-dependent sodium channels. For activation, V,,, =-22+0.5mV, k= 6.2 £ 0.4 mV (n = 5); for inactivation: V,, =-68 +2mV,k=5+ 1 mV
(n=7). (C, D) Sodium (In,) and potassium (Ix) current densities in undifferentiated and differentiated F-11 cells. Bar graphs were overlaid with
scatter plots. Both Iy, and Ix densities were significantly higher in differentiated cells. (E-G) ERG potassium current (Io;g) density increased in
differentiated cells compared to undifferentiated cells (42 + 9 pA/pF, n = 8, vs. 14 + 2 pA/pF, n = 14) but the biophysical properties of activation
(I/Inax square symbols) were not different in differentiated cells compared to undifferentiated cells (V,/, = =32 + 3 mV and k =5 mV (n = 12) for
differentiated cells vs. Vi, = —=29.7 £ 2.4 mV and k = 9 mV (n = 6) for undifferentiated cells). Instead, the voltage-dependence of inactivation
(8/8max round symbols), was ~8 mV more depolarized in differentiated cells (V, = —56 + 3 mV and k = 12 mV (n = 4) for differentiated cells vs.
Vi =-648+44mV and k =18 mV (n =7) for undifferentiated cells). Extracellular potassium concentration in these experiments was 40 mM. (H)
Potassium current sensitivity to Cs*>" and TEA block. As represented in the middle panel, inward currents showed sensitivity to Cs** (mean
inhibition was 70% + 5%, n = 15). When TEA was administered with Cs** (right panel), outward currents were also blocked. Mean inhibition by
TEA was 76% * 2%, n = 15. The arrows indicate the enlargement of the tail currents evoked at —120 mV in the different conditions (control, during
Cs** and during Cs** and TEA coapplication). Extracellular potassium concentration was 40 mM. Asterisks represent significance.

Full-size Ka] DOT: 10.7717/peerj.7951/fig-3

Test at 0 mV from a holding potential of ~80 mV could evoke Ba>" currents in 15 out of
21 undifferentiated cells (74%); the mean current amplitude was 107 + 26 pA (current
density 3 + 0.4 pA/pF) (Fig. 4C). In differentiated cells currents had mean amplitude of
203 * 44 pA (current density 5 + 1 pA/pF, recorded in 16 out of 24 cells, Fig. 4C).

Test at —50 mV from a holding potential of —-90 mV evoked responses in neither
undifferentiated nor differentiated cells (13 and 10 cells tested, respectively), indicating
that low voltage-activated Ca®* channels were not expressed. Cadmium application

(200 uM) completely blocked I, in all the differentiated cells (n = 10) and in all the
undifferentiated cells (n = 11). The L-type voltage-gated calcium channel antagonist
nifedipine (5 pM) blocked high threshold currents equivalently in differentiated

(63% + 7% of block, 7 out of 7 cells) and undifferentiated cells (51% + 11% of block, 5 out
of 5 cells) (Figs. 4D-4F).

Capsaicin

Capsaicin, the pungent ingredient of the hot chili pepper, is the agonist of the transient
receptor potential vanilloid 1 (TRPV1) non-selective cation channel, highly expressed in
DRG sensory neurons (Goswami et al., 2006; Masuoka et al., 2017). In undifferentiated
cells, 3 uM CAPS did not evoke any response (n = 12). In differentiated cells, it induced
appreciable inward currents (220 pA) in 13 out of 62 cells (21%). Mean current amplitude
was 41 + 9 pA (current density: 1.2 + 0.3 pA/pF, n = 13). The effects of CAPS are
shown in Figs. 5A-5E. In our study, no correlation between responses and cell capacitance
was evident (mean capacitance of responsive cells: 38.2 + 2.7 pF; mean capacitance of
non-responsive cells: 38.2 + 4.4 pF).

Substance P

Substance P modulates the excitability of sensory neurons in pain pathways. In DRG
neurons it can increase or decrease excitability, by modulating ligand-gated channels
including P2X3 ATP receptors, TRPV1 CAPS receptors and ASIC3 channels, as well as
several types of voltage-gated channels (sodium, calcium and potassium channels, and the
hyperpolarization-activated I}, current). In our experiments, undifferentiated cells did
not respond to SP (n = 12). On the contrary, in differentiated cells, SP depolarized the cells
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Figure 4 Differentiated cells expressed high voltage-activated barium currents. (A, B) Depolarized
test potentials (from —60 to 50 mV) from a holding potential of —~80 mV evoked barium currents with an
I-V relationship which peaked around —10 mV in differentiated cells and between —20 and —10 mV in
undifferentiated cells. (C) Current densities showed a tendency to increase in differentiated compared to
undifferentiated cells (5 + 1 pA/pF, n = 16 cells, vs. 3 £ 0.4 pA/pF, n = 15 cells, respectively). (D) To define
the contribution of high threshold (Igs(high)) and low threshold (Igagow)) activated channels the holding
and the test potentials were varied opportunely. In both the culture conditions, test potential at 0 mV
from a holding of —80 mV evoked currents, which were completely blocked by cadmium application
(Cd, 200 pM) and partially inhibited by nifedipine (Nif, 5 uM). (E) On the contrary, no currents were
elicited by testing at —50 mV from a holding potential of ~90 mV, demonstrating that low threshold-
activated Ca®" channels were not present in cell membranes (# = 13 undifferentiated cells and # = 10
differentiated cells). (F) As shown in the histograms, nifedipine-sensitive currents were equivalently
expressed in both the culture conditions. Full-size K&] DOT: 10.7717/peerj.7951/fig-4

of about 12 mV (from —48 + 4 to —36 = 4 mV, n = 9). No cell tested underwent
hyperpolarization in presence of the substance. When tested in the voltage-clamp mode,
SP promoted small inward currents in 11 cells. Mean current amplitude calculated for
currents 220 pA was 24.5 £ 3.3 pA (n = 4) (Figs. 5F-5]). Responses to SP were recorded in
79% of cells (15 out of 19) overall. No correlation between responses to SP and cell
capacitance was evident.

Acidic solutions

Acid-sensing channels are expressed by neurons throughout the nervous system and are
involved in acidotoxicity related to several pathological conditions and the perception
of pain. F-11 cells maintained at holding potential of -70 mV responded to the application
of acidic (pH 5 and pH 6) solutions with fast inward currents (Figs. 5K-5T) which
were recorded in <40% of undifferentiated cells (pH 6: 31%, 5 out of 16 cells,
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Figure 5 Differentiated F-11 cells express receptors and ion channels of nociceptors. The representative currents and the effects on the electrical
activity evoked by capsaicin, substance P and acidic pH values are shown. (A-E) Capsaicin (CAPS) evoked responses in differentiated but not in
undifferentiated cells. (F-J) Substance P (SP) induced currents and high frequency action potential discharges in differentiated cells but had no effect
on undifferentiated cells. Responses to acidic extracellular solutions, (K-O) pH 5 and (P-T) pH 6, were recorded in all the differentiated cells and in
31% and 37% of undifferentiated cells, respectively. Cell membrane potential was clamped at =70 mV during all the experiments. Asterisks represent

Full-size K& DOI: 10.7717/peerj.7951/fig-5

significance.

mean current: 8.6 + 1.8 pA; pH 5: 37%, 6 out of 16 cells, mean current: 11.6 + 2.8 pA). On
the contrary, they were evoked in all the differentiated cells with a mean current amplitude
of 1,021 + 181 pA (n = 22) at pH 6 and of 931 + 131 pA (n = 32) at pH 5.
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Acetylcholine and nicotinic acetylcholine receptors

Functional nicotinic acetylcholine receptors (nAChRs) have been described in heterogeneous
populations of dissociated rat and mouse DRG neurons (Smith et al., 2013) and they are
known to be involved in pain modulation. The pathway in which nAChRs operate to
modulate pain is actually of great interest since it has been suggested that the anti-allodynic
effect of their agonists may have a peripheral component (Rueter et al., 2003).

In undifferentiated cells, ACh evoked currents in 14 out of 14 cells, with mean amplitude
43.6 = 12 pA at —70 mV. In differentiated F-11 cells, currents were recorded in 89% of
cells and displayed a significantly higher mean amplitude (136 + 35 pA, n = 34 out of 38).
In differentiated cells the effects of ACh administration was also evident on the resting
membrane potential (mean depolarization: +44% + 8%, n = 20). Since ACh-evoked
currents were completely inhibited by 1 uM DTG, they were consistent with nAChRs
(Figs. 6A-6D). Approximately the same percentage (70-80%) of rat DRG primary neurons
was referred to express functional nAChRs in Genzen, Van Cleve ¢» McGehee (2001).

Glutamate receptors

The localization of AMPA, Kainate, and NMDA receptor subunits has been demonstrated
in rat DRGs by immunohistochemistry and in situ hybridization histochemistry,
suggesting that the glutamatergic system plays an important role in the primary sensory
afferent systems (Safo et al., 1993). In our experiments 1 mM glutamate was effective on
only 1 out of 13 undifferentiated cells, but on 28 out of 33 differentiated cells (85%). In the
current-clamp mode, it depolarized differentiated cells of 27% + 5% (n = 14), and

in voltage-clamp recordings it evoked currents with amplitude ranging from 20 to 227 pA
(mean amplitude: 77 + 25 pA, n = 10) (Figs. 6E-6H). Currents were inhibited by

71% + 9% during CNQX and AP5 co-application. However, glutamate administration in
the Mg**-free extracellular solution and at the holding potential of ~40 mV evoked no
AP5-sensitive currents, demonstrating that differentiated F-11 cells expressed non-NMDA
receptors prevalently.

DISCUSSION

The DRG neuron-derived immortal cell line F-11 is routinely used as in vitro model of
peripheral sensory neurons. However, expression analysis of RNA transcripts using
next-generation sequencing (Yin, Baillie ¢ Vetter, 2016) has stressed the need for the
exploration on the functional receptors they present to validate this cell line as a model of
DRG neurons. In this paper, for the first time, we show an extensive characterization
by the patch-clamp technique of the functional properties of this cell line, comparing
undifferentiated cells (7 days in 10% FBS medium) with the ones differentiated by a very
simple and economic procedure, represented by cell incubation in serum deprived
medium for 10-14 days in culture.

Undifferentiated cells showed immature neuronal morphology and behavior, with low
expression of voltage-dependent channels and reduced capability of generating APs,
and did not react to CAPS and SP administration. In contrast, differentiated cells revealed
typical features of neurons (long processes and NeuN expression) and, when analyzed by
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Figure 6 Differentiated F-11 cells display responses to acetylcholine and glutamate. The representative
currents and the effects on the electrical activity evoked by acetylcholine (ACh) and glutamate (Glu) are
shown. (A-D) ACh was effective on 100% of undifferentiated and on 89% of differentiated cells and its
action was mediated by nAChRs, as demonstrated by d-tubocurarine (DTC) block. Cell membrane potential
was clamped at =70 mV. (E-H) On the contrary, the percentage of Glu-responsive cells was significantly
higher in differentiated than in undifferentiated cells. Glu-evoked effects were principally mediated by
non-NMDA receptors, since AP5 administration in Mg>'-free extracellular solution and at —40 mV did not
affected them. Asterisks represent significance. Full-size K&l DOT: 10.7717/peetj.7951/fig-6

the patch-clamp technique, they were functional, firing APs spontaneously or after current
injection, and expressing voltage-gated sodium, potassium, and calcium channels. Sodium
currents evoked in differentiated F-11 cells were consistent with those exhibited by
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primary DRG neurons, although TTX-resistant currents typical of nociceptors were not
detected. Literature refers that in dissociated rat DRG neurons, calcium currents and
calcium transients are sustained by different voltage-dependent calcium channels (N-,
P/Q-, R-type, and T-type channels), whose variable expression was related to different cell
body diameters; currents through N-type channels instead remained constant between the
diameter ranges (Scroggs ¢ Fox, 1992; Fuchs et al., 2007). In differentiated F-11 cells,
the largest barium current activated at 0 mV, and was consistent with high threshold
activated Ca®" channel subtypes, whereas no current was attributed to low threshold
activated channels. The absence of low threshold activated (T-type channels) Ca®* currents
and the expression of TTX-sensitive Na" channels in the differentiated F-11 cells of

our study correlated with the generation of a regular tonic firing of APs, as it has been
described for afferent TTX-sensitive A fibers innervating the proximal urethra and the
bladder (Yoshimura et al., 2003).

It is known that voltage-gated currents recorded from neurons are distorted due to the
lack of space clamp and in fact the results published on DRG neurons are often obtained
from cells without processes. In the simulations of all the neuronal morphologies, even
of neurons with relatively short dendrites, the membrane potential imposed at the soma
decayed by ~10-20 mV over the first 100 pm along the dendrite away from the somatic
voltage-clamp (Bar-Yehuda ¢» Korngreen, 2008). However, since indications from both
morphology and function are needed to define the level of neuronal maturation, in this
manuscript we confirmed that cells displaying elongated processes expressed the typical
electrical activity of mature neurons. Even if we are aware of the limits of our analysis
and of the distortion of the biophysical properties we described for Na*, K*, and Ca**
channels, nevertheless we show that this properties sustain a neuronal behavior which is
consistent with the one described for primary sensory neurons (see Table S1 for the
electrophysiological properties we described in undifferentiated and differentiated F-11
cells, and for the same properties referred in literature for primary DRG neurons and
for other sensory neuron models for comparison).

Concerning ligand-gated channels, we verified differentiated F-11 cell sensitivity to ACh
since nAChRs are expressed on rat DRG neurons (Genzen, Van Cleve & McGehee, 2001)
with a role in pain modulation (Rueter et al., 2003). In differentiated F-11 cells, ACh
evoked responses in 89% of recorded cells, consistent with the percentage referred by
Genzen, Van Cleve ¢» McGehee (2001) in rat DRG primary neurons. The complete
inhibition by DTC confirmed that ACh-evoked currents were sustained by nAChRs.
We also investigated the effects of glutamate, since it has been suggested that glutamatergic
system plays an important role in the primary sensory afferent pathway (Sato et al., 1993).
In fact, the localization of AMPA, Kainate and NMDA receptor subunits has been
demonstrated in rat DRGs, in the peripheral axons of small diameter fibers in the rat
and human skin, and in the peripheral terminals of primary afferent nerves innervating
somatic tissues (Sato et al., 1993; Coggeshall & Carlton, 1997; Carlton ¢ Coggeshall, 1999;
Kinkelin et al., 2000). Moreover, activation of non-NMDA receptors has been shown
to modify the electrical activity of embryonic DRG neurons (Lee ef al., 2004). In our
experiments 1 mM glutamate was predominantly effective on non-NMDA receptors.
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Capsaicin sensitivity is a hallmark of nociceptive sensory neurons and we investigated
its effect, together with the action of SP, on differentiated F-11 cells. CAPS can have
both irritating and analgesic effects (Fitzgerald, 1983). It is the agonist of the transient
receptor potential vanilloid 1 (TRPV1) non-selective cation channel, a polymodal sensor
sensitive to heat, acid pH, and irritant vanilloids, highly expressed in a subset of DRG
sensory neurons (Goswami et al., 2006; Masuoka et al., 2017). The painful sensation
induced by CAPS is consequent to its binding to TRPV1, and to Ca** and cation influx
through them, which activates several mechanisms (Takayama et al., 2015; Frias ¢
Merighi, 2016; Goswami et al., 2006). Although very small amounts of TRPV1 transcript
were identified in proliferating F-11 cells by Yin, Baillie ¢» Vetter (2016), patch-clamp
recordings revealed that CAPS was able to evoke calcium currents in roughly 30% of the
cells examined (Kusano ¢ Gainer, 1993). In our conditions, differentiation induced
responses to CAPS in 21% of cells, a percentage consistent with the one referred by Kusano
& Gainer, but inferior to the one found by Ambrosino et al. (2013) in F-11 cells
differentiated in retinoic acid.

Substance P is released by DRG neurons at regions in the CNS associated with pain
transmission, and at the periphery, where it contributes to neurogenic inflammation in
many tissues. Moreover, it can increase or decrease excitability of sensory neurons, by
modulating various ligand- and voltage-gated channels, depending on cell diameter and on
the time course of AP after-hyperpolarization (Moraes, Kushmerick ¢» Naves, 2014).

In our experiments, responses to SP were recorded in 79% of cells. When investigations
were performed in the voltage-clamp mode, SP evoked small inward currents. In the
current-clamp mode, administration of SP depolarized the cells. Contrary to rat primary
DRG neurons (Moraes, Kushmerick ¢» Naves, 2014), responses to CAPS and SP coexisted
in the same differentiated F-11 cell.

Dorsal root ganglion neurons are also sensitive to variation in extracellular pH because
of the proton-activated cation channels they express. In particular, two principal
proton-gated inward currents were recorded from them and described in literature: fast
and rapidly inactivating currents, with maximum activation at pH 6, and sustained,
slowly inactivating currents, activated only at pH below 6.2, observed exclusively in DRG
neurons responsive to CAPS (Bevan ¢ Yeats, 1991). In our work, proton activated currents
were recorded in 100% of the differentiated cells we tested.

Although F-11 cells have been classically used as a model of authentic type C peptidergic
nociceptive neurons, for their ability to synthesize and secrete SP, to express sensory
neuron antigens, functional voltage-dependent calcium channels and CAPS receptor
TRPV1 (Francel et al., 1987; Boland & Dingledine, 1990; Jahnel et al., 2001), our
experiments confirm the heterogeneity of these cells already hypothesized by Kusano ¢
Gainer (1993). Since in the past years different culture conditions have been used to
attain F-11 cell differentiation, it is possible that these conditions are responsible
for the heterogeneous characteristics described in literature.

Referring to the sub-classification of acutely dissociated cells of rat DRGs, which was
proposed by Petruska et al. (2000) by using a “current signature” method based on the
algesic profile (responses to pH5 and sensitivity to both ATP and CAPS), in our study it
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Figure 7 Algesic profile of differentiated F-11 cells. Responses to (A) pH5, (B) ATP, and (C) capsaicin
(CAPS) were investigated in differentiated cells to define the “current signature” used by Petruska et al.
(2000) to subclassify acutely dissociated cells of rat DRGs. (D-F) While all the cells responded to an
extracellular acidic solution at pH 5, no cells showed appreciable sensitivity to ATP and only a small
fraction of cells (19%) responded to CAPS. Full-size K&l DOT: 10.7717/peerj.7951/fig-7

seems that ~80% of differentiated F-11 cells showed similarities with “type 3,” CAPS and
ATP insensitive cells, whereas ~20% of cells seemed to show a partial correspondence with
“type 7,” CAPS and ATP weakly sensitive cells. As shown in Fig. 7, the cells stimulated
by pH5 responded with desensitizing currents, which were in the 50% of the cells inhibited
by 100 uM amiloride (maximum block was 89%; mean block for six cells was 57%, n = 6).
None of the cells responded at 10 uM ATP administration with appreciable currents,
whereas 19% of cells responded to 3 uM CAPS.

CONCLUSIONS

Dissociated human DRGs represent the ideal model for investigating sensory neurons and
the molecular mechanisms of pain (Valeyev et al., 1996; Dib-Hajj et al., 1999: Davidson
et al., 2014; Zhang et al., 2017). However, their limited availability and the incomplete
characterization of ion channel expression and biophysical properties force researchers
to make do with rodent DRG neurons, even if the obtained results are controversial.
Cell lines are also a debated alternative. In this paper, we show that serum deprived
differentiated F-11 cells express some ion channels described in sensory neurons.
Moreover, compared to neurons differentiated from immortalized human DRG by
Raymon et al. (1999) they represent a more accessible model, simple and less expensive.
In conclusion, differentiated F-11 cells represent a useful model for research on DRG
neurons and, since they express some ion channels and receptors that are also expressed in
sensory neurons, might be employed for studying mechanisms involved in the detection
and transmission of noxious stimuli.

ACKNOWLEDGEMENTS

We thank Dr. Michela Ceriani for immunofluorescence analysis supervision.

Pastori et al. (2019), PeerdJ, DOI 10.7717/peerj.7951 16/20


http://dx.doi.org/10.7717/peerj.7951/fig-7
http://dx.doi.org/10.7717/peerj.7951
https://peerj.com/

Peer/

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was funded by Fondo di Ateneo per la Ricerca (FARgrant) from the University
of Milano-Bicocca and by Fondo per il finanziamento delle attivita base di ricerca (FFABR)
from Italian Ministry of Education, University and Research to Marzia Lecchi. The funders
had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

Fondo di Ateneo per la Ricerca (FARgrant) from the University of Milano-Bicocca and by
Fondo per il finanziamento delle attivita base di ricerca (FFABR) from Italian Ministry of
Education, University and Research to Marzia Lecchi.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

e Valentina Pastori conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or
reviewed drafts of the paper, approved the final draft, performed electrophysiological
recordings.

o Alessia D’Aloia performed the experiments, prepared figures and/or tables, approved the
final draft, designed and performed immunofluorescence analysis.

o Stefania Blasa performed the experiments, authored or reviewed drafts of the paper,
approved the final draft, performed electrophysiological recordings.

e Marzia Lecchi conceived and designed the experiments, analyzed the data, contributed
reagents/materials/analysis tools, prepared figures and/or tables, authored and reviewed
drafts of the paper, approved the final draft.

Data Availability
The following information was supplied regarding data availability:
Data are available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.7951#supplemental-information.

REFERENCES

Ambrosino P, Soldovieri MV, Russo C, Taglialatela M. 2013. Activation and desensitization
of TRPV1 channels in sensory neurons by the PPARa agonist palmitoylethanolamide.
British Journal of Pharmacology 168(6):1430-1444 DOI 10.1111/bph.12029.

Pastori et al. (2019), PeerdJ, DOI 10.7717/peerj.7951 17/20


http://dx.doi.org/10.7717/peerj.7951#supplemental-information
http://dx.doi.org/10.7717/peerj.7951#supplemental-information
http://dx.doi.org/10.7717/peerj.7951#supplemental-information
http://dx.doi.org/10.1111/bph.12029
http://dx.doi.org/10.7717/peerj.7951
https://peerj.com/

Peer/

Bar-Yehuda D, Korngreen A. 2008. Space-clamp problems when voltage clamping neurons
expressing voltage-gated conductance. Journal of Neurophysiology 99(3):1127-1136
DOI 10.1152/jn.01232.2007.

Bevan S, Yeats J. 1991. Protons activate a cation conductance in a sub-population of rat
dorsal root ganglion neurones. Journal of Physiology 433(1):145-161
DOI 10.1113/jphysiol.1991.sp018419.

Boland LM, Dingledine R. 1990. Multiple components of both transient and sustained barium
currents in a rat dorsal root ganglion cell line. Journal of Physiology 420(1):223-245
DOI 10.1113/jphysiol.1990.sp017909.

Carbone E, Lux HD. 1987. Kinetics and selectivity of a low-voltage-activated calcium
current in chick and rat sensory neurones. Journal of Physiology 386(1):547-570
DOI 10.1113/jphysiol.1987.sp016551.
Carlton SM, Coggeshall RE. 1999. Inflammation-induced changes in peripheral glutamate
receptor populations. Brain Research 820(1-2):63-70 DOI 10.1016/5S0006-8993(98)01328-6.
Chen W, Mi R, Haughey N, Oz M, Hoke A. 2007. Immortalization and characterization of a
nociceptive dorsal root ganglion sensory neuronal line. Journal of the Peripheral Nervous System
12(2):121-130 DOI 10.1111/j.1529-8027.2007.00131 ..

Chiesa N, Rosati B, Arcangeli A, Olivotto M, Wanke E. 1997. A novel role for HERG K*
channels: spike-frequency adaptation. Journal of Physiology 501(2):313-318
DOI 10.1111/j.1469-7793.1997.313bn x.
Coggeshall RE, Carlton SM. 1997. Receptor localization in the mammalian dorsal
horn and primary afferent neurons. Brain Research Reviews 24(1):28-66
DOI 10.1016/50165-0173(97)00010-6.

Cummins TR, Waxman SG. 1997. Downregulation of tetrodotoxin-resistant sodium currents and
upregulation of a rapidly repriming tetrodotoxin-sensitive sodium current in small spinal
sensory neurons after nerve injury. Journal of Neuroscience 17(10):3503-3514
DOI 10.1523/JNEUROSCI.17-10-03503.1997.

Davidson S, Copits BA, Zhang ], Page G, Ghetti A, Gereau RW IV. 2014. Human sensory
neurons: membrane properties and sensitization by inflammatory mediators. Pain
155(9):1861-1870 DOI 10.1016/j.pain.2014.06.017.

Dib-Hajj SD, Tyrrell L, Cummins TR, Black JA, Wood PM, Waxman SG. 1999.

Two tetrodotoxin-resistant sodium channels in human dorsal root ganglion neurons.
FEBS Letters 462(1-2):117-120 DOI 10.1016/S0014-5793(99)01519-7.

Faravelli L, Arcangeli A, Olivotto M, Wanke E. 1996. A HERG-like K* channel in rat F-11 DRG
cell line: pharmacological identification and biophysical characterization. Journal of Physiology
496(1):13-23 DOI 10.1113/jphysiol.1996.sp021661.

Fitzgerald M. 1983. Capsaicin and sensory neurones—a review. Pain 15(1):109-130
DOI 10.1016/0304-3959(83)90012-X.

Francel PC, Harris K, Smith M, Fishman MC, Dawson G, Miller RJ. 1987. Neurochemical
characteristics of a novel dorsal root ganglion x neuroblastoma hybrid cell line, F-11.

Journal of Neurochemistry 48(5):1624-1631 DOI 10.1111/j.1471-4159.1987.tb05711 x.

Frias B, Merighi A. 2016. Capsaicin, nociception and pain. Molecules 21(6):797
DOI 10.3390/molecules21060797.

Fuchs A, Rigaud M, Sarantopoulos CD, Filip P, Hogan QH. 2007. Contribution of calcium
channel subtypes to the intracellular calcium signal in sensory neurons: the effect of injury.
Anesthesiology 107(1):117-127 DOI 10.1097/01.anes.0000267511.21864.93.

Pastori et al. (2019), PeerJ, DOI 10.7717/peerj.7951 18/20


http://dx.doi.org/10.1152/jn.01232.2007
http://dx.doi.org/10.1113/jphysiol.1991.sp018419
http://dx.doi.org/10.1113/jphysiol.1990.sp017909
http://dx.doi.org/10.1113/jphysiol.1987.sp016551
http://dx.doi.org/10.1016/S0006-8993(98)01328-6
http://dx.doi.org/10.1111/j.1529-8027.2007.00131.x
http://dx.doi.org/10.1111/j.1469-7793.1997.313bn.x
http://dx.doi.org/10.1016/S0165-0173(97)00010-6
http://dx.doi.org/10.1523/JNEUROSCI.17-10-03503.1997
http://dx.doi.org/10.1016/j.pain.2014.06.017
http://dx.doi.org/10.1016/S0014-5793(99)01519-7
http://dx.doi.org/10.1113/jphysiol.1996.sp021661
http://dx.doi.org/10.1016/0304-3959(83)90012-X
http://dx.doi.org/10.1111/j.1471-4159.1987.tb05711.x
http://dx.doi.org/10.3390/molecules21060797
http://dx.doi.org/10.1097/01.anes.0000267511.21864.93
http://dx.doi.org/10.7717/peerj.7951
https://peerj.com/

Peer/

Genzen JR, Van Cleve W, McGehee DS. 2001. Dorsal root ganglion neurons express multiple
nicotinic acetylcholine receptor subtypes. Journal of Neurophysiology 86(4):1773-1782
DOI 10.1152/jn.2001.86.4.1773.

Goswami C, Dreger M, Otto H, Schwappach B, Hucho F. 2006. Rapid disassembly of dynamic
microtubules upon activation of the capsaicin receptor TRPV1. Journal of Neurochemistry
96(1):254-266 DOI 10.1111/j.1471-4159.2005.03551 x.

Hall KE, Sima AA, Wiley JW. 1995. Voltage-dependent calcium currents are enhanced in dorsal
root ganglion neurones from the Bio Bred/Worchester diabetic rat. Journal of Physiology
486(2):313-322 DOI 10.1113/jphysiol.1995.sp020814.

Jahnel R, Dreger M, Gillen C, Bender O, Kurreck J, Hucho F. 2001. Biochemical characterization
of the vanilloid receptor 1 expressed in a dorsal root ganglia derived cell line. European Journal
of Biochemistry 268(21):5489-5496 DOI 10.1046/j.1432-1033.2001.02500.x.

Kinkelin I, Brocker E-B, Koltzenburg M, Carlton SM. 2000. Localization of ionotropic glutamate
receptors in peripheral axons of human skin. Neuroscience Letters 283(2):149-152
DOI 10.1016/S0304-3940(00)00944-7.

Kusano K, Gainer H. 1993. Modulation of voltage-activated Ca currents by pain-inducing agents
in a dorsal root ganglion neuronal line, F-11. Journal of Neuroscience Research 34(2):158-169
DOI 10.1002/jnr.490340203.

Lee CJ, Labrakakis C, Joseph DJ, MacDermott AB. 2004. Functional similarities and differences
of AMPA and Kainate receptors expressed by cultured rat sensory neurons. Neuroscience
129(1):35-48 DOI 10.1016/j.neuroscience.2004.07.015.

Lei Z, Li X, Wang G, Fei J, Meng T, Zhang X, YuJ, YuJ, LiJ. 2014. Inhibition of acid-sensing ion
channel currents by propofol in rat dorsal root ganglion neurons. Clinical and Experimental
Pharmacology and Physiology 41(4):295-300 DOI 10.1111/1440-1681.12215.

Masuoka T, Kudo M, Yamashita Y, Yoshida J, Imaizumi N, Muramatsu I, Nishio M,
Ishibashi T. 2017. TRPA1 channels modify TRPV1-mediated current responses in dorsal root
ganglion neurons. Frontiers in Physiology 8:272 DOI 10.3389/fphys.2017.00272.

Moraes ER, Kushmerick C, Naves LA. 2014. Characteristics of dorsal root ganglia neurons
sensitive to Substance P. Molecular Pain 10(1):73 DOI 10.1186/1744-8069-10-73.

Petruska JC, Napaporn J, Johnson RD, Gu JG, Cooper BY. 2000. Subclassified acutely dissociated
cells of rat DRG: histochemistry and patterns of capsaicin-, proton-, and ATP-activated
currents. Journal of Neurophysiology 84(5):2365-2379 DOI 10.1152/jn.2000.84.5.2365.

Platika D, Boulos MH, Baizer L, Fishman MC. 1985. Neuronal traits of clonal cell lines derived by
fusion of dorsal root ganglia neurons with neuroblastoma cells. Proceedings of the National
Academy of Sciences of the United States of America 82(10):3499-3503
DOI 10.1073/pnas.82.10.3499.

Raymon HK, Thode S, Zhou J, Friedman GC, Pardinas JR, Barrere C, Johnson RM, Sah DWY.
1999. Immortalized human dorsal root ganglion cells differentiate into neurons with
nociceptive properties. Journal of Neuroscience 19(13):5420-5428
DOI 10.1523/JNEUROSCI.19-13-05420.1999.

Rueter LE, Kohlhaas KL, Curzon P, Surowy CS, Meyer MD. 2003. Peripheral and central sites of
action for A-85380 in the spinal nerve ligation model of neuropathic pain. Pain 103(3):269-276
DOI 10.1016/s0304-3959(02)00455-4.

Russo L, Sgambato A, Lecchi M, Pastori V, Raspanti M, Natalello A, Doglia SM, Nicotra F,
Cipolla L. 2014. Neoglucosylated collagen matrices drive neuronal cells to differentiate.

ACS Chemical Neuroscience 5(4):261-265 DOI 10.1021/cn400222s.

Pastori et al. (2019), PeerJ, DOI 10.7717/peerj.7951 19/20


http://dx.doi.org/10.1152/jn.2001.86.4.1773
http://dx.doi.org/10.1111/j.1471-4159.2005.03551.x
http://dx.doi.org/10.1113/jphysiol.1995.sp020814
http://dx.doi.org/10.1046/j.1432-1033.2001.02500.x
http://dx.doi.org/10.1016/S0304-3940(00)00944-7
http://dx.doi.org/10.1002/jnr.490340203
http://dx.doi.org/10.1016/j.neuroscience.2004.07.015
http://dx.doi.org/10.1111/1440-1681.12215
http://dx.doi.org/10.3389/fphys.2017.00272
http://dx.doi.org/10.1186/1744-8069-10-73
http://dx.doi.org/10.1152/jn.2000.84.5.2365
http://dx.doi.org/10.1073/pnas.82.10.3499
http://dx.doi.org/10.1523/JNEUROSCI.19-13-05420.1999
http://dx.doi.org/10.1016/s0304-3959(02)00455-4
http://dx.doi.org/10.1021/cn400222s
http://dx.doi.org/10.7717/peerj.7951
https://peerj.com/

Peer/

Sato K, Kiyama H, Park HT, Tohyama M. 1993. AMPA, KA and NMDA receptors are
expressed in the rat DRG neurones. NeuroReport 4(11):1263-1265
DOI 10.1097/00001756-199309000-00013.

Scroggs RS, Fox AP. 1992. Calcium current variation between acutely isolated adult rat
dorsal root ganglion neurons of different size. Journal of Physiology 445(1):639-658
DOI 10.1113/jphysiol.1992.sp018944.

Sculptoreanu A, de Groat WC. 2007. Neurokinins enhance excitability in capsaicin-responsive
DRG neurons. Experimental Neurology 205(1):92-100 DOI 10.1016/j.expneurol.2007.01.038.

Smith NJ, Hone AJ, Memon T, Bossi S, Smith TE, McIntosh JM, Olivera BM, Teichert RW.
2013. Comparative functional expression of nAChR subtypes in rodent DRG neurons.
Frontiers in Cellular Neuroscience 7:225 DOI 10.3389/fncel.2013.00225.

Takayama Y, Uta D, Furue H, Tominaga M. 2015. Pain-enhancing mechanism through
interaction between TRPV1 and anoctamin 1 in sensory neurons. Proceedings of the
National Academy of Sciences of the United States of Amrica 112(16):5213-5218
DOI 10.1073/pnas.1421507112.

Valeyev AY, Hackman JC, Wood PM, Davidoff RA. 1996. Pharmacologically novel GABA
receptor in human dorsal root ganglion neurons. Journal of Neurophysiology 76(5):3555-3558
DOI 10.1152/jn.1996.76.5.3555.

Yin K, Baillie GJ, Vetter I. 2016. Neuronal cell lines as model dorsal root ganglion neurons:

a transcriptomic comparison. Molecular Pain 12:1-17.

Yoshimura N, Seki S, Erickson KA, Erickson VL, Chancellor MB, De Groat WC. 2003.
Histological and electrical properties of rat dorsal root ganglion neurons innervating the
lower urinary tract. Journal of Neuroscience 23(10):4355-4361
DOI 10.1523/JNEUROSCI.23-10-04355.2003.

Yu Y-Q, Chen X-F, Yang Y, Yang F, Chen J. 2014. Electrophysiological identification of tonic
and phasic neurons in sensory dorsal root ganglion and their distinct implications in
inflammatory pain. Physiological Research 63:793-799.

Zhang X, Priest BT, Belfer I, Gold MS. 2017. Voltage-gated Na* currents in human dorsal
root ganglion neurons. Elife 6:€23235.

Pastori et al. (2019), PeerJ, DOI 10.7717/peerj.7951 20/20


http://dx.doi.org/10.1097/00001756-199309000-00013
http://dx.doi.org/10.1113/jphysiol.1992.sp018944
http://dx.doi.org/10.1016/j.expneurol.2007.01.038
http://dx.doi.org/10.3389/fncel.2013.00225
http://dx.doi.org/10.1073/pnas.1421507112
http://dx.doi.org/10.1152/jn.1996.76.5.3555
http://dx.doi.org/10.1523/JNEUROSCI.23-10-04355.2003
http://dx.doi.org/10.7717/peerj.7951
https://peerj.com/

	Serum-deprived differentiated neuroblastoma F-11 cells express functional dorsal root ganglion neuron properties
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


