
J Physiol 592.22 (2014) pp 4969–4993 4969

Th
e

Jo
u

rn
al

o
f

Ph
ys

io
lo

g
y

N
eu
ro
sc
ie
nc
e The properties, distribution and function of Na+–Ca2+

exchanger isoforms in rat cutaneous sensory neurons

N. N. Scheff1,2,4, E. Yilmaz1,2,4 and M. S. Gold1,2,3,4

1The Center for Neuroscience, University of Pittsburgh, Pittsburgh, PA, USA
2Department of Anesthesiology, University of Pittsburgh, Pittsburgh, PA, USA
3Department of Neurobiology, University of Pittsburgh, Pittsburgh, PA, USA
4Pittsburgh Center for Pain Research, University of Pittsburgh, Pittsburgh, PA, USA

Key points

� There has been little if any systematic analysis of the Na+–Ca2+ exchanger (NCX) in sensory
neurons despite conflicting results in the literature regarding the extent to which it contributes
to the regulation of intracellular Ca2+ in these neurons.

� While the differential distribution and/or biophysical properties of NCX isoforms may
contribute to these conflicting results, only indirect evidence points to the consequences of
NCX activity on afferent function.

� NCX activity is restricted to a subpopulation of putative nociceptive neurons.
� All three NCX isoforms are expressed in putative nociceptive afferents and appear to be

differentially distributed along major neuron compartments: central axon, cell body and peri-
pheral axon.

� NCX 3 plays a dominant role in the regulation of the duration of the evoked Ca2+ transient
in the cell body, regulation of the action potential conduction velocity, and establishment of
nociceptive threshold.

Abstract The Na+–Ca2+ exchanger (NCX) appears to play an important role in the regulation of
the high K+-evoked Ca2+ transient in putative nociceptive dorsal root ganglion (DRG) neurons.
The purpose of the present study was to (1) characterize the properties of NCX activity in
subpopulations of DRG neurons, (2) identify the isoform(s) underlying NCX activity, and (3)
begin to assess the function of the isoform(s) in vivo. In retrogradely labelled neurons from the
glabrous skin of adult male Sprague–Dawley rats, NCX activity, as assessed with fura-2-based
microfluorimetry, was only detected in putative nociceptive IB4+ neurons. There were two modes
of NCX activity: one was evoked in response to relatively large and long lasting (�325 nM for
>12 s) increases in the concentration of intracellular Ca2+ ([Ca2+]i), and a second was active
at resting [Ca2+]i > �150 nM. There also were two modes of evoked activity: one that decayed
relatively rapidly (<5 min) and a second that persisted (>10 min). Whereas mRNA encoding
all three NCX isoforms (NCX1–3) was detected in putative nociceptive cutaneous neurons with
single cell PCR, pharmacological analysis and small interfering RNA (siRNA) knockdown of
each isoform in vivo suggested that NCX2 and 3 were responsible for NCX activity. Western blot
analyses suggested that NCX isoforms were differentially distributed within sensory neurons.
Functional assays of excitability, action potential propagation, and nociceptive behaviour suggest
NCX activity has little influence on excitability per se, but instead influences axonal conduction
velocity, resting membrane potential, and nociceptive threshold. Together these results indicate
that the function of NCX in the regulation of [Ca2+]i in putative nociceptive neurons may be
unique relative to other cells in which these exchanger isoforms have been characterized and it
has the potential to influence sensory neuron properties at multiple levels.
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Introduction

We have previously demonstrated marked differences
among subpopulations of dorsal root ganglia (DRG)
neurons defined by cell body size, IB4 binding and
capsaicin sensitivity with respect to the magnitude and
decay of depolarization-evoked Ca2+ transients that were
associated with differences in the relative contribution of
many of the core components of the Ca2+ signalling toolkit
(Berridge et al. 2000). These included voltage-gated Ca2+
channels, ryanodine receptor-mediated Ca2+-induced
Ca2+ release, internal Ca2+ store operation mediated
by sarco-endoplasmic reticulum ATPase (SERCA),
mitochondria, and store-operated Ca2+ entry, as well as
extrusion mechanisms such as the plasma membrane Ca2+
ATPase (PMCA) and the Na+–Ca2+ exchanger (NCX).

There are several reasons to focus on NCX for further
analysis in DRG neurons. First, there are conflicting
results in the literature regarding the extent to which
NCX activity is detectable in sensory neurons. Whereas
our data (Lu et al. 2006) and those of Verdru and
colleagues (Verdru et al. 1997) suggest that the duration of
depolarization-evoked Ca2+ transient in sensory neurons
is determined, at least in part, by NCX activity, others have
concluded that there is little if any detectable NCX activity
in either the sensory neuron cell body (Werth & Thayer,
1994), central (Wan et al. 2012; Shutov et al. 2013) or
peripheral terminals (Gover et al. 2007). Second, there has
been no systematic analysis of the biophysical properties
of NCX in sensory neurons. This is important as available
evidence from other systems suggests that, while NCX
has a higher extrusion rate than the PMCA, it should
only be active in the presence of higher concentrations
of intracellular [Ca2+]i due to a lower affinity for Ca2+
(Blaustein & Lederer, 1999; DiPolo & Beauge, 2006). This
property could account for the apparent absence of NCX
activity in sensory neurons, as the Ca2+ transients in
the ‘negative’ studies were relatively small. Biophysical
characterization of NCX activity in sensory neurons is
also important in light of recent evidence that NCX can
function in ‘reverse mode’ (Kuroda et al. 2013), a mode
that has been suggested to contribute to axon injury
observed in some forms of peripheral neuropathy (Ma,
2013). Third, there is not only evidence of the differential
distribution of NCX activity among subpopulations of
sensory neurons (we were only able to detect NCX activity

in putative nociceptive DRG neurons; Lu et al. 2006), there
is evidence of the differential distribution of NCX isoforms
among sensory neurons, where NCX2, the only isoform
detectable in sensory neurons, was restricted to those with
a small cell body diameter (Persson et al. 2010). Thus, the
selective distribution of NCX isoforms may also contribute
to the conflicting results in the literature on NCX activity
in sensory neurons. Finally, with the exception of data
on the duration of evoked Ca2+ transients and recent
evidence suggesting that NCX may act in reverse mode
to contribute to peripheral nerve injury (Persson et al.
2013), there are no data on how NCX activity influences
the normal function of sensory neurons. Therefore, the
present study was designed to begin to address this
relative dearth of information concerning the properties,
distribution and function of NCX isoforms in sensory
neurons.

A combination of approaches, ranging from the
microfluorometric and polymerase chain reaction (PCR)
analysis of isolated retrogradely labelled sensory neurons
in vitro to behavioural analysis following targeted
knockdown of NCX isoforms, were employed to address
these issues. Our results suggest that NCX, more
specifically NCX2 and 3, play a significant role in the
regulation of decay of the evoked change in [Ca2+]i at
the level of the cell body. Assays of NCX function in
the context of excitability, action potential propagation,
and nociceptive behaviour suggest NCX, in particular
NCX3 activity, influences axonal [Ca2+]i levels, resting
membrane potential, and nociceptive threshold via
mechanisms probably secondary to the regulation of
[Ca2+]i in axons and terminals.

Methods

Ethical approval

Adult male Sprague–Dawley rats (Harlan, 220–300 g) were
used for all experiments. Animals were housed two per
cage in a temperature and humidity controlled animal
facility on a 12 h:12 h light–dark schedule with food and
water freely available. All procedures were approved by the
University of Pittsburgh Institutional Animal Care and Use
Committee and performed in accordance with National
Institutes of Health guidelines as well as the principles
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of United Kingdom regulation for the use of laboratory
animals in research.

Tissue labelling

Fourteen to 17 days prior to tissue harvest, the
retrograde tracer 1,1′-dioctadecyl-3,3,3′,3′-tetramethylin
docarbo-cyanine perchlorate (DiI, Invitrogen, Carlsbad,
CA, USA) was injected into the glabrous skin of
the hindpaw to label cutaneous afferents. The tracer
was dissolved at 170 mg ml−1 in dimethylsulfoxide
(DMSO, diluted 1:10 in 0.9% sterile saline, and injected
in 3–5 subcutaneous sites using a 30 g needle for
a total volume of 10 μl per hindpaw under iso-
flurane (Abbott Laboratories, North Chicago, IL, USA)
anaesthesia.

Tissue collection and isolation

Prior to tissue removal, rats were deeply anaesthetized
with an intraperitoneal injection of a cocktail containing
ketamine (55 mg kg−1), xylazine (5.5 mg kg−1)
and acepromazine (1.1 mg kg−1). Following tissue
removal, deeply anaesthetized rats were killed by cervical
dislocation and/or bi-lateral thoracotomy. For studies
involving isolated sensory neurons, the L4–L5 DRG
were removed ipsilateral to labelling. Ganglia were
enzymatically treated, mechanically dissociated, and
neurons plated on laminin (Invitrogen; 1 mg ml−1)
and poly-L-ornithine-coated (Sigma-Aldrich, St Louis,
MO, USA; 1 mg ml−1) glass cover slips as previously
described (Lu et al. 2006). All subsequent experiments
were preformed within 8 h of tissue harvest and
only neurons containing the retrograde label DiI were
studied.

For isolated sciatic nerve recordings, rat sciatic
nerves were harvested and prepared for compound
action potential (CAP) recording as previously described
(Yilmaz-Rastoder et al. 2012). Briefly, sciatic nerves
(�30 mm) were quickly dissected and transferred to
a dish containing ice-cold Locke’s solution of the
following composition (in mM): 136 NaCl, 5.6 KCl, 14.3
NaHCO3, 1.2 NaH2PO4, 2.2 CaCl2, 1.2 MgCl2, 11 glucose,
equilibrated continuously with 95% O2–5% CO2, pH
7.2–7.4. In ice-cold oxygenated Locke’s solution nerves
were trimmed of excess connective under a dissecting
microscope. All subsequent experiments were preformed
within 24 h of tissue harvest.

Ca2+ imaging

Neurons were incubated with 2.5 μM Ca2+ indicator
fura-2 AM ester with 0.025 % Pluronic F-127 for 20 min
at room temperature. Neurons were then labelled with

FITC-conjugated IB4 (10 μg ml−1) for 10 min at room
temperature. Labelled neurons were placed in a recording
chamber and continuously superfused with normal bath
solution (mM: 130 NaCl, 3 KCl, 2.5 CaCl2, 0.6 MgCl2, 10
Hepes, 10 glucose, pH 7.4, osmolality 325 mosmol kg–1)
or a ‘Na+ free’ bath solution (mM: 130 Choline-Cl or
LiCl, 3 KCl, 10 MgCl2, 2 EGTA, 10 Hepes, 10 glucose, pH
7.4, osmolality 325 mosmol kg–1). A Na+-free solution
was used to block NCX activity by preventing NCX
from fulfilling the Na+ binding requirement for exchange
activity (Cook et al. 1998). Fluorescence data were
acquired on a PC running Metafluor software (Molecular
Devices, Sunnyvale, CA, USA) via a CCD camera (Roper
Scientific; model RTE/CCD 1300). The ratio (R) of
fluorescence emission (510 nm) in response to 340/380 nm
excitation (controlled by a lambda 10–2 filter changer;
Sutter Instruments, Novato, CA, USA) was acquired at
1 Hz during drug application. All drugs were applied
through a computer-controlled peizo-driven perfusion
system (switching time <20 ms; Warner Instruments,
Hamden, CT, USA, Fast-Step Model SF-77B). [Ca2+]i

was determined from fura-2 ratio following in situ
calibration experiment as described in detail previously
(Grynkiewicz et al. 1985; Kao, 1994; Scheff et al.
2013).

Patch-clamp electrophysiology

Gramicidin-perforated patch-clamp experiments were
carried out using a HEKA EPC9 amplifier (HEKA
Elektronik, Lambrecht/Rhineland-Pfalz, Germany). Glass
electrodes (1–4 M�) were filled with (mM) 110 potassium
methanesulfonate, 30 KCl, 5 NaCl, 1 CaCl2, 2 MgCl2,
10 Hepes, 11 EGTA, 2 Mg-ATP, and 1 Li-GTP for
current-clamp excitability recordings. The pH was
adjusted with Tris-base to 7.2 and osmolality was adjusted
with sucrose to 320 mosmol kg–1.

To obtain whole cell access for patch-clamp
experiments, a stock solution of gramicidin (1.5 mg
(100 μl)–1, Sigma-Aldrich) was prepared in DMSO. This
was diluted with electrode solution at 1:300 to give a final
concentration of 50 μg ml−1. The gramicidin-containing
electrode solution was vortexed for >15 s. No filtering
was applied. The tip of the electrode was loaded with
a small volume of gramicidin-free electrode solution in
order to avoid interference of the antibiotic with seal
formation. Gramicidin-containing electrode solution was
subsequently back-loaded. The progress of perforation
was monitored from a holding potential of −60 mV with a
10 ms step to −65 mV. Experiments were not started until
access resistance was <7 M�.

Neuronal excitability was assessed in current clamp
(Scheff & Gold, 2011) before and after a 4 s voltage
step from −60 mV to 0 mV to drive an increase
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in [Ca2+]i, and consequently an increase in NCX
activity. Resulting changes in [Ca2+]i were simultaneously
monitored with fura-2 AM-based microfluorimetry.
Series resistance compensation (>70%) was employed
for all voltage-clamp recordings. Five distinct measures
of excitability were used: the emergence of spontaneous
activity, action potential (AP) threshold, rheobase,
the response to suprathreshold current injection, and
following frequency. Spontaneous activity was assessed
at resting membrane potential (Vrest) for 30 s before and
up to 90 s after the application of Na+-free bath. Neurons
firing more than 1 AP during this period were considered
spontaneously active. The subsequent three measures were
determined with a 750 ms depolarizing square-pulse
current injection. AP threshold was defined as the
greatest depolarization reached before spike generation
in response to depolarizing current injections. Rheobase
was defined as the smallest amount of current needed to
evoke a single AP. The result to suprathreshold current
injection was determined by counting the number of
action potentials evoked in response to current 2×
and 3× rheobase. To mitigate the potential impact of
cell body size on rheobase and facilitate comparisons
between neurons, values were normalized with respect to
membrane capacitance. Following frequency was assessed
at 10, 20, and 40 Hz with 1 ms pulses 1.5-fold above
threshold (determined as with rheobase but with the 1 ms
pulse duration).

Single cell reverse transcriptase polymerase chain
reaction (RT-PCR)

Isolated neurons were prepared for single cell RT-PCR
experiments in a manner identical to that used for
patch-clamp and microfluorimetry experiments. Single
neurons were collected with large bore (30 μm) glass
pipettes and expelled into reaction tube for subsequent
cDNA synthesis via methods identical to those described
previously (Nealen et al. 2003; Zhang et al. 2012). The
cDNA generated from each neuron was used as a template
for subsequent PCR reactions. To confirm successful cell
collection and cDNA synthesis, 0.5 μl of the template
cDNA was used for the amplification of the housekeeping
gene cyclophilin. Negative controls for each round of cell
collection included two neurons in which no reverse trans-
criptase was added to the reaction mixture and two tubes
in which all other procedures were performed as if a
neuron was collected, except no neuron was collected.
Nested PCR primers (Table 1) were used in two successive
rounds of PCR amplification to assess the expression of
NCX 1, 2 and 3, to increase the sensitivity and specificity
of the PCR reaction. The ‘outer’ set of primers was used in
the first round of amplification and 2 μl of this reaction
product was used for a second round of amplification

with the ‘inner’ set of primers. Thirty-five cycles were
used for both rounds of amplification. Following agarose
gel electrophoresis, PCR reaction products were visualized
with ethidium bromide.

Western blot

L4 and L5 DRG were homogenized with Teflon tube and
mortar for less than 10 strokes in 400 μl of ice cold
radioimmunoprecipitation assay (RIPA, Pierce Thermo
Scientific, Rockford, IL, USA) buffer supplied with
protease inhibitors (aprotinin, leupeptin, pepstatin, E-64,
trypsin inhibitor, and phenylmethanesulfonyl fluoride
(PMSF), all at a final concentration of 2 ng ml−1 except
PMSF, which was used at a final concentration of 1 mM).
All protease inhibitors were obtained from Sigma-Aldrich.
Lysates were collected in 0.5-ml tubes. Teflon tubes
were rinsed with RIPA buffer and the solutions were
combined with the lysates previously collected. Lysates
were centrifuged for 5 min at 10,000 rpm (9600 g) at 4°C.
Protein concentration was determined via bicinchoninic
acid (BCA) protein assay using a BCA assay kit (Thermo
Scientific). Lysates were then mixed with Laemmli buffer
(2×, 400 μl + 100 μl β-mercaptoethanol) and boiled for
5 min before loading. Protein (30 μg) from one animal was
then loaded per lane and separated on a 7 % SDS–PAGE gel
and transferred to nitrocellulose membrane. Membranes
were blocked with 5% milk for 1 h at room temperature
and then incubated with primary antibody at 4°C over-
night (1:100 for R3F1 (anti-NCX1),1:200 for W1C3
(anti-NCX2), and 1:100 for anti-NCX3 (cat no. LS-B5775,
LifeSpan Biosciences, Inc., Seattle, WA, USA), diluted
with 5% milk–Tris-buffered saline with Tween 20
(TBST, Sigma-Aldrich). The blots were washed and
then incubated with peroxidase-conjugated secondary
antibody (1:2000 in 5% milk–TBST, Jackson Immuno-
Research Laboratories Inc. West Grove, PA, USA) for
an hour at room temperature. An ECL kit (Amersham
Biosciences, Piscataway, NJ, USA) was used for detection
of immunoreactivity, luminescence data were collected on
an LAS3000 imager (Fujifilm Inc., Japan), and analysed
with ImageJ (NIH). Both antibodies used to detect NCX1
and NCX2 were gifts from Dr Kenneth Philipson of
University of California Los Angeles. Both antibodies
have been characterized by Dr Philipson and colleagues
in heterologous expression systems and hippocampal
cultures, where R3F1 (anti-NCX1) detects a prominent
band at 120 kDa and minor bands at 70 kDa and 50 kDa,
and W1C3 (anti-NCX2) detects only one prominent band
at 60 kDa. There appears to be no cross-reactivity between
isoforms (Thurneysen et al. 2002b; Papa et al. 2003).
Furthermore, the specificity of the anti-NCX2 antibody
was confirmed in NCX2 null mutant mice (Jeon et al.
2003).
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Table 1. PCR primers

Target Accession # Position Start Sequence

NCX1 NM 001270778.1 Outer 1771 F: AGGGGAGGACTTTGAGGACA
2075 R: TCCTCCTCCTCTTTGCTGGT

Inner 1779 F: GGAGGACTTTGAGGACACCTG
2068 R: TCCTCTTTGCTGGTCAGTGG

NCX2 NM 078619.1 Outer 1954 F: TTCTTGGGGAGAACTGTCGC
2379 R: GCAAACGTGTCAGGGATGGA

Inner 2065 F: CACTCATGGAGGGAGCAGTTT
2270 R: AGGATGCAGACACCAAAGCA

NCX3 NM 078620.1 Outer 2681 F: TGCCCTTGGTGAACCGAAAT
3263 R: CATACACATCCTGCAGGGCA

Inner 2763 F: ATGGAGGAAGAGGAGGCCAA
3263 R: CATACACATCCTGCAGGGCA

Compound action potential (CAP) recordings

Isolated sciatic nerve recording was performed at room
temperature. The isolated nerve was mounted in a
recording chamber such that the distal end was laid over
two platinum stimulating electrodes immersed in mineral
oil and isolated from the central portion of the nerve
with a grease-gap. A glass suction electrode connected to a
differential preamplifier (WPI model DAM-80, Sarasota,
FL, USA) was used to isolate the central end of the
nerve. The remainder of the nerve (�15–20 mm) was
superfused continuously (2–5 ml min−1) with oxygenated
Locke’s solution with and without drugs delivered via a
gravity-driven perfusion system. CAPs were evoked with
electrical pulses 0.2–0.5 ms in duration applied at 0.1 Hz
unless otherwise indicated, where the stimulus amplitude
was �2× that needed to evoke a maximal amplitude
C-fibre component of the CAP. CAP data were filtered at
2 kHz and sampled at 20 kHz via a CED 1401 Micro A/D
converter, and acquired and analysed using CED Spike 2
version 5 for MS Windows (CED, Cambridge, UK). CAP
data were rectified and the average of six consecutive CAPs,
were integrated to quantify A- and C-fibre components
as area under the curve (AUC). The A-fibre deflection
of the CAP (A-wave) was easily distinguished from that
associated with the C-fibre deflection (C-wave) because of
the time delay between the arrivals of the two waves at the
recording electrode.

siRNA and IB4–saporin injections

Slc8a ON-TARGETplus SMARTpool siRNAs (Thermo
Scientific, Pittsburgh, PA, USA) were tested for their ability
to knock down expression of individual isoforms of NCX
in cultured L4-L5 DRG neurons where the extent of
knockdown was assessed with PCR. Catalogue numbers
for each isoform are as follows: NCX1 (LQ-091320-02),
NCX2 (LQ-094819-02), NCX3 (LQ-094821-02). The

siRNA sequence that produced the largest decrease in the
expression of the targeted isoform was chosen for sciatic
nerve injection with the transfection agent, lipofectamine
(Invitrogen). At least 7–10 days after DiI injection, rats
were deeply anaesthetized with isoflurane. The hair over
the back of the thigh was shaved and blunt dissection was
used to separate the hamstring muscle exposing the sciatic
nerve. A subfasicular injection of 4–6 μl 1:1 lipofectamine
to NCX-targeted siRNA or control siRNA was made using
a 33 g needle. For Ca2+ imaging experiments, DRG were
isolated as described above 6 days after siRNA injection.
The extent of the knockdown was assessed with Western
blot analysis of the sciatic nerve.

Methodology for the IB4–saporin and siRNA
co-injections was adapted from Vulchanova et al. (2001).
Under deep anaesthesia, the left sciatic nerve was exposed
and a subfasicular injection of 10 μl consisting of either a
mixture of 5 μl control or NCX3 siRNA (1:1 lipofectamine
to siRNA) and 5 μl IB4-conjugated saporin (400 μg ml−1)
or unconjugated IB4 and saporin (2.5 μl IB4 (280 μg ml−1,
71%) + 2.5 μl saporin (120 μg ml−1, 29%) was slowly
infused using a 33 g needle at a rate of 10 μl min−1. IB4+
fibre loss was confirmed using IB4–FITC (Sigma-Aldrich)
staining of 25 μm sections of the spinal cord lumbar
enlargement.

Nociceptive behaviour

Testing for each group of rats was initiated at the same
time of day with no more than two groups (12 rats) being
tested on any given day. Rats from each experimental
and control group were randomized between testing
sessions. Rats were habituated to the testing procedure
and experimenter for 3 days before the collection of base-
line data. Habituation consisted of moving the rats from
their home room to the testing room, handling the rats,
and placing them in the testing apparatus for 30 min. The
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testing apparatus consisted of a row of six clear acrylic
enclosures (4 in (�10.2 cm) wide, 75/8 in (19.4 cm) long,
and 5 inches (12.7 cm) high). Opaque dividers separated
the enclosures. On testing days, rats were loaded in their
enclosures and given 10 min of habituation before the
initiation of data collection. All behavioural data were
collected by an investigator blinded to the details of the
nerve injection.

For the test of mechanical sensitivity, acrylic enclosures
sat atop anodized aluminum mesh (¼ in (6.4 mm) waffle
hole). An electronic Von Frey anaesthesiometer (IITC
Plantar Test Analgesia Meter 2390; IITC Life Sciences
Inc., Woodland Hills, CA, USA) fitted with a rigid tip
(1.0 mm tip diameter) was used to assess changes in
mechanical threshold. The tip was applied to the glabrous
skin of the hindpaw with steady vertical pressure until
the rat withdrew from the stimulus or until the paw was
lifted off the mesh floor (at �70 g). The greatest force
generated before withdrawal was recorded. This procedure
was repeated three times, and the average of the three
measures for each paw was considered the withdrawal
threshold.

Thermal withdrawal latency was determined using
a plantar analgesia meter (IITC Life Sciences). Acrylic
enclosures sat atop a glass surface maintained at 30°C.
A light beam was focused onto the middle of the ventral
surface of each hindpaw and the amount of time lapsed
until the animal withdrawals the paw cut-off (20 s) was
reached.

Chemicals and reagents

DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbo-
cyanine perchlorate) was purchased from Invitrogen
(Carlsbad, CA, USA). Fura-2 acetoxymethyl (AM) ester
(2.5 mM stock in DMSO) and Pluronic F-127 (0.025 % in
water) were purchased from TEF Laboratories (Austin,
TX, USA). FITC-conjugated isolectin B4 (FITC-IB4) was
purchased from Sigma (St Louis, MO, USA). KB-R7943
and SN-6 were purchased from R&D Systems, Inc.
(Minneapolis, MN, USA) and SEA0400 was purchased
from ChemScene, LLC (Monmouth Junction, NJ, USA).
All NCX inhibitors were dissolved to a 100 mM stock
concentration in DMSO (Sigma-Aldrich, St Louis, MO,
USA). Saporin (unconjugated and IB4 conjugated) was
purchased from Advanced Targeting Systems (San Diego,
CA, USA).

Statistical analysis

Data are expressed as means ± SEM. Student’s t
test was used for simple comparison between groups.
For experiments involving the application of test
compounds, vehicle controls were always included.
Concentration–response data for NCX blockers were fitted

with a modified Hill equation: Emax × Dn/(Dn + EC50
n),

where Emax is the maximal increase in the duration of
the evoked Ca2+ transient, D is the concentration of
NCX blocker, EC50 is the concentration of NCX blocker
producing a response 50% of maximal, and n is the
Hill coefficient. One- and two-way ANOVA was used for
analysis of more than two groups with the Holm-Sidak
test used for post hoc analysis. Statistical significance was
assessed at P < 0.05.

Results

NCX contributes to the decay of the evoked Ca2+

transient in IB4+ small diameter cutaneous DRG
neurons

We initially screened cutaneous (DiI+) DRG neurons
for the presence of NCX activity by comparing high K+
(30 mM, 4 s)-evoked Ca2+ transients before and after
blocking NCX using Na+-free bath solution (Fig. 1A). A
neuron was considered to have NCX activity if application
of Na+-free bath produced an increase in the duration of
the evoked Ca2+ transient, assessed as time to decay to 50%
of the peak, or T50, >20% above baseline. Consistent with
our previous results in unlabelled DRG neurons (Lu et al.
2006), NCX activity was only detected in a subpopulation
of the cutaneous neurons: those with a small cell body
diameter (�30 μm), that were IB4+, and were, in general
(29/34), responsive to 500 nM capsaicin (Cap). In this
subpopulation of IB4+ (n = 34) neurons, blocking NCX
activity had no effect on the magnitude of the evoked Ca2+
transient, but was associated with a significant increase in
duration (529.22 ± 12.68 %, Fig. 1B). In contrast, blocking
NCX activity in IB4– neurons (n = 15) had no effect on
either the magnitude or duration of the evoked Ca2+ trans-
ient (Fig. 1B). Failure to detect NCX activity was not due
to differences in the magnitude of Ca2+ transient used
to assess the presence of activity (Fig. 1B). Comparable
results were obtained with Na+-free bath solution in which
Na+ was replaced with Li+ or choline (Fig. 1C), arguing
against non-specific effects of Li+ on the regulation of
[Ca2+]i. Lastly, there was no significant difference between
IB4+ and IB4– neurons with respect to resting [Ca2+]i

which was 104.02 ± 4.31 nM and 111.04 ± 3.98 nM,
respectively.

Biophysical properties of NCX in putative nociceptive
cutaneous neurons

NCX is described as a low affinity Ca2+ extrusion
mechanism and evidence from other systems suggest that
it is only activated with relatively large increases in [Ca2+]i

(Blaustein & Lederer, 1999; Hilge, 2012). Furthermore,
if NCX has a relatively high threshold for activation in
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sensory neurons, this biophysical property could explain
the apparent inconsistencies among previous studies of
sensory neurons as to whether NCX contributes to the
regulation of evoked Ca2+ transients (Verdru et al. 1997;
Thayer et al. 2002; Lu et al. 2006; Usachev et al. 2006).
We therefore sought to characterize the relationship
between [Ca2+]i and NCX activity in putative nociceptive
cutaneous neurons. To address this issue, neurons (n = 20
to 40) were challenged with high K+ applied at durations
increasing from 250 ms to 4 s, before and after Li+-induced
block of NCX (Fig. 2A). The stimulus duration-dependent
increase in the peak of the evoked Ca2+ transient was well
described by a single exponential with a time constant of
1.25 ± 0.08 s, and this was not changed by NCX block
(Fig. 2B). The stimulus duration-dependent increase in
the decay of the evoked transient was more complex,
with a marked increase in transient duration detectable
as the duration of high K+ application was increased
from 1 to 2 s. This transition was further highlighted
by NCX block (Fig. 2C), where a Li+-induced increase
in transient duration was readily apparent in response
to a 2 s high K+ application. Consistent with our pre-
vious results indicating that there are distinct mechanisms
in sensory neurons responsible for the regulation of the
magnitude and duration of evoked Ca2+ transients, the
magnitude of the evoked transient was saturated by a 2 s
high K+ application, at 403.7 ± 20.9 nM, while there was
still a �60% increase in duration of the evoked transient
between 2 and 4 s of application.

Interestingly, even within the subpopulation of putative
nociceptive cutaneous neurons, there was heterogeneity

with respect to the duration of high K+ application at
which NCX activity was detectable. To illustrate this
point, we plotted the percentage of neurons responsive
to NCX block, as determined by an increase (>20%) in
T50 of the high K+-evoked transient, as a function of the
duration of high K+ application (Fig. 2D). While NCX
activity was detectable in all neurons following a 4 s
high K+ application, NCX activity was only detectable
in 62% of these with a 2 s high K+ application. Not
surprisingly, there was no difference with respect to
the magnitude of the Ca2+ transient evoked between
neurons in which NCX activity was (2 s-responder)
or was not (2 s-non-responder) detected with a 2 s
high K+ application (Fig. 2E; 267.25 ± 15.03 nM and
265.06 ± 17.61 nM, respectively). However, there was
a significant difference between 2 s-responders and
2 s-non-responders with respect to the duration of the
2 s high K+-evoked transient (Fig. 2F; 27.42 ± 2.11 s and
12.39 ± 1.74 s, respectively; P < 0.05).

We performed a more detailed analysis of the evoked
Ca2+ transient in 2 s-responder and 2 s-non-responder
neurons to determine whether it was possible to define a
‘threshold’ for NCX activation. Because the duration of the
Ca2+ transient in 2 s-responders was so much longer than
that in 2 s-non-responders (Fig. 3A), we analysed Ca2+
transients for each neuron as a function of the duration at
which the transient was at or above an [Ca2+]i ranging
from 275 to 400 nM. Increments of 25 nM Ca2+ were
used, as they appeared to provide sufficient resolution to
detect a separation between subpopulations of neurons.
For example, there was a separation in the time spent
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Figure 1. NCX activity in isolated cutaneous DRG neurons
A, high K+ (30 mM for 4 s) evoked Ca2+ transients in small diameter (�30 μm) retrogradely labelled (DiI+),
capsaicin sensitive (Cap+), IB4+ (top trace) and IB4– (bottom trace) DRG neurons before and after NCX block with
a bath solution in which Na+ was replaced with Li+. B, pooled magnitude (�[Ca2+]i) and decay (time to 50%
decay from peak, or T50) of high K+ evoked Ca2+ transient data from the two populations of neurons illustrated
in A (DiI+ small diameter Cap+ neurons that were either IB4+ (n = 34) or IB4– (n = 15)). The increase in the
duration of the evoked transient was only observed in IB4+ neurons. C, pooled magnitude and decay of high K+
evoked Ca2+ transient data from DiI+/IB4+ neurons before (Na+) and after block of NCX with Li+ (n = 20) or
choline (Cho+, n = 14) replacement. Pooled data in this and subsequent figures are plotted as means ± SEM
unless otherwise indicated. ∗∗P < 0.01
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at or above 325 nM Ca2+ between 2 s-responders and
2 s-non-responders as the transient in 2 s-responders was
at or above 325 nM Ca2+ for 13.4 ± 2.5 s (n = 20),
compared to 7.00 ± 2.2 s (n = 14) in 2 s-non-responders
(P < 0.01, Fig. 3B). This separation was further increased
in Na+-free bath. Since the 2 s-non-responders became
responders with a 4 s high K+ application, we repeated this
analysis for 2 s-non-responders comparing the response
to 2 s and 4 s high K+ applications to determine if
the ‘threshold’ of NCX activation was comparable in
this group of neurons to that of the 2 s-responders
(Fig. 3C). An [Ca2+]i at or above 325 nM was again
the separation point for the amplitude–duration plots
(which increased from 4.0 ± 0.9 s to 12.0 ± 2.9 s
(n = 10) with 2 and 4 s of high K+, respectively). This
separation was again further augmented in the presence
of Na+-free bath. Both sets of data suggest that NCX
activity may be evoked in putative nociceptive cutaneous

neurons with Ca2+ transients �325 nM for a duration of
�12 s.

In our initial analysis of the 2 s high K+ data set, we
identified a subset of 2 s-responders (8/20) that had evoked
Ca2+ transients in normal bath solution with parameters
comparable to those of 2 s-non-responders (i.e. note the
overlap in the scatter plot in Fig. 2F). However, the resting
[Ca2+]i appeared to be the unique feature in this group of
2 s-responders as it was increased following application of
Li+ bath (Fig. 3D). Pooled data indicate that this increase
in resting [Ca2+]i was significantly (P < 0.01) greater
than changes observed in the other 2 s-responders or
2 s-non-responders (Fig. 3E). In this ‘Li+ recruited’ group
of neurons, the evoked transient amplitude–duration plot
again revealed a significant increase in the duration of
the transient at or above 325 nM Ca2+ in the presence
of Li+ (Fig. 3F). In these Li+ recruited neurons, the
2 s-evoked Ca2+ transient resembled a ‘non-responder’,
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Figure 2. Properties of the Ca2+ transient necessary for the detection of NCX activity
A, high K+ (30 mM) was applied to a cutaneous putative nociceptive neuron for stimulus durations ranging
between 250 ms and 4 s, before and after NCX block with Na+-free bath solution (dashed line). The open
rectangles indicate the first of three fixed-duration pulses of high K+ (30 mM). B, the peak evoked response from
neurons (n = 40) stimulated as in A before (Na+) and after (Li+) NCX block, plotted as a function of the high K+
application duration. C, the duration, as assessed with the T50, of the evoked response of the neurons plotted in B,
before (Na+) and after (Li+) block of NCX. D, a cumulative histogram of the neurons illustrated in B and C, analysed
as a percentage of neurons studied (n = 32) in which NCX block resulted in an increase in the transient duration
(% Responders to Li+) plotted as a function of the stimulus duration. A neuron was considered a responder if NCX
block resulted in a 20% increase in the evoked transient duration (T50) over the baseline response. Because there
appeared to be a group of neurons in which application of Li+ resulted in an increase in baseline [Ca2+]i and we
were originally interested in evoked NCX activity, these neurons were not included in this analysis. Scatter plots
of the magnitude (E) and decay (F) of the evoked Ca2+ transient in neurons with (2 s-Resp, n = 20) and without
(2 s-Non-Resp, n = 14) evidence of NCX activity in response to a 2 s application of high K+.
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such that it did not fulfil the amplitude–duration criteria
that appears to be necessary to engage NCX activity.
However, the Li+-induced increase in [Ca2+]i enabled a
2 s depolarization to engage NCX. This group of neurons
provided the first evidence of two modes of NCX activity:
one evoked in response to relatively large and long-lasting
Ca2+ transients and a second in which a resting NCX
activity contributes to the maintenance of the baseline or
resting [Ca2+]i.

We next sought to determine whether NCX activity
persists once activated, and if so, for how long. We assumed
that, as with PMCA, which appears to be constitutively
active in sensory neurons to counter what appears to be
a persistent Ca2+ leak (Rigaud et al. 2009), inhibition of
NCX would result in an increase in [Ca2+]i. We could
then monitor the duration of NCX activity following high
K+ application with brief (60 s) applications of Li+ to
temporally inactivate NCX activity if present (Fig. 4A).
Li+ bath was applied before and at 5 min intervals after

two consecutive high K+-induced transients until Li+
application resulted in no change in [Ca2+]i. This protocol
revealed two subsets of neurons: those with a Li+-induced
increase in [Ca2+]i prior to 4 s depolarization (Resting
NCX activity n = 14) and those without (n = 24).
Furthermore, within the ‘no resting NCX activity’ subset,
there was a group of neurons (14/24) in which the evoked
NCX activity recovered relatively rapidly so that Li+
challenge before and after the high K+-evoked transient
resulted in no change in [Ca2+]i. The remaining neurons
in the ‘no resting activity’ subset (10/24), appeared to
have evoked NCX activity that persisted well beyond full
recovery to baseline [Ca2+]i levels so that Li+-evoked
transients were detectable for up to 10 min after the 4 s
stimulus (Fig. 4A and B). Within the subset of neurons
with resting NCX activity, there was a group of neurons
(9/14) in which evoked NCX activity appeared to recover
rapidly: a Li+-evoked Ca2+ transient was clearly detectable
prior to high K+ challenge, but there was no change in
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Figure 3. Ca2+ transient parameters associated with evoked NCX activity
A, high K+ (30 mM, 4 s) evoked Ca2+ transients from an IB4+ (continuous trace) and an IB4– (dashed trace)
cutaneous DRG neuron, in which a concentration of 325 nM Ca2+ is indicated to provide a benchmark to evaluate
the amplitude–duration relationship. B, pooled transient amplitude–duration (time elapsed at or above a level
[Ca2+]i) data for the 2 s-responders and 2 s-non-responders analysed in Fig. 2E and F, where transient duration
data before and after Li+ application are plotted. The evoked transient for each neuron was analysed as a function
of the duration at which the transient was at or above concentrations ranging from 275 to 400 nM using increments
of 25 nM Ca2+. C, data for the 2 s-non-responders in B (in response to the 2 s high K+ application) are replotted
along with the average amplitude–duration data for these neurons in response to the 4 s high K+ application (4 s
High K+), before (Na+) and after (Li+) NCX block. D, evoked NCX activity was detected in a third subset of neurons
in which application if Li+ resulted in an increase in resting [Ca2+]i (arrow). Inset: evoked Ca2+ transients before
(dashed line) and after (continuous line) NCX block. E, pooled data demonstrating the significant shift increase in
resting [Ca2+]i with application of Li+ in a subset of neurons (Li+ Recruited, P < 0.01, n = 8) in which evoked
NCX activity was subsequently detected. F, pooled amplitude–duration data for the subset of neurons in which
the Li+-induced increase in resting [Ca2+]i resulted in the recruitment of evoked NCX activity.
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the magnitude of the Li+-evoked transient after the 4 s
stimulus (Fig. 4B). Finally, in the remaining neurons in the
subset with resting NCX activity (5/14), there was evidence
of both resting NCX activity (i.e. a Li+ transient prior to
high K+ challenge) and persistent evoked activity in which
there was an increase in the magnitude of the Li+-evoked
transient after the 4 s stimulus (Fig. 4A and B). Analysis
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Figure 4. Characterization of ‘resting’ NCX activity in putative
nociceptive cutaneous DRG neurons
A, examples of neurons in which Ca2+ transients were evoked with
Li+. In one neuron (top trace), Li+ (1 min) evoked transients were
only detected after stimulating the neuron with high K+ and the
amplitude of these transients decayed over time. In the second
(bottom trace), Li+-evoked transients were evoked before and after
stimulating the neuron with high K+. In this neuron, the amplitude
of the Li+-evoked transient increased following high K+ stimulation,
but decayed to baseline levels over time. B, the amplitude of the
Li+-evoked transient in 4 types of putative nociceptive cutaneous
DRG neurons are plotted as a function of time relative to high K+
stimulation as illustrated in A, where 0 is before and 15 indicates
15 min after high K+-induced depolarization. C, resting [Ca2+]i data
for the four groups of neurons plotted in B, where resting [Ca2+]i
was determined 10 s prior to Li+ application.

of the resting [Ca2+]i in these four subpopulations of
neurons indicated that resting NCX activity was present in
neurons with baseline [Ca2+]i > 150 nM (Fig. 4C). Inter-
estingly, despite the fact that the Li+-evoked transients
were no longer detectable 15 min after high K+ challenge
in neurons in which evoked NCX activity appeared to
persist (Fig. 4B), there was no evidence of recovery of
resting [Ca2+]i to baseline levels in this subpopulation
(Fig. 4C). Similarly, there was no significant increase in
resting [Ca2+]i in neurons with resting NCX activity in
which there appeared to be a persistent evoked NCX
activity. Taken together, these data lend further support
to the suggestion that there are at least two distinct pools
of NCX in putative nociceptive sensory neurons.

NCX expression in isolated cutaneous sensory
neurons

The results of our biophysical characterization of
NCX activity in putative nociceptive cutaneous neurons
suggested that there is considerable heterogeneity in
the properties of NCX both within and between
putative nociceptive cutaneous neurons. Because of
evidence suggesting that NCX isoforms have different
properties (Thurneysen et al. 2002b; Jeon et al.
2003; Molinaro et al. 2011), we next sought to
determine whether the heterogeneity in functional
properties might be due, at least in part, to a
differential expression of NCX isoforms. PCR analysis
of NCX isoform expression of mRNA extracted for
whole DRG indicated that not only are all three
isoforms expressed in DRG, but at least two splice variants
of NCX1 and NCX3 were detectable as well (Fig. 5). To
confirm NCX expression in putative nociceptive neurons,
single cell PCR analysis was performed. Results of this
analysis indicated that mRNA encoding all three NCX iso-
forms is present in the vast majority of DRG neurons from
L4/L5 DRG (Fig. 5) including two splice variants of NCX1
and two of the three splice variants of NCX3.

Because the presence of mRNA does not necessarily
indicate the presence of functional protein, we next sought
to determine which isoforms were functional within
the isolated cell body. High K+ was applied for 4 s to
putative nociceptive cutaneous neurons before and after
application of three different NCX inhibitors, KB-R7943,
SEA0400, and SN-6 (Fig. 6A). These inhibitors were
chosen based on their relative selectivity for individual
isoforms. In transfected fibroblasts, when NCX is
functioning in the reverse mode, KB-R7943 has been
shown to block NCX3 with a higher potency than NCX1
or 2, whereas SEA0400 and SN-6 have been shown to block
NCX1 with higher potency than NCX2 and 3 (Iwamoto
& Shigekawa, 1998; Watanabe et al. 2006). There is
currently no commercially available NCX2 selective
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blocker. KB-R7943 produced a concentration-dependent
increase in the duration of the high K+-evoked transient
(Emax = 107.25 ± 20.36 s; EC50 = 0.045 ± 0.01 μM,
Fig. 6B). The impact of KB-R7943 on the duration of the
evoked Ca2+ transient appeared to be specific for NCX
block as the application of KB-R7943 (100 nM) in the
presence of Li+ bath resulted in no further change in the
duration of the evoked transient (−2.26 ± 1.58 %, n = 8).
While 100 nM was not quite a saturating concentration
of KB-R7943 in cutaneous putative nociceptive neurons,
this concentration was used in subsequent experiments
for two main reasons. First, because NCX blocker
‘selectivity’ is concentration dependent, we wanted to
use a concentration that was likely to provide the best
combination of block and selectivity based on results
previously reported by Kuroda and colleagues (Kuroda
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Figure 5. NCX isoform expression in DRG
RT-PCR was used to screen for the presence of NCX1, 2 and 3 in
mRNA extracted from whole ganglia and isolated putative
nociceptive cutaneous DRG neurons. Images of ethidium
bromide-stained agarose gel loaded with molecular weight marker
(lane 1) and then as indicated where Control 1 is a no-cell control
and Control 2 is a single neuron in which no reverse transcriptase
was included in the reverse transcriptase reaction prior to PCR
amplification, and Cells 1–5 are products from single putative
nociceptive cutaneous DRG neurons.

et al. 2013). Second, we observed what appeared to be
non-specific effects of all three blockers at concentrations
>5 μM, as had been described by others (Iwamoto et al.
1996; Birinyi et al. 2005; Niu et al. 2007). Thus, we also
sought to minimize the potential for non-specific actions
of the blocker. To estimate the fraction of total NCX
activity blocked by KB-R943, we compared the maximal
increase in the decay of the evoked Ca2+ transient to
that produced by Na+-free block. At 100 nM, KB-R7943
inhibited 67.4 ± 0.1 % of total NCX (Fig. 6C). Neither
SEA0400 nor SN-6 produced a detectable change in
resting Ca2+ (Fig. 6A) or the evoked (Fig. 6B) Ca2+
transient at concentrations between 1 nM and 1 μM, at
and above those thought to be specific for NCX1.

Previous studies suggest that Li+ bath activates NCX
in the reverse mode (Annunziato et al. 2004). However,
as suggested earlier, we attributed the change in baseline
resting [Ca2+]i with application of Li+ bath (Fig. 3D)
to inhibition of resting NCX activity and a subsequent
build-up of Ca2+ from a persistent Ca2+ leak. In support
of this hypothesis, application of 100 nM KB-R7943 also
resulted in a �20% increase in baseline resting [Ca2+]i

(�[Ca2+]i = 31.16 ± 4.8 nM) in 15 of the 29 neurons
tested (Fig. 7).

To further assess the relative contribution of NCX
isoforms to resting and evoked NCX activity, we used
siRNA to selectively knock down expression of each iso-
form. Targeted or control siRNA was injected into the
sciatic nerve 6 days prior to the harvest and dissociation
of DRG neurons for assessment of NCX activity. The
extent of the knockdown was estimated using Western
blot analysis of the sciatic nerve (Fig. 8A). A single intra-
neural injection of targeted siRNA resulted in a decrease
in NCX protein of 57.44 ± 3.36%. Importantly, Western
blot analysis confirmed the specificity of each siRNA
construct, where the only significant change in each
isoform was in response to the appropriately targeted
siRNA (Fig. 8A). Consistent with results obtained with
SEA0400 and SN-6, NCX1 knockdown was associated
with no detectable changes in resting or evoked Ca2+
transients, or in the changes observed in response
to Na+-free bath or 100 nM KB-R7943 application
(T50 = 100.55 ± 11.8 s and 65.9 ± 12.1 s, respectively)
compared to the effect of NCX inhibition in neurons from
naive or control-targeted siRNA-treated rats (Fig. 8B).
Results with NCX3 knockdown were also consistent
with pharmacological results, where, in contrast to
NCX1 siRNA-treated rats, evidence of evoked NCX
activity in putative nociceptive cutaneous neurons was
significantly attenuated (Fig. 8B). NCX3 knockdown was
also associated with a significant suppression of the effects
of 100 nM KB-R7943 (Fig. 8B). Strikingly, in contrast
to assumptions made about the concentration-dependent
specificity of inhibitors, there was a significant suppression
of the increase in T50 associated with both Li+ bath and
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KB-R7943 in neurons from NCX2 siRNA-treated rats
(Fig. 8B).

Differential distribution of NCX isoforms within
sensory tissues

The presence of mRNA encoding all three NCX isoforms
in sensory neurons and evidence that only NCX3 and/or
both NCX2 and NCX3 are functional in the sensory
neuron cell body raises the possibility that NCX isoforms
are differentially distributed within sensory neurons. To
begin to address this possibility, we assessed the relative
protein density of NCX isoforms in the spinal cord, dorsal
root, DRG, and sciatic nerve (Fig. 9). Consistent with the
literature (Schulze et al. 2002; Quednau et al. 2004), anti-
bodies for NCX1 and NCX3 detected multiple bands. Only
the most robust bands were quantified across tissues. There
was substantially more NCX1-like immunoreactivity (LI)
in the spinal cord (n = 4) compared to peripheral tissues
(Fig. 9A). NCX2 appeared to be equally distributed among
peripheral tissues, but only weakly expressed in the spinal
cord (Fig. 9B). Finally, NCX3-LI was greatest in the DRG
and sciatic nerve relative to the spinal cord suggesting
trafficking of NCX3 towards the periphery (Fig. 9C).

NCX plays a limited role in the regulation of primary
afferent excitability

NCX activity may influence excitability directly and/or
indirectly. Because the exchanger is electrogenic, a
direct influence of NCX on excitability would be
through depolarizing inward Na+ current associated with
exchanger activity in forward mode. The most proximal
indirect influence of NCX activity on excitability would
be via an influence on [Ca2+]i, which may influence the
activity of other ion channels. We therefore sought to
assess the impact of NCX activity on the excitability of
putative nociceptive cutaneous DRG neurons. To mini-
mize the impact of recording on the regulation of intra-
cellular Ca2+ and consequently, NCX activity, we used
gramicidin perforated-patch to obtain whole cell access
for current-clamp recording. Neurons were first loaded
with fura-2 AM to enable simultaneous recording of
membrane potential and [Ca2+]i. The impact of NCX
on the excitability was assessed with direct current
injection protocols designed to enable determination
of AP threshold, rheobase, and the response to supra-
threshold stimuli (2× and 3× rheobase) in which each
parameter was assessed under four different conditions:
in the absence and presence of Li+ bath, and before
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Figure 6. Pharmacological analysis of NCX activity in putative nociceptive cutaneous DRG neurons
A, high K+ evoked Ca2+ transients in putative nociceptive cutaneous neurons before and in the presence of
increasing concentrations of the NCX3 selective blocker KB-R7943 (top trace), the NCX1 selective blocker SEA0400
(middle trace) and a second NCX1 selective blocker SN-6 (bottom trace). B, pooled concentration–response data
from neurons treated with KB-R7943 (n = 25), SEA0400 (n = 11) or SN-6 (n = 10). Data were analysed as an
increase in transient duration (T50) relative to the transient duration in the presence of vehicle. KB-R7943 data
were well fitted with a Hill equation, yielding an Emax = 107.25 ± 20.36 s and EC50 = 0.045 ± 0.01 μM. C, the
maximal change in transient duration in the presence of blocker was analysed as a percentage of the total block
of NCX activity represented by the maximal change in duration observed in Na+-free bath. Data for each blocker
was pooled and plotted.
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and after activating NCX with a 4 s voltage-step to
0 mV to drive an increase in [Ca2+]i. The Ca2+ trans-
ient evoked with a voltage step was comparable to that
evoked with a 4 s application of high K+ (the peak
magnitude was 467.77 ± 23.3 nM and T50 of decay was
24.57 ± 6.5 s; n = 9). Furthermore, as evidence that this
Ca2+ transient was sufficient to activate NCX, block of
NCX with Li+ resulted in a 276.96 ± 75% increase in
T50 of the depolarization-evoked transient. Excitability
data under each of these four experimental conditions
are summarized in Table 2 and Fig. 10A–C. Analysing
excitability data with a two-way ANOVA revealed a main
effect associated with NCX activation (depolarization)
on rheobase (P < 0.05; Fig. 10A) and the response
to suprathreshold stimulation (P < 0.05; Fig. 10C).
However, there was no significant effect of NCX block
(Li+ bath) on these parameters, nor was there an inter-
action between depolarization and Li+ bath (P > 0.05).
There was, however, a significant (P < 0.05) main effect
of Li+ bath on action potential threshold (Fig. 10B), but
no significant influence of depolarization, or an inter-
action between depolarization and Li+ bath, on this
parameter. Comparable analysis of passive and active
electrophysiological properties (Table 2) revealed a main
effect of Li+ bath on resting membrane potential (RMP),
and AP overshoot. Additionally, there was a main effect of
depolarization on afterhyperpolarization (AHP) and AP
overshoot (Table 2). However, there was no interaction
between depolarization and Li+ bath on any parameter
assessed.

As a fifth measure of excitability, we assessed following
frequency of neurons in the presence or absence of Li+

bath. Following frequency was assessed with a train of
20 depolarizing current injections (1 ms at 1.5× current
threshold) delivered at 10, 20 and 40 Hz. It was not
necessary to use the 4 s depolarization protocol for this
measure, as a 20 Hz stimulus was able to evoke a Ca2+
transient (Fig. 10D; peak magnitude was 412.66 ± 23.1 nM

and T50 of decay was 22.33 ± 5.5 s) similar to a 4 s high
K+-evoked transient (P > 0.05). Furthermore, a 20 Hz
stimulus was sufficient to evoke NCX activity as indicated
by the impact of Li+ which resulted in a significant
254.30 ± 84.3 % increase in the T50 of decay (Fig. 10E).

Current threshold was determined for each neuron in
the presence and absence of Li+ for a 1 ms depolarizing
current step in a manner identical to that used for
determination of rheobase. Li+ bath was associated with a
16.59 ± 4.7 % increase in the amount of current necessary
to evoke an AP relative to that in Na+ bath (P < 0.05,
data not shown). Nevertheless, there was no detectable
influence of Li+ on the following frequency at 10 and 20 Hz
stimulation. However, at 40 Hz, there was a significant
increase in the failure rate following NCX block from
5.0 ± 2.5% to 38.1 ± 6.0% (Fig. 10F, P < 0.01, paired
t test).

Compound action potentials and NCX activity

Given recent evidence suggesting that NCX functioning
in reverse mode contributes to axon damage in small
fibre peripheral neuropathy (Persson et al. 2013), we next
sought to determine whether the NCX protein observed in
the peripheral nerve might be functional in the absence of
tissue injury. To do this, compound action potential (CAP)
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Figure 7. NCX contributes to the regulation of resting [Ca2+]i in a subpopulation of putative nociceptive
cutaneous neurons
A, examples of neurons in which application of Li+ bath (top trace) or KB-R7943 (bottom trace) resulted in an
increase in resting [Ca2+]i (indicated by arrow). B, pooled change in T50 (�T50) data, calculated as the difference
between the T50 in the presence of NCX block and the baseline response, for neurons in which NCX was blocked
with Li+ bath or KB-R7943 (100 nM). Data for each group of neurons was separated according to whether
NCX block was associated with an increase in resting [Ca2+]i (+, n = 14 and 15 for Li+ and KB-R7943 groups,
respectively), relative to those in which there was no detectable change in resting [Ca2+]i associated with NCX
block (–, n = 24 and 14 for Li+ and KB-R7943 groups, respectively) following NCX block. ∗P < 0.05.
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recording was performed on isolated sciatic nerves in the
presence and absence of Li+ or 100 nM KB-R7943. The
CAP was evoked at 0.1 Hz to assess ‘resting’ NCX activity
and following 100 pulses at 5 Hz and 2× the intensity
required to evoke a maximal C-wave, to assess ‘evoked’
NCX activity (Fig. 11A). Li+ bath had no significant
effect on the AUC (a measure of the number of fibres
contributing to the CAP) or conduction velocity (CV)
of the CAP A-wave (0.36 ± 1.6% and 1.91 ± 0.8 % of
baseline, respectively). Similarly, at 0.1 Hz stimulation,
neither Li+ nor KB-R7943 had a significant influence on
the AUC of the CAP C-wave. However, the application of
KB-R7942 (Fig. 11A), but not Li+, resulted in a significant
increase (20.31 ± 5.3 %, P < 0.05, n = 7) in the CV of the
C-wave (C-CAP; Fig. 11B). Stimulation at 5 Hz, used to
assess ‘evoked activity,’ resulted in a decrease in CV in the
CAP C-wave. This decrease was significantly (P < 0.05)
attenuated in Li+ bath (Fig. 11C). KB-R7943 further
reduced the activity-dependent decrease in CV such that
there was no net change in CV in the presence of KB-R7943
at 5 Hz stimulation. Control nerves sampled every 10 min
for 1 h (Na+ bar, Fig. 11B) showed very little change
in CV with time (0.78 + 4.25 %). Because the impact
of KB-R7943 on CV was roughly comparable at 0.1 and

5 Hz, we performed an additional experiment to determine
whether the NCX contribution to the regulation of CV was
already saturated at 0.1 Hz stimulation. Two nerves were
stimulated at 0.017 Hz before and after Li+ application.
With this frequency of stimulation, Li+ bath resulted in a
24.9% decrease in CV (data not shown).

Loss of NCX3 in IB4+ fibres decreases nociceptive
thresholds

The restricted distribution of NCX activity in putative
nociceptive cutaneous afferents suggests that this
exchanger may play a particularly important role in
nociceptive processing. Therefore, as a final test of NCX
function, we assessed the impact of targeted siRNA
knockdown of NCX isoforms on nociceptive threshold.
A single intra-sciatic nerve injection of targeted or control
siRNA was used to knock down NCX in the afferents
innervating the glabrous skin of the hindpaw. Changes in
mechanical nociceptive threshold were assessed with an
electronic Von Frey and changes in thermal nociceptive
threshold were assessed with a Hargreaves apparatus
(Hargreaves et al. 1988). The extent of NCX knockdown
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was assessed with Western blot as shown in Fig. 8. Inter-
estingly, knockdown of NCX3, but not NCX1 or NCX2
resulted in a significant reduction in both mechanical
(Fig. 12A) and thermal (Fig. 12B) threshold. Changes
in threshold were detectable at 5 days and returned to
baseline levels by 10 days post siRNA injection. Western
blot analysis of nerves harvested at day 10 revealed protein
compared to baseline levels (data not shown, P > 0.05),
suggesting that there was recovery from siRNA-induced
knockdown.

Lastly, we sought to determine if the significant
reduction in both mechanical and thermal thresholds
were due to loss of NCX3 in IB4+ fibres, based
on our in vitro results indicating that NCX activity
is only present IB4+ neurons. Using the cytotoxin,
saporin, conjugated to IB4 (IB4–SAP) to specifically
ablate the IB4+ fibre population (Vulchanova et al.
2001; Tarpley et al. 2004). We injected the sciatic nerve
with a combination of the unconjugated or conjugated
form of saporin (IB4–SAP) with either NCX3-targeted
or control non-targeted siRNA. The co-injection of
IB4–SAP and control siRNA (IB4–SAP + Ctrl siRNA)
or NCX3 siRNA (IB4–SAP + NCX3 siRNA) significantly
elevated mechanical (Fig. 13A) and thermal (Fig. 13B)
thresholds (P < 0.05, n = 6). Unconjugated saporin
with control siRNA (Unconj + Ctrl siRNA) had no
significant effect on nociceptive behaviour compared to
naive animals (P > 0.05, n = 6). Unconjugated saporin
co-injected with NCX3 siRNA (Unconj + NCX3 siRNA)
resulted in decrease in both mechanical (Fig. 13A)
and thermal (Fig. 13B) thresholds, consistent with
NCX3 siRNA alone (n = 6). The change in nociceptive

threshold over time was analysed as an area under the
curve (AUC) where data on day 0 was used to assess
the change in threshold for each animal on days 0
through 10. The results confirms that there was no
significant difference between IB4–SAP + Ctrl siRNA
and IB4–SAP + NCX3 siRNA (Fig. 13C) suggesting that
loss of IB4+ fibres attenuates the siRNA-induced hyper-
sensitivity seen in the Unconj + NCX3 siRNA-treated
group. To confirm the loss of IB4 fibres following
IB4–SAP treatment, we analysed the pattern of IB4
staining in the spinal cord of IB4–SAP- and control-treated
rats. Consistent with previous studies using IB4–SAP
(Vulchanova et al. 2001; Tarpley et al. 2004), there was
a dramatic decrease in IB4+ staining in the superficial
dorsal horn of L4 and L5 spinal segments in rats treated
with the conjugated saporin (IB4–SAP + Ctrl siRNA
and IB4–SAP + NCX3 siRNA) (Fig. 13D). The loss
of IB4 staining was restricted to the medial portion of
the dorsal horn thought to be the zone of innervation
of the sciatic nerve. No significant loss of IB4 staining
was detected in those rats treated with the unconjugated
saporin (Fig. 13D).

Discussion

The purpose of this study was to characterize the
biophysical properties of NCX among subpopulations of
sensory neurons, identify the NCX isoform(s) underlying
NCX activity, and to begin to determine the function of
this exchanger in sensory neurons. We have confirmed our
previous results indicating NCX activity is restricted to
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Table 2. Changes in passive and active electrophysiological properties of cutaneous sensory neurons with NCX inhibition

Baseline Depolarization

Na+ bath Li+ bath Na+ bath Li+ bath

RMP (mV) −67.47 ± 2.0 −61.67 ± 1.6 −70.14 ± 2.5 −63.50 ± 3.0
Rin (M�) 1143.06 ± 179.2 1050.40 ± 333.6 603.70 ± 180.4 445.08 ± 42.6
AP overshoot 50.54 ± 1.6 47.11 ± 2.1 42.18 ± 1.6 35.35 ± 2.5
AP duration (ms) 3.02 ± 0.3 2.72 ± 0.03 2.61 ± 0.2 2.67 ± 0.2
AHP magnitude (mV) 21.56 ± 0.7 20.47 ± 1.9 18.74 ± 1.1 15.97 ± 2.1
AHP τ decay (ms) 70.90 ± 7.4 54.40 ± 8.5 48.90 ± 6.5 38.24 ± 9.5

Values are expressed as means ± SEM. Depolarization consisted of a 4 s voltage step from −60 mV to 0 mV. Na+ bath values were
collected in the presence of Na+ in the bath solution. Li+ bath values were collected in the absence of Na+ and presence of Li+ in
the bath solution. RMP, resting membrane potential; Rin, input resistance; AP, action potential; AHP, afterhyperpolarization; τ, time
constant. Data were analysed with a two-way ANOVA to assess the impact of NCX block (with Li+ bath) and depolarization-induced
activation of NCX (Depolarization), or the interaction between the two. Results revealed a significant influence of Li+ bath on both
RMP (P < 0.05) and AP overshoot (P < 0.05), but no significant influence of depolarization (P > 0.05) or a significant interaction
between Li+ bath and depolarization (P > 0.05). There was a main effect of depolarization on AHP and AP overshoot (P < 0.05) but
no significant impact of Li+ bath on these parameters (P > 0.05), or a significant interaction between depolarization and Li+ bath
(P > 0.05).

a subpopulation of putative nociceptive neurons, which
extends to cutaneous neurons innervating the glabrous
skin of the hindpaw. There appear to be two modes of
NCX activity: one evoked in response to relatively large
and long-lasting (�325 nM for >12 s) increases in [Ca2+]i,
and a second that is active at resting [Ca2+]i >�150 nM.
There also appeared to be two modes of evoked activity:
one that decayed relatively rapidly (<5 min) and a second
that persisted (>10 min). While NCX activity was detected
in all IB4+ small diameter cutaneous neurons, there
was heterogeneity in this subpopulation of neurons with
respect to the different modes of NCX activity present.
Pharmacological data suggest that NCX3 accounts for
�70% of the NCX activity in sensory neurons with NCX2
accounting for the remaining 30%. Knockdown using
targeted siRNA of NCX isoforms yielded results consistent
with the pharmacological data, but suggested a larger
role of NCX2. Additionally, mRNA encoding all three
isoforms was detectable in putative nociceptive cutaneous
neurons, with evidence for the differential distribution
of splice variants of NCX1 and 3. Western blot analysis
confirmed the presence of all three isoforms in sensory
neuron and spinal cord tissue and isoforms appeared to be
differentially distributed among these tissues. While NCX
appears to contribute to the regulation of resting [Ca2+]i

in a small subpopulation of neurons, it appears to play
a much more dominant role in regulating the decay rate
of evoked Ca2+ transients. Additionally, NCX appears to
have a minor role in the regulation of neuronal excitability,
where the only detectable influence was on the following
frequency of neurons at relatively high (40 Hz) rates of
stimulation. We also obtained evidence of NCX activity
in C-fibre axons, where block of the exchanger resulted
in a small increase in conduction velocity. Furthermore,

knockdown of NCX3, but not NCX1 or 2, resulted in a
significant decrease in nociceptive threshold. Using IB4
conjugated to the toxin saporin, we obtained evidence
consistent with the suggestion that the shift in nociceptive
thresholds is due to the loss of NCX3 in the IB4+ fibre
population. Together, these data show that NCX, most
likely NCX3, plays an important role in the regulation of
[Ca2+]i within the primary sensory neurons.

Biophysical properties: evoked activity

The primary approaches used to assess the presence of
NCX activity in the first half of this study were largely
indirect, inferred from changes in [Ca2+]i secondary to
the removal of extracellular Na+ needed for exchange
activity (Cook et al. 1998) or the application of NCX
inhibitors. Li+ was used in the majority of experiments as
the replacement for Na+ because it is voltage-gated Na+
channel permeable (Hille, 1972; Gold & Thut, 2001), and
does not block the mitochondrial Na+–Ca2+ exchanger
(Palty et al. 2010). We acknowledge, however, that the
use of Li+ is potentially problematic for the assessment
of NCX activity, particularly with the indirect approach
used due to the variety of other proteins that may be
affected and result in a secondary influence on [Ca2+]i

including other pumps (Tolkovsky & Richards, 1987;
Hermans et al. 1997), exchangers (Herbert et al. 2004;
Palty et al. 2010), and ion channels (Vaughn & Gold,
2010; Zhang et al. 2010). Nevertheless, while there may
have been off-target effects of Li+ in these experiments,
we propose that the Li+-induced changes in resting and
evoked Ca2+ transients were due predominantly to block
of NCX, and therefore reflect NCX activity for two reasons.
First, comparable changes in resting and evoked Ca2+
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transients were observed with Li+, choline, and the
relatively NCX-specific blocker, KB-R7943. Second,
siRNA-induced knockdown of NCX occluded the
Li+-induced changes to the evoked Ca2+ transient.

In most tissues, NCX is considered a low affinity
exchanger requiring a high [Ca2+]i for activation. The
present results were generally consistent with this model,
where, in putative nociceptive neurons, an increase in
[Ca2+]i to �325 nM for at least 12 s was required to
evoke NCX activity. That is, despite evidence that NCX
was present and functional in all putative nociceptive
neurons, NCX activity was only detected in these neurons
if the evoked transient met this threshold. At first

pass, it appeared paradoxical that the evoked trans-
ient in neurons, such as the 2 s-responders, in which
NCX had been activated, decayed more slowly than the
2 s-non-responders in which NCX had not been activated.
The implication of this observation is that 2 s-responders
are less able to handle large Ca2+ loads with other Ca2+
regulatory mechanisms, such that Ca2+ influx associated
with the 2 s high K+ application overwhelms the available
buffering capacity, and NCX is engaged.

In a subpopulation of neurons, evoked NCX activity
persisted for >10 min, far longer than the time required
for full recovery to baseline [Ca2+]i. One mechanism
to account for this persistent activation is suggested by
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Figure 10. The impact of NCX on the excitability of putative nociceptive cutaneous DRG neurons
Using gramicidin-perforated patch configuration, excitability was assessed with a square-wave current injection as
described in Methods to enable determination of rheobase (A), action potential threshold (B) and the response to
suprathreshold current injection (at 2 and 3× rheobase) (C). Excitability was assessed for each neuron (n = 6) before
(Na+) and after (Li+) NCX block under resting [Ca2+]i (Baseline) and after a depolarization (4 s to 0 mV)-induced
increase in [Ca2+]i. The impact of depolarization was significant (P < 0.05, two-way ANOVA) on both rheobase
and AP threshold (i.e. decrease in excitability). However, there was no significant (P > 0.05) effect of NCX block
on these parameters, nor was there a significant (P > 0.05) interaction between depolarization and NCX block. D,
representative Ca2+ trace (inset) and pooled data showing the significant increase in both the average magnitude
([Ca2+]i) and decay (T50) of Ca2+ transients evoked with 20 pulses of depolarizing current injection delivered at
frequencies increasing from 10 to 40 Hz. E, representative Ca2+ trace (inset) and pooled data (n = 8) for the
change in the magnitude (�[Ca2+]i) and duration of the Ca2+ transient evoked with 20 pulses of depolarizing
current injection delivered at 20 Hz before (Na+) and after (Li+) block of NCX. There was a significant (P < 0.01)
interaction between stimulation frequency and NCX block on the duration of the evoked transient, where post
hoc analysis indicated that the increase in duration for both the 20 Hz and 40 Hz (not shown), but not the
10 Hz stimulation frequency (not shown), were significant. F, the 20 pulse current injection protocol was used to
assess following frequency. Inset: typical voltage traces of a neuron stimulated at 40 Hz before (in Na+) and after
(in Li+) block of NCX. Pooled following frequency data (n = 8), where the failure rate (number of failed action
potentials/train of 20 stimuli) before (Na+) and after (Li+) block of NCX is plotted for stimulation frequencies of at
10, 20 and 40 Hz. There was a significant (P < 0.01, two-way ANOVA) interaction between stimulation frequency
and NCX block on the failure rate, where post hoc analysis confirmed the increase in failure rate observed at 40 Hz
was significant. ∗∗P < 0.01.
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data from non-neuronal cells where the rate of NCX
deactivation appeared to be far slower than the activation
rate (Hilge et al. 2009). There are at least two other
possible explanations for the persistent NCX activity. First,
while it is thought that a drop in Ca2+ below the Kd

for the NCX Ca2+ binding domain (CBD1) is sufficient
to terminate NCX activity (Hilge, 2013), it is possible
that microdomains of elevated Ca2+ not detected with
the relatively low resolution whole cell imaging used
persist for over 10 min in some neurons. Consistent
with this suggestion, Acsai et al. (2011) demonstrated
divergence between microdomain and global Ca2+ signals
suggesting that for different global Ca2+ signals, micro-

domain levels can be 20–30 times higher (Acsai et al.
2011). Second, the persistent activation may reflect
second messenger-mediated modulation of NCX as
phosphorylation-dependent changes in NCX activity have
been demonstrated (Formisano et al. 2008; Sirabella et al.
2012).

Biophysical properties: resting activity

We were also able to detect resting NCX activity in 35%
of the putative nociceptive neurons tested. There are at
least two likely explanations for the presence of resting
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Figure 12. Nociceptive threshold changes in response to knockdown of NCX isoforms
A, mechanical nociceptive threshold as determined with an electronic Von Frey test, was assessed once daily in
naive animals (n = 6) and in animals before and after a single sciatic nerve injection with control (n = 6) or targeted
siRNA against NCX1 (n = 12), 2 (n = 12) or 3 (n = 18). B, thermal nociceptive threshold was determined with
a Hargreaves device in the same groups of animals. Knockdown was confirmed using Western blot analysis as
indicated in Fig. 8. (∗P < 0.05; ∗∗P < 0.01).
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NCX activity in a subpopulation of sensory neurons.
First, as suggested above for the persistent evoked activity,
microdomains of elevated [Ca2+]i above the threshold
of activation could account for the presence of resting
NCX activity in a subpopulation of neurons. Second,
there is evidence that the Ca2+ affinity for NCX activation
depends on splice variants within the intracellular loop
that makes up two distinct Ca2+ binding domains (CBD1
and 2). The primary Ca2+ sensor responsible for Ca2+
activation, CBD1, has a higher affinity for binding
(�Kd = 100–600 nM; Hilgemann et al. 1992), whereas
CBD2 has a low affinity for Ca2+ (�Kd = 250 nM–20 μM).
Thus, a splice variant with only CBD1 may have activity
at an [Ca2+]i comparable to that observed in the present
study. Similarly, a combination of CBD1 and CBD2 in
some neurons may result in a pattern of NCX activity that
requires a high [Ca2+]i for full activity, as well as partial

activity at considerably lower [Ca2+]i. Consistent with this
suggestion, data from cardiomyocytes indicates that �5%
of the maximal NCX current is detected at resting [Ca2+]i

levels, whereas full activity requires a the rise of [Ca2+]i to
1–2 μM (Boyman et al. 2011).

Our biophysical characterization of NCX as a low
affinity exchanger is consistent with Verdru et al. (1997)
who found that removal of external Na+ dramatically
slowed the [Ca2+]i decay in a subpopulation of DRG
neurons in which the average peak was >400 nM (Verdru
et al. 1997). Furthermore, they also detected an increase
in baseline [Ca2+]i with the block of NCX activity in 85%
of the DRG neurons tested (Verdru et al. 1997). Shutov
and colleagues found that inhibition of NCX in synaptic
terminals resulted in a small but significant increase in
[Ca2+]i (Shutov et al. 2013), suggesting there is some
resting NCX activity in the central terminals as well as

Figure 13. Assessment of the relative contribution of IB4+ fibres to the changes in nociceptive behaviour
associated with NCX3-targeted knockdown
The IB4+ population of sensory neurons in the sciatic nerve was ablated with an intra-sciatic injection of IB4
conjugated to the toxin, saporin (IB4–SAP). The control for this was an injection of unconjugated IB4 and saporin
(Unconj). Groups of rats (n = 6 per group) received injections of either IB4–SAP or Unconj with either control
siRNA (Ctrl) or NCX3-siRNA (NCX3). Mechanical (A) and thermal (B) nociceptive thresholds were determined as
in Fig. 12 before and after sciatic nerve injections. C, the change from baseline over time in each group was
analysed as an area under the curve (AUC) for both mechanical (top graph) and thermal (bottom graph) data. D,
the extent of IB4 fibre ablation was assessed in spinal cord sections stained with IB4–FITC as described in Methods.
Consistent with the termination pattern of afferents in the sciatic nerve, there is almost a complete loss of IB4
binding in the medial superficial dorsal horn of IB4–SAP-treated animals. Scale bar = 100 μm. ∗∗P < 0.01 relative
to Unconj + Ctrl; ##P < 0.01 relative to Unconj + NCX3.
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the cell body. In contrast, others have failed to detect a
significant contribution of NCX to the regulation of either
resting or evoked Ca2+ (Thayer & Miller, 1990; Usachev
et al. 2006; Gemes et al. 2012), leading the authors of
these studies to conclude that NCX does not contribute
to the regulation [Ca2+]i in sensory neurons. We suggest,
however, that the presence of NCX was probably missed in
these previous studies because of the relatively small Ca2+
transients evoked (all less than 300 nM) and/or because of
the relatively limited number of neurons in which NCX
appears to function.

Another possible explanation for the presence of
‘resting’ NCX activity is that it is actually NCX working in
‘reverse’ mode where the exchanger is thought to extrude
Na+ in exchange for an increase in [Ca2+]i. This was the
suggested explanation for the small increase in resting
[Ca2+]i observed after removal of extracellular Na+ in rat
and mouse DRG (Duchen, 1990; Verdru et al. 1997). NCX
exchange depends on the driving force on the exchanged
ions defined as the difference between the membrane
potential and the ‘equilibrium potential’ for Na+ and Ca2+
across the exchanger (ENa–Ca). ENa–Ca is estimated by the
Nernst potentials for the Na+ and Ca2+ and the net flux
of ions by the exchanger: three Na+ in one direction for
every one Ca2+ in the other (Fang et al. 1998). Under
physiological conditions ENa–Ca is � −26 mV, resulting in
a driving force that enables the exchanger to function in
forward mode at membrane potentials more negative than
−26 mV. Theoretically, with increases in intracellular Na+,
as may occur with high levels of neural activity, ENa–Ca

may hyperpolarize to a potential less than the resting
membrane potential. As a result, the driving force on the
exchanger would enable it to function in reverse mode. By
this reasoning, the Na+-free bath used to assess the pre-
sence of resting NCX activity should result in an ENa–Ca

that is very negative to the resting membrane potential,
generating a tremendous driving force on the exchanger
to work in reverse mode. However, there are at least three
observations that argue against the possibility that NCX
functioning in reverse mode accounts for the increase in
[Ca2+]i observed following application of Na+-free bath.
First, we failed to detect the evidence of resting NCX
activity in the majority of putative nociceptive neurons
tested despite evidence of functional NCX in all of these
neurons. Second, we observed ‘resting activity’ that was
not only activated, but resolved in neurons with evidence
of persistent evoked activity. Third, as shown in Fig. 7, we
detected an increase in [Ca2+]i in the presence of the NCX
specific blocker, KB-R7943 comparable to that observed
in Na+-free bath. Thus, rather than NCX acting in reverse
mode, we would suggest that the increase in [Ca2+]i

observed in the presence of 0 Na+ bath or KB-R7943
is due to Ca2+ leak that is no longer being attenuated
by the NCX activity in forward mode. Nevertheless,
conclusively ruling out the possibility of NCX functioning

in reverse mode in sensory neurons will require more
direct measurements of NCX function under conditions
in which the concentrations of Na+ and Ca2+ on either
side of the membrane are better controlled.

Isoform(s) underlying NCX activity in the isolated
neuron

We used complementary strategies to determine which
isoforms contribute to resting and evoked NCX activity
in sensory neurons. Consistent with the suggestion that
differential expression of the three NCX isoforms accounts
for the heterogeneity in the biophysical properties of NCX
in sensory neurons, pharmacological analysis of NCX
suggested that NCX2 and 3 contributed to both resting
and evoked NCX activity. Also consistent with this finding,
PCR analysis indicated the presence of mRNA encoding
both NCX2 and NCX3 in putative nociceptive sensory
neurons and our siRNA data indicating that knockdown
of NCX2 or 3 was sufficient to occlude the actions of 0
Na+ bath.

Contrary to our PCR analysis suggesting NCX1 mRNA
is expressed in putative nociceptive neurons, we failed to
detect evidence of NCX1 activity in the isolated sensory
neuron cell body with the relatively selective NCX1
selective blocker SEA0400 (Iwamoto & Shigekawa, 1998)
or with siRNA-induced knockdown of NCX1. This was
even more surprising in light of evidence that NCX1
appears to be ubiquitous with splice variants found in
brain, heart, kidney and pancreas (Philipson et al. 1993).
And while incomplete knockdown could explain the
negative results with NCX1 targeted siRNA, inhibition
of [Na+]i-dependent 45Ca2+ uptake (i.e. reverse mode) in
fibroblasts (Iwamoto & Shigekawa, 1998) suggests that
the concentration of SEA0400 used here should have
been sufficient to enable detection of NCX1 activity in
sensory neurons. We therefore suggest that the failure to
detect evidence of functional NCX1 activity in sensory
neurons is due to one of three likely possibilities: (1) the
[Ca2+]i generated in response to high K+ was insufficient
to activate NCX1 in the cell body, (2) the protein is
synthesized and trafficked out of the cell body consistent
with the Western blot data discussed below and/or (3) the
mRNA does not result in functional protein, although this
is least likely given our Western blot analysis. Additional
experiments will be needed to distinguish between these
possibilities.

There was also an apparent discrepancy between results
obtained with the relatively selective NCX3 blocker
KB-R7943 and siRNA-induced knockdown of NCX2 and
NCX3. While there is evidence to suggest that the potency
of KB-R7943-induced block of NCX is comparable when
the exchanger is functioning in forward or reverse
mode under conditions enabling bi-directional exchanger
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activity (Watanabe et al. 2006), the relative potency
of these compounds was determined in reverse mode
(Iwamoto & Shigekawa, 1998). Thus, it is possible that
even the limited selectivity for NCX3 over NCX1 or NCX2
reported for KB-R7943 in reverse mode is lost in forward
mode. Furthermore, with only three times higher potency
for NCX3 over NCX1 and 2, there should be at least
some block of NCX2 at all concentrations of KB-R7943.
Therefore, we have probably underestimated the relative
contribution of NCX2 with the combination of blockers
employed. More perplexing, however, was the observation
that knocking down either NCX2 or NCX3 rendered the
T50 insensitive to KB-R7943. This observation raises the
possibility that full NCX activity requires the interaction
of both NCX2 and NCX3 isoforms. It is also possible that
there are compensatory changes associated with siRNA
knockdown of a protein such as NCX that is critical
for cell homeostasis which masked our ability to fully
characterize the relative contribution of NCX isoforms.
Consistent with this last possibility was the observation
that following siRNA knockdown of NCX2 or 3, there
was no increase in the duration of the evoked transient
as is observed following acute block of NCX activity. This
suggests an increase in other Ca2+ regulatory mechanisms
such as PMCA or SERCA may have been recruited to
compensate for the loss of NCX activity.

Identification of NCX isoforms within sensory tissues

The results of our PCR experiments are consistent with
the presence of splice variants for both NCX1 and NCX3
in sensory neurons. In contrast, there was no evidence
of NCX2 splice variants at either the mRNA or protein
level, consistent with previous results (Kofuji et al. 1994;
Quednau et al. 2004). The PCR analysis focused on
exons A and B, which have previously been shown to be
mutually exclusive, whereas the four other exons (C, D,
E and F) in the splicing region are thought to be cassette
exons (Kofuji et al. 1994). The present data are consistent
with the expression of at least six out of the 17 possible
variants that have been identified for NCX1. Three of the
possible five NCX3 variants identified in brain are denoted
NCX3-AC, NCX3-B, and NCX3-BC. The PCR product
sizes we detected at the single cell level are consistent with
the presence of NCX3-AC and NCX3-B splice variants
(Quednau et al. 1997; Michel et al. 2014).

The size of the splicing region within the intracellular
loop is relatively small, consisting of �250 amino acids,
and the mutually exclusive exons A and B do not differ
much in the relative number of base pairs. Therefore,
it would be very difficult to differentiate between iso-
form splice variants at the protein level. Nevertheless,
multiple NCX1- and NCX3-, but not NCX2-LI bands
were detected with Western blot analysis of peripheral

neural tissue. The additional bands larger than the pre-
dicted molecular weight of NCX1 suggest the possibility
of tissue-dependent post-translational modifications, as
a number of putative glycosylation sites are present on
putative extracellular regions of all three isoforms. The
bands below the predicted NCX molecular weight are
probably cleavage products, as the bands appear to be the
size of the large intracellular loop, a region particularly
prone to proteolytic cleavage by endogenous proteases
(Linck et al. 1998; Thurneysen et al. 2002b). While
confirmation that these additional bands are in fact NCX
protein will ultimately be necessary, it is important to
note that the bands detected in the present study are
comparable to those previously reported with the anti-
bodies used for all three isoforms and at least NCX2 and
NCX3 specificity has been confirmed in knockout mice
(Jeon et al. 2003; Molinaro et al. 2011). Thus, if reflective
of differential processing and/or protein cleavage, results
from the present analysis of tissue from the dorsal horn
to the peripheral nerve suggest that there is a differential
distribution of NCX isoforms.

The expression and distribution of NCX has yet to be
extensively characterized in the peripheral nervous system.
Consistent with the results of the present study, previous
expression analysis indicates mRNA for all three NCX iso-
forms is detectable in sensory neurons (Kuroda et al. 2013;
Shutov et al. 2013). Other immunohistochemical (IHC)
data indicating that NCX1-LI protein is only detectable
in satellite cells within the DRG are also consistent with
the results of the present study (Persson et al. 2010). In
contrast, however, previous IHC data on the distribution
of NCX2 and 3 suggests that NCX2 is the dominant iso-
form in putative nociceptive neurons and NCX3 is more
widely distributed but at much lower levels (Persson et al.
2010). To begin to explore the basis for the apparent
difference between these previous results and those of
the present study, we probed protein from DRG, sciatic
nerve and skin with the anti-NCX2 antibody used in
this previous study. However, we were only able to detect
a band at 36 kDa (not shown), suggestive of an NCX
ancillary protein (Michaelis et al. 1992) as the estimated
size of NCX2 protein is 102 kDa. Nonetheless, the pre-
sent results with an antibody obtained from Dr Philipson
at UCLA were consistent with previous results in brain
tissue (Thurneysen et al. 2002a; Papa et al. 2003).

Functional implications: soma excitability, CAP
propagation and nociceptive behaviour

The results of our functional analysis of NCX suggests
that beyond the regulation of the Ca2+ transient and
possibly resting Ca2+ in the soma of a small sub-
population of neurons, NCX contributes minimally to
the regulation of excitability. As noted above, there are
two primary ways NCX is likely to influence neuronal
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excitability. We have previously demonstrated that
Ca2+-dependent K+ currents are present at relatively
high density in putative nociceptive cutaneous neurons
(Zhang et al. 2010), suggesting that, as with the direct
influence of NCX activity in forward mode, an indirect
influence would also be excitatory, secondary to the
net suppression of these K+ channels. Consistent with
the suggestion that Ca2+-dependent K+ channels have
a dominant influence on the excitability of putative
nociceptive neurons following an increase in [Ca2+]i, the
depolarization-induced increase in [Ca2+]i was associated
with a decrease in excitability. Our largely negative results
in the cell body excitability experiments suggest that
mechanisms other than those influenced by NCX play
a much more dominant role in the regulation of the
excitability of the isolated cell body. Consistent with this
suggestion, it was only under relatively extreme conditions
(40 Hz stimulation), that a weak excitatory influence of
NCX could be detected.

The impact of NCX on action potential propagation
in the isolated sciatic nerve was consistent with the
mechanisms described in the cell body, but suggested
that NCX is active even at relatively low levels of activity.
That is, if both direct and indirect actions of NCX
activity are associated with membrane depolarization,
this depolarization would lead to the inactivation of
voltage-gated Na+ channels, and a concomitant decrease
in CV. Conversely, block of NCX should result in
membrane hyperpolarization, the relief of Na+ channel
inactivation and an increase in CV. Li+ bath was associated
with a relatively large (�24%) decrease in the C-wave CV
when the CAP was evoked at a very low frequency (i.e.
0.017 Hz). We suggest that this decrease in CV is due
not to NCX block, but instead to what is equivalent to a
partial block of voltage-gated Na+ channels that reflects
the slightly lower permeability (85%) of Li+ compared to
Na+ through voltage-gated Na+ channels (Gold & Thut,
2001). There is also evidence that there may be CV slowing
due to a block of the Na+–K+ ATPase (De Col et al.
2008), resulting in further membrane depolarization and
a further reduction in Na+ channel density due to Na+
channel inactivation. Thus, in the face of Li+-induced
CV slowing via mechanisms independent of an action on
NCX, we suggest that absence of a change in CV with Li+ at
0.1 Hz stimulation, actually reflects a significant increase
in CV due to NCX block. That this effect appears to be
attenuated at 5 Hz stimulation, would suggest that NCX
activity is close to maximal even at 0.1 Hz stimulation.
Consistent with this suggestion, KB-R7943 produced a
significant increase in CV at 0.1 Hz but only reversed the
activity-dependent slowing observed at 5 Hz.

Lastly, given evidence in support of a contribution
of both NCX2 and 3 to the regulation of [Ca2+]i in
putative nociceptive cutaneous neurons, it was surprising
that hypersensitivity to mechanical and thermal stimuli

was only observed following knockdown of NCX3. While
this observation is consistent with our pharmacological
data implicating a dominant role for NCX3 in putative
nociceptive neurons, this result may also suggest that the
functional role of these isoforms in sensory neurons may
be dissociable. Importantly, the timing of the changes
observed is consistent with previous studies using similar
siRNA based strategies (Xie et al. 2013; Acosta et al. 2014),
and recovery of the behaviour corresponded with recovery
of NCX3 protein in the ganglia.

The decrease in nociceptive threshold observed
following NCX3 knockdown was larger than expected
given the relatively small number of fibres in which our
results suggested NCX3 should be functional. However,
the observation that nociceptive behaviour of rats treated
with both NCX3 siRNA and IB4 conjugated to saporin
(IB4–SAP) resembled the rats treated with control siRNA
and IB4–SAP suggests that the loss of IB4 fibres attenuated
the NCX3 siRNA-induced hypersensitivity. If the hyper-
sensitivity had been due to dysregulation of fibres in
addition to the IB4+ population, one would have expected
an additive effect in which the increase in nociceptive
threshold observed with IB4–SAP would have been
significantly attenuated by the NCX3 siRNA. Nevertheless,
it is possible that the antinociception associated with the
loss of IB4+ fibres caused a ceiling effect, masking the
NCX3 siRNA-induced hypersensitivity. We consider this
possibility unlikely, however, as the IB4–SAP-induced
thermal antinociception detected was far from 20 s cut
off employed.

There are several possible explanations for the hyper-
sensitivity observed following knockdown of NCX3.
However, we suggest the simplest explanation is a loss
of NCX-mediated regulation of [Ca2+]i in the central
terminals. This would result in an increase in the duration
of evoked Ca2+ transients and, consequently, an increase in
transmitter release, and thus hypersensitivity. While such
a mechanism is often proposed in the literature (Maggi
et al. 1990; Evans et al. 1996; Neher & Sakaba, 2008; Xie
et al. 2013; Acosta et al. 2014), there is, unfortunately
little direct evidence for a role of NCX in synaptic trans-
mission. However, in the only study of which we are
aware addressing a role of NCX in the central terminals
of putative nociceptive afferents, it was demonstrated
that mitochondria and PMCA, but not NCX, are
involved in presynaptic Ca2+ regulation; NCX appeared
to contribute to the regulation of resting Ca2+ levels
and only 12% of the decay of evoked transients (Shutov
et al. 2013). Unfortunately, the impact of NCX block on
post-synaptic responses was not determined in this study,
so the contribution of NCX to transmitter release from
central terminals of nociceptive afferents has yet to be
determined.

In summary, the results of the present study indicate that
NCX isoforms contribute to the regulation of the duration
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of the evoked Ca2+ transient in putative nociceptive
neurons from naive animals, and in a subpopulation of
these neurons NCX contributes to the regulation of resting
[Ca2+]i. In the absence of tissue injury, NCX appears to
have little influence on excitability per se, but contributes
to both determination of the action potential conduction
velocity in C-fibre axons as well as the establishment of
nociceptive threshold. Our characterization of this protein
in tissue from naive animals suggests that it is poised
to play an important role in tissue injury and repair.
Indeed, it has been suggested the NCX contributes to
nerve injury observed in small fibre polyneuropathies (Ma,
2013) and there is evidence to suggest it is important
for neurite outgrowth during regeneration (Persson et al.
2013). Now, with a better mechanistic understanding of
NCX in sensory neurons, there is a framework with which
to interpret changes observed following injury. Future
experiments will need to assess the function of NCX in
the presence of injury and/or chronic pain states.
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