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Abstract

Sensory neurons of the dorsal root ganglia (DRG) express multiple voltage-gated sodium (Na)
channels that substantially differ in gating kinetics and pharmacology. Small-diameter (<25 pum)
neurons isolated from the rat DRG express a combination of fast tetrodotoxin-sensitive (TTX-S)
and slow TTX-resistant (TTX-R) Na currents while large-diameter neurons (>30 pum)
predominately express fast TTX-S Na current. Na channel expression was further investigated
using single-cell RT-PCR to measure the transcripts present in individually harvested DRG
neurons. Consistent with cellular electrophysiology, the small neurons expressed transcripts
encoding for both TTX-S (Nav1.1, Nav1.2, Nav1.6, Nav1.7) and TTX-R (Nav1.8, Nav1.9) Na
channels. Nav1.7, Nav1.8 and Nav1.9 were the predominant Na channels expressed in the small
neurons. The large neurons highly expressed TTX-S isoforms (Nav1.1, Nav1.6, Nav1.7) while
TTX-R channels were present at comparatively low levels. A unique subpopulation of the large
neurons was identified that expressed TTX-R Na current and high levels of Nav1.8 transcript.
DRG neurons also displayed substantial differences in the expression of neurofilaments (NF200,
peripherin) and Necl-1, a neuronal adhesion molecule involved in myelination. The preferential
expression of NF200 and Necl-1 suggests that large-diameter neurons give rise to thick myelinated
axons. Small-diameter neurons expressed peripherin, but reduced levels of NF200 and Necl-1, a
pattern more consistent with thin unmyelinated axons. Single-cell analysis of Na channel
transcripts indicates that TTX-S and TTX-R Na channels are differentially expressed in large
myelinated (Nav1.1, Nav1.6, Nav1.7) and small unmyelinated (Nav1.7, Nav1.8, Nav1.9) sensory
neurons.
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Introduction

The dorsal root ganglion (DRG) is composed of a heterogeneous population of neurons that
convey a variety of sensory information from peripheral and visceral tissues to the central
nervous system. DRG neurons have been classified according to the size of their cell bodies,
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duration and amplitude of their action potentials, the extent of myelination, expression of
neurofilaments and their axonal conduction velocities (Fornaro et al., 2008;Goldstein et al.,
1991;Harper and Lawson, 1985;Lawson et al., 1993;Lee et al., 1986;Y oshida and Matsuda,
1979;Lawson, 2002). These studies indicate that the small-diameter DRG neurons (<30 pm)
give rise to slowly-conducting unmyelinate(C) or thinly myelinated(Ad) nerve fibers
associated with thermoception and pain (Harper and Lawson, 1985). Large-diameter DRG
neurons (>30 um) have been linked to rapidly-conducting myelinated A fibers (Aa, AB),
such as those typically associated with proprioception and low-threshold mechanoreception.

The small- and large-diameter neurons of the DRG express distinct populations of voltage-
gated Na channels that govern the initiation and conduction of action potentials (Cummins et
al., 2007;Dib-Hajj et al., 2009;Rush et al., 2007). DRG Na currents have been broadly
classified based on voltage-dependence, kinetics and pharmacology into rapidly-gating
tetrodotoxin-sensitive (TTX-S), slowly-gating TTX-resistant (TTX-R) and persistent TTX-R
components (Caffrey et al., 1992;Elliott and Elliott, 1993;Kostyuk et al., 1981;Roy and
Narahashi, 1992). At least five distinct Na channel isoforms are known to be expressed in
the DRG (Black et al., 1996;Amaya et al., 2000;Dib-Hajj et al., 1998). Nav1.7 (PN1)
encodes for a rapidly-gating TTX-S Na channel that is preferentially expressed in the dorsal
root and sympathetic ganglia (Toledo-Aral et al., 1997;Black et al., 1996;Sangameswaran et
al., 1997). Nav1.7, along with several other isoforms (Nav1.1, Nav1.2, Nav1.6) account for
the TTX-S Na current observed in most DRG neurons. Nav1.8 (PN3) encodes for a slowly-
gating TTX-R Na current that is primarily expressed in small DRG neurons and produces
the majority of the depolarizing inward current during action potentials (Akopian et al.,
1996;Blair and Bean, 2002;Sangameswaran et al., 1996). The Nav1.9 channel (NaN)
encodes for a slowly-gating Na channel that underlies a persistent TTX-R current in small
DRG neurons (Dib-Hajj et al., 1998;Tate et al., 1998;Dib-Haijj et al., 2002). The differential
expression of these Na channels in small and large DRG neurons coupled with isoform-
specific differences in voltage-dependence and gating kinetics are important determinants of
neuronal excitability and the transmission of sensory information.

The goal of this study was to investigate Na channel expression in small- (<25 pum) and
large-diameter (>30 um) neurons acutely dissociated from the rat DRG. A combination of
cellular electrophysiology and single-cell RT-PCR were used to compare the pharmacology
and gating properties of the endogenous Na currents with the Na channel transcripts
expressed in the same neurons. The neurons were further classified based on the expression
of cytoplasmic neurofilaments (peripherin, NF200) and a cell adhesion molecule involved in
myelination (Necl-1). The data indicate that small unmyelinated neurons express a
combination of TTX-S (Nav1.7) and TTX-R (Nav1.8, Nav1.9) isoforms while large
myelinated neurons preferentially express TTX-S (Nav1.1, Nav1.6, Nav1.7) channels.

Materials and Methods
DRG Cell Culture

Seven day old rat pups (male and female) were anaesthetized with isoflurane before
decapitation and the dorsal root ganglia (DRG) harvested from all accessible levels. Ganglia
were incubated for 30 min at 37°C in 2 ml of HBSS/HEPES containing 1.5 mg/ml
collagenase (Sigma-Aldrich, St. Louis, MO) followed by 1 mg/ml trypsin (Sigma-Aldrich)
for an additional 30 min. Trypsin was removed and the ganglia transferred to L-15 Leibovitz
media supplemented with 1% fetal bovine serum (Gibco), 2 mM glutamine, 24 mM
NaHCO3, 38 mM glucose, 2% penicillin-streptomycin (Gibco), and 50 ng/ml nerve growth
factor (Sigma-Aldrich). The ganglia were gently dissociated using fire-polished Pasteur
pipettes and the neurons plated onto poly-L-lysine coated 35 mm dishes containing 2 ml of
the supplemented L-15 media. Neurons were suitable for electrophysiology and harvesting
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between 1 and 8 hours after plating. Animals were handled in accordance with the NIH
guidelines and the protocols approved by the Animal Use and Care Committee of Thomas
Jefferson University.

Electrophysiology

Whole-cell patch-clamp recordings of DRG neurons were made using sylgard-coated (Dow
Corning Corp., Midland, MI) patch electrodes fashioned from Corning 8161 glass (Wilmad
Glass Company, Buena, NJ). Series resistances ranged between 0.5 and 2 M2126 and were
80% compensated using the internal circuit of the Axopatch 200A. Currents are filtered at
10 kHz, digitized at 100 kHz and stored using pCLAMP software (Molecular Devices).
Leak currents are subtracted using the P/4 procedure. Holding potentials were —80 mV
unless otherwise stated. Pipette solution consisted of (in mM): 100 CsF, 25 CsCl, 10 NaCl, 1
EGTA, and 10 HEPES pH 7.4. Bath solution contained (in mM): 140 NaCl, 2 KCI, 1.5
CaCly, 1 MgCl,, and 10 HEPES pH 7.4. Tetrodotoxin (TTX) was bath applied at a final
concentration of 300 nM. For electrophysiology the neurons were initially sorted into small
(<25 um) and large (=30 um) sizes using a micrometer scale superimposed on the visual
field. A more accurate estimate of neuronal diameter was obtained from measurements of
whole-cell capacitance assuming a specific membrane capacitance of 1 pF/cm? and
spherical shape (Hamada et al., 2003).

Quantitative real-time PCR

Intact DRG neurons were harvested by drawing the cells into large bore pipettes (20 pm
diameter) containing 10 pul of RNase-free water. The cell lysates were ejected into a sterile
PCR tube and rapidly frozen. Random hexamer primers (65 ng, Invitrogen) were added and
the sample heated to 70°C for 3 minutes before transfer to ice. mMRNA was reverse
transcribed (RT) in a 25 pl reaction containing MMLYV reverse transcriptase (200 units,
Fischer Bioreagents), 50 mM Tris-HCI (pH 8.3), 75 mM KCI, 3 mM MgCl,, 10 mM
dithiothreitol, 0.5 mM dNTPs and RNase Inhibitor (1 unit/ul, Promega). Na channel cDNA
(Nav1.1- Nav1.9) present in aliquots of the RT reactions (1-3 pl) were measured with
TagMan probes (Applied Biosystems) on a Mx3005P real-time PCR machine (Agilent
Technologies). Depending on Na channel expression level the cell lysates yielded cutoff
cycles (Ct) ranging between 32 and 38 cycles. Real-time amplification was not observed
(No Ct value) when reverse transcriptase was omitted from the reaction (RT-) or when
samples of the bath solution immediately surrounding the harvested neurons was assayed.
The absolute number of MRNA copies was determined by comparing the Ct values of the
cell lysates to those of known cDNA standards generated from PCR fragments of Na
channel cDNA. Standard cDNA was obtained from RT-PCR of mRNA extracted from intact
DRG. Standard primer sets were designed to generate cDNA fragments (=400 bp) spanning
the Tagman detection sites. Standard cDNA was amplified in 25 pl PCR reactions using 1 pl
of RT reaction, 200 nM gene-specific Na channel primers, 1 unit Taq polymerase (Roche),
10 mM Tris-HCI (ph 8.3), 1.5 mM MgCl, and 50 mM KCI. The resulting PCR standard
fragments were isolated on 2% agarose gels and purified using Qiaex Il columns (Qiagen).
The number of cDNA copies (copies/pl) was calculated from the ODygq, PCR fragment
length and average molecular weight of a double-stranded DNA molecule (660 gms/mole).
Plots of the standard cDNA copy number versus Ct value were semi-logarithmic between 10
and 108 cDNA copies and routinely had efficiencies between 90 and 105%. The number of
Na channel mRNA copies present in the cell lysates was corrected for variation in sample
handling by normalizing the B actin Ct values of the individual samples to the mean j actin
Ct value of the sample population. The number of Na channel mMRNA copies per neuron is
expressed as the mean and standard error of the mean (SEM).

The forward (f) and reverse (r) primers used for generating cDNA standards were:
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Navl.l (f) CGCTGTCATCCTGGAGAACT, (r) TCCTTCCTGCTCGTGTTTCT,;

Nav1.2 (f) GGGAGAAGTTCGACCCTGAC, (AS)
TTCCCTGATATCTTTCCCTTTG;

Nav1.5 (f) AGATGACCAGAGCCCTGAGA, (r) GCGAAGGTCTGGAAGTTGAA,
Nav1.6 (f) CATGTACATCGCCATCATCC, (r) GCTGCTGCTTCTCCTTGTCT,;
Navl.7 (f) CGCTGTCATCCTGGAGAACT, (r) GTCATAGGAAGGTGGCGAGA,
Nav1.8 (f) TGAGACCTGGGAGAAGTTCG, (r) AGCAGCGACCTCATCTTCAT,;
Nav1.9 (f) TCTCCTTCCTCATCGTGGTC, (r) AAGCTGTGAGGCAGTGAGGT,;

B actin (f) GCTATGTTGCCCTAGACTTCG, (r) AACGCAGCTCAGTAACAGTCC;
Peripherin (f) ATCTCAGTGCCCGTTCATTC, (r) AGCAGGACTGGTTGCAGACT;
NF200 (f) GCAGTCAGAGGAGTGGTTCC, (r) TCTCAATATCCAGGGCCATC;
Necll (f) AGACGCGAATCCAGGAAGAT, (r) GGCTGTATAGCTGCCCATGT.

Cellular electrophysiology of DRG neurons

Figure 1A shows the whole-cell Na current of a small-diameter (25 um) neuron acutely
dissociated from the rat DRG. The currents began activating around —40 mV and inactivated
with a time constant (t) of 0.97 £ 0.03 ms at +20 mV (n=13). Tetrodotoxin (TTX) was a
relatively weak inhibitor of this Na current reducing the peak amplitude by 19.7 + 1.0 %
(n=13) (Figure 1B). The whole-cell capacitances of these small neurons ranged between 15
and 24 pF corresponding to a cell body diameter of 24.9 + 0.5 um (n=13). Figure 1C shows
the Na current of a large-diameter (35 um) neuron measured under identical conditions.
These Na currents began activating at relatively hyperpolarized voltages (* —60 mV) and
rapidly inactivated with a time constant (t,) of 0.40 £ 0.13 ms (n=8). TTX inhibited the
majority of this Na current (99.4 + 2.0 %, n=14) consistent with the preferential expression
of TTX-sensitive (TTX-S) Na channels in this population (Figure 1D). The whole-cell
capacitance of these neurons ranged between 30 and 69 pF corresponding to a diameter of
389+ 1.2 um (n=12).

The normalized conductance was calculated from the peak Na currents of small and large
neurons and plotted versus the test potential (Figure 2A). The smooth curves are fits of the
data to a double Boltzmann function with midpoints (V) of —26 mV and —15 mV for the
small neurons and —38 mV and —29 mV for the large neurons. Also plotted is the steady-
state inactivation determined using 500 ms prepulses to voltages between —120 and —30
mV. The smooth curves are fits to a double Boltzmann with midpoints (Vj,) of =66 mV and
—40 mV for the small neurons and —103 mV and —68 mV for the large neurons. The
activation and steady-state inactivation of both populations was a composite of two or more
components suggesting that multiple Na channels contribute to the whole-cell currents in
these neurons.

The Na currents of these neurons were further characterized by individually measuring the
properties of the TTX-S and TTX-R components. The TTX-S currents of the large neurons
were isolated by subtracting the residual TTX-R current measured after the bath application
of TTX from the total Na current. The normalized conductance and steady-state inactivation
of these currents were determined and plotted versus the test potential (Figure 2B). The
smooth curves are fits to Boltzmann functions with midpoints of activation (V) and
inactivation (Vj,) of —23 mV and —67 mV respectively (Figure 2B). The voltage-dependent
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gating of the isolated TTX-S current is similar to components of Na current measured in
both the small (Vaei= —26 mV, Vj,= —66 mV) and large (Vo= —29, Vijn= —8 mV) neurons
(Figure 2A). This finding is consistent with work showing that TTX-S Na channels with
similar gating properties are widely expressed in DRG neurons (Cummins et al., 2007;Rush
et al., 2007).

The TTX-R current of small-diameter neurons was directly measured after bath application
of TTX. The midpoint of activation (V) was —12 mV while the steady-state inactivation
was best fitted with a double Boltzmann function with midpoints (Vj,) of =76 mV and —30
mV (Figure 2B). The majority (90%) of the inactivation was associated with the more
depolarized (Vi,= —30 mV) component. The activation and inactivation of the isolated TTX-
R current displayed properties similar to the predominant TTX-R current (V= —15 mV,
Vin= —40 mV) preferentially expressed in small neurons (Figure 2A).

In addition to the slowly-inactivating TTX-R Na current, DRG neurons also express a
persistent TTX-R component (Baker and Bostock, 1997;Cummins et al., 1999). This current
was isolated by pre-treating with A-803467, a selective Nav1.8 channel inhibitor (Jarvis et
al., 2007), to reduce the more dominant slowly-inactivating TTX-R current (Figure 3A).
Holding the neurons at relatively depolarized voltages (—60 mV) promotes the slow
inactivation of the persistent Na current that only slowly recovers at hyperpolarized voltages
(Cummins et al., 1999). Applying short hyperpolarizing prepulses (—140 mV/25 ms) prior to
the test pulses permitted the full recovery of the inactivating but not the persistent
component (Figure 3B). Figure 3C shows the persistent TTX-R Na current obtained by
subtracting the inactivating component (Panel B) from the total current (Panel A). The
resulting Na currents slowly inactivated at —20 mV with a time constant (ty,) of 41 + 6 ms,
had a peak current density of 176 + 29 pA/pF (n=8) and activated with a midpoint (Vg 5) of
—39 mV (Figure 3D). These properties are similar to what has been previously reported for
the persistent TTX-R Na currents of DRG neurons (Cummins et al., 1999; Dib-Hajj et al.,
2002;Coste et al., 2004;Priest et al., 2005).

Single-cell analysis of the Na channel transcripts

To further characterize Na channel expression the mRNA present in individually harvested
small and large DRG neurons was quantitatively measured using real-time PCR. The
number of MRNA copies present in the cell lysates was obtained by comparing the cutoff
cycle (Ct) values of the samples with those of known cDNA standards (Methods). Figure 4A
compares the mRNA expression (copies/neuron) of small- (<25 pm) and large-diameter
(>30 pm) neurons. Small neurons expressed mMRNA encoding for both TTX-S (Nav1.7) and
TTX-R (Nav1.8, Nav1.9) Na channels. Transcripts encoding for several other TTX-S
isoforms (Nav1.1, Nav1.2, Nav1.6) were also detected in the small neurons but were present
at comparatively low levels suggesting that Nav1.7 is the predominant TTX-S Na channel
expressed in this population. The prevalent expression of Nav1.7, Nav1.8 and Nav1.9
channels is consistent with electrophysiology showing that small-diameter neurons express a
combination of TTX-S and TTX-R Na currents (Figure 1). This contrasted with the large-
diameter neurons that displayed prominent TTX-S Na current (Figure 1) and expressed
MRNA encoding for the TTX-S (Nav1.1, Nav1.6, Nav1.7) isoforms (Table 1).
Paradoxically, these large neurons also displayed high levels of Nav1.8 mRNA (Figure 4A)
despite the absence of TTX-R Na current in the vast majority (80%) of these neurons. The
expression of TTX-R Na channels in a subpopulation of the large neurons is examined in
more detail in the next section.

A particular strength of the single-cell measurements is that it permits analysis of multiple
Na channel transcripts from individual neurons thereby providing a quantitative assessment
of isoform expression at the cellular level. Small and large neurons were individually
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harvested and assayed for TTX-S (Nav1.1, Nav1.6, Nav1.7) and TTX-R (Navl.5, Nav1.8,
Nav1.9) Na channels. Small neurons highly expressed Nav1.7, but comparatively few copies
of Nav1.1 or Nav1l.6 mRNA (Figure 4B). This contrasted with the large neurons that broadly
expressed mRNA for all three of the TTX-S isoforms. Figure 4C shows a similar analysis of
the TTX-R Na channels. The small neurons highly expressed Nav1.8 and Nav1.9 while the
large neurons expressed variable quantities of Nav1.8 and low levels of Nav1.9. Nav1.5 was
detected in very few of the neurons (14%) and was present at comparatively low copy
numbers (11 £+ 5 copies/neuron, n=71).

Nav1.8 channels are highly expressed in a subpopulation of the large neurons

Whole-cell recordings indicated that the Na currents of small neurons were relatively
insensitive to externally applied TTX while large neurons preferentially expressed TTX-S
Na current (Figure 1). This conflicted with transcript analysis indicating that TTX-R Nav1.8
channel mMRNA was present at comparably high levels in both populations (Figure 4A).
However, single-cell analysis shows that Nav1.8 mRNA displays an unusually broad
distribution in the large neurons (Figure 4C). The majority (78%) expressed Nav1.8 mRNA
at moderate levels (1016 + 120 copies/neuron) while the remaining fraction (22%) displayed
considerably higher copy numbers (7439 + 525 copies/neuron, n=20). A similar broad
distribution of Nav1.8 mMRNA in larger-diameter neurons has been observed using in situ
hybridization (Fukuoka et al., 2008). Together these data suggest that Nav1.8 channels may
be highly expressed in a subpopulation of the large neurons.

Figure 5 shows an example of a large-diameter (40 um) neuron expressing TTX-R Na
current. The cell bodies of neurons expressing this current had diameters typical of large
neurons (38.8 + 1.4 um) but had Na currents that were weakly inhibited by TTX (24.3 +
4.5%, n=14). To further investigate this unique population the TTX-R current of large
neurons were normalized to the whole-cell capacitance (pA/pF) and plotted as a frequency
histogram (Figure 5C). Consistent with two populations the TTX-R current histograms were
bimodal with peaks at 17 and 232 pA/pF. This contrasted with the current density
histograms of the small neurons that displayed a single peak around 379 pA/pF, consistent
with a more uniform distribution of TTX-R channels in this population (Figure 5D).

The molecular basis of this 10-fold difference in TTX-R current density was further
investigated using Na current measurements to determine the TTX sensitivity of large
neurons before harvesting and mRNA analysis. The voltage-dependent activation (Vg 5 =
—11.7 £ 1.2 mV, n=6) and inactivation time constants (t;, = 1.2 + 0.2 ms at +20 mV, n=6) of
the TTX-R Na currents in these large neurons were similar to what was previously observed
for the predominant TTX-R current of small neurons (Vg5 =—-11.7 £ 0.8 mV, t;, = 1.0 ms)
suggesting that Nav1.8 expression may underlie these currents. Figure 5E shows that the
real-time PCR amplification of Nav1.8 mRNA from large neurons segregates into two
populations consistent with low and high expression of Nav1.8 channels. Quantitative
analysis showed that large neurons displaying TTX-R current (157 + 44 pA/pF, n=5)
expressed Nav1.8 mRNA at 5-fold higher levels than those with small TTX-R currents (22 +
11 pA/pF, n=6). Although Nav1.9 mRNA was also elevated in this population, no persistent
TTX-R current was observed and Nav1.9 expression levels (671 + 160 copies/neuron, n=10)
were nearly 5-fold lower than what is typically observed in small neurons (2854 + 238
copies/neuron, n=71) where these currents are routinely observed.

Molecular markers of small unmyelinated and large myelinated neurons

Cytoplasmic neurofilaments contribute to the neuronal cytoskeleton, provide structural
integrity and are important determinants of the axonal diameter and the velocity of impulse
conduction along peripheral nerve fibers (Hoffman et al., 1985;Fuchs and Cleveland, 1998).
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The heavy neurofilament NF200 (200 kDa) and intermediate neurofilament peripherin (57
kDa) are preferentially expressed in large and small DRG neurons respectively and have
proved to be useful markers for distinguishing between these populations (Goldstein et al.,
1991;Fornaro et al., 2008). Consistent with these expectations peripherin mMRNA was found
to be present at 1.7-fold higher levels in small neurons while NF200 mRNA was 20-fold
higher in the large neurons (Figure 6).

Necls are a family of cell adhesion molecules that mediate axonal-glial interactions (Spiegel
et al., 2007;Maurel et al., 2007). Heterophilic interaction between Necl-1 of peripheral
neurons and Necl-4 of Schwann cells promotes the formation of myelin sheaths. Figure 6
shows that Necl-1 mRNA is preferentially expressed in large neurons. The combination of
NF200 and Necl-1 mRNA suggests that these large neurons may give rise to thick
myelinated axons. Conversely, the small neurons express peripherin but comparatively little
NF200 or Necl-1 suggesting that these neurons may be associated with thin unmyelinated
axons.

Discussion

DRG sensory neurons express multiple Na channel isoforms that substantially differ in
voltage-dependence, kinetics and pharmacology (Cummins et al., 2007;Lai et al., 2004;Rush
et al., 2007). These Na channels are differentially expressed in subpopulations of DRG
neurons where they contribute to excitability and regulate action potential firing. Previous
studies have employed a variety of techniques including electrophysiology,
immunohistochemistry and in situ hybridization to investigate Na channels expression in
these neurons (Caffrey et al., 1992;Elliott and Elliott, 1993;Kostyuk et al., 1981;Roy and
Narahashi, 1992;Amaya et al., 2000;Black et al., 1996;Fjell et al., 2000;Fukuoka et al.,
2008;Sangameswaran et al., 1996;Toledo-Aral et al., 1997). These studies have been
instrumental in identifying the expressed Na channel isoforms and characterizing their
contributions to sensory neuron excitability. The goal of this study was to build on this
previous work by employing single-cell RT-PCR to compare Na channel mRNA expression
in small and large DRG neurons. This approach is advantageous because it permits the
measurement of multiple Na channel transcripts from each harvested neuron thereby
enabling a highly quantitative analysis of Na channel expression in identified subpopulations
of DRG neurons.

Expression of Na channel in small DRG neurons

The small-diameter (<25 pm) neurons isolated from the rat DRG express a combination of
TTX-S and TTX-R Na current (Figure 1). The predominant TTX-R current present in these
neurons activated and inactivated over a relatively depolarized range of voltages (Figure 2)
and displayed slow gating kinetics (Figure 1). These Na currents were observed in virtually
all small neurons and displayed properties similar to what has been previously reported for
endogenous TTX-R Na currents (Caffrey et al., 1992;Elliott and Elliott, 1993;Kostyuk et al.,
1981;Roy and Narahashi, 1992) and heterologously expressed Nav1.8 channels
(Vijayaragavan et al., 2001;Choi et al., 2004;John et al., 2004;Leffler et al., 2007). A second
smaller component of TTX-R current was observed to activate at relatively hyperpolarized
potentials (—60 mV) and remained open during prolonged (>200 ms) depolarization (Figure
3C). The slow kinetics, incomplete inactivation and low activation threshold are consistent
with previous studies of Nav1.9 channels (Cummins et al., 1999;Dib-Hajj et al., 2002;Coste
et al., 2004;Priest et al., 2005). The TTX-S currents of small-diameter neurons accounted
for a relatively minor fraction of the peak Na conductance (Figure 1). Unlike the TTX-R
currents produced by the Nav1.8 and Nav1.9 channels, which display unique gating
behaviors, the multiple overlapping components of TTX-S current of small neurons have
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similar voltage-dependence and gating kinetics, significantly complicating attempts to
identify the Na channel isoforms that produce these currents.

Na channel expression was further investigated using single-cell RT-PCR to quantitatively
measure the mRNA present in small neurons (Figure 4A). Transcripts encoding for the
Nav1.8 and Nav1.9 channels were highly expressed in the small neurons consistent with the
presence of slowly inactivating and persistent components of TTX-R Na currents in this
population. These data are in good agreement with previous work showing that both Nav1.8
and Nav1.9 are preferentially expressed in small-diameter DRG neurons (Sangameswaran et
al., 1996;Amaya et al., 2000;Dib-Hajj et al., 1998;Fang et al., 2002;Fjell et al., 2000;Tate et
al., 1998). Nav1.5 was detected in a small percentage of the neurons (11%) and at low copy
numbers (<20 copies/neuron) indicating that these channels do not significantly contribute to
the TTX-R Na current. The small neurons also expressed transcripts encoding for several
TTX-S Na channels (Nav1.1, Navl.2, Nav1.6, Nav1.7). However, Navl.7 mRNA was
present at 9-16 fold higher levels than the other isoforms suggesting that it is the
predominant TTX-S Na channel expressed in the small neurons. These findings are
consistent with previous work showing that Nav1.7 is widely expressed in DRG neurons
(Black et al., 1996;Fukuoka et al., 2008) and in functionally identified nociceptors (Djouhri
etal., 2003).

Na channel expression in large DRG neurons

The Na currents of large-diameter (=30 um) neurons displayed rapid kinetics and gated over
a relatively hyperpolarized range of voltages (Figure 1). These currents were inhibited by
nanomolar concentrations of TTX indicating the prevalence of TTX-S isoforms in these
neurons. Single-cell analysis demonstrated that Nav1.1, Nav1.6 and Nav1.7 mRNAs were
expressed at comparable levels in these neurons (Figure 4A). Previous work has shown that
Nav1l.1 and Nav1l.6 channels are preferentially expressed in medium and large DRG neurons
but in relatively few of the small neurons (Black et al., 1996;Fukuoka et al.,
2008;Sangameswaran et al., 1996). This contrasts with Nav1.7, which is broadly expressed
in all DRG neurons (Black et al., 1996) and in approximately 70% of the large neurons
(Fukuoka et al., 2008). These findings indicate that Nav1.1, Nav1.6 and Nav1.7 channels
underlie the majority of the TTX-S Na current in large DRG neurons. This expression
pattern may be significant since Nav1.6 and Nav1.7 channels heterologously expressed in
sensory neurons display substantial differences in closed-state inactivation and recovery
from inactivation (Herzog et al., 2003). Differential expression of these isoforms may
regulate the action potential threshold and firing frequency of large sensory neurons.

Electrophysiology identified a subpopulation of the large neurons that expressed TTX-R Na
current with similar voltage dependence and kinetics as the TTX-R current of small neurons
(Figure 5). Large neurons expressing this TTX-R current were individually harvested and
analyzed for mRNA content. Neurons displaying TTX-R current expressed Nav1.8 and
Nav1.9 transcripts at 4-5 fold higher levels than the general population of large neurons
(Figure 5F). The voltage-dependent gating properties, TTX sensitivity and transcript
analysis support the conclusion that Nav1.8 channels underlie the TTX-R Na current in this
subpopulation. Despite increased expression of Nav1.9 mRNA, whole-cell recordings failed
to detect persistent TTX-R Na current in these large neurons.

Previous studies found that 10-30% of large-diameter DRG neurons display Nav1.8
immunolabelling (Amaya et al., 2000;Djouhri et al., 2003), contain Nav1.8 transcript (Black
et al., 2004;Sangameswaran et al., 1996;Novakovic et al., 1998) or express TTX-R Na
current with properties similar to those of Nav1.8 channels (Tate et al.,
1998;Sangameswaran et al., 1996;Renganathan et al., 2000). In addition, Nav1.8 expression
overlaps with NF200, a neurofilament preferentially expressed in large-diameter neurons
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(Lawson et al., 1993;Novakovic et al., 1998;Perry et al., 1991;Fukuoka et al., 2008). In this
study, large neurons with prominent TTX-R Na currents also had high levels of NF200 and
Necl-1 mRNA encoding for proteins typically associated with rapidly-conducting
myelinated nerve fibers (Lawson et al., 1993;Maurel et al., 2007;Spiegel et al., 2007). The
data indicate that in addition to its broad distribution in small unmyelinated neurons, Nav1.8
is highly expressed in a subpopulation of large myelinated neurons (Renganathan et al.,
2000;Djoubhri et al., 2003).

Differential expression of neurofilaments and myelin-associated adhesion molecules

Conclusions

DRG neurons have been broadly classified based on the size of the cell bodies, axonal
diameters and the velocity of action potential conduction (Yoshida and Matsuda,
1979;Harper and Lawson, 1985;Lawson et al., 1993;Lee et al., 1986). These neurons have
been further differentiated based on the expression of NF-200 and peripherin, cytoplasmic
neurofilaments that are preferentially expressed in large- and small-diameter nerve fibers
respectively (Fornaro et al., 2008;Goldstein et al., 1991;Perry et al., 1991). Neurofilament
density is an important determinant of both axonal caliber and nerve fiber conduction
velocity (Hoffman et al., 1987;Lasek et al., 1983;Lawson and Waddell, 1991). In this study
the large neurons were found to express NF200 mRNA at 20-fold higher levels than small
neurons supporting the idea these large neurons give rise to thick rapidly-conducing axons
(Figure 6). This contrasted with the small neurons, which expressed peripherin at higher
levels than the large neurons but displayed substantially reduced levels of NF200 (Figure 6),
a profile that is more consistent with thin slowly-conducting axons.

Necl-1 is a neuronal adhesion molecule that forms heterophilic interactions with Necl-4 of
Schwann cells and plays an important role in glial differentiation and myelination of
peripheral nerve fibers (Maurel et al., 2007;Spiegel et al., 2007;Kakunaga et al., 2005).
Single-cell analysis indicates that Necl-1 mRNA is present at 10-fold higher levels in the
large neurons suggesting that the axons arising from these cell bodies are likely to be
myelinated (Figure 6).

This study employed electrophysiology and single-cell RT-PCR to investigate Na channel
expression in identified populations of DRG sensory neurons. The ability to quantitatively
analyze multiple transcripts from single neurons enabled a comparison of the pharmacology
and gating properties of the endogenous Na currents with the Na channel isoforms expressed
in the same neurons. Small-diameter (<25 pm) DRG neurons displaying prominent TTX-R
Na currents co-expressed both TTX-S and TTX-R isoforms (Nav1.7, Nav1.8, Nav1.9), had
high levels of peripherin but little NF200 or Necl-1. This expression pattern is consistent
with small unmyelinated C-fibers such as those typically associated with thermoreception
and pain. The large-diameter neurons (>30 um) predominately expressed TTX-S Na
currents, TTX-S Na channel isoforms (Nav1.1, Nav1.6, Nav1.7) and high levels of NF200
and Necl-1. This pattern is characteristic of rapidly-conducting myelinated A fibers sensitive
to low-threshold non-noxious sensory stimulation. The data support the conclusion that
small- and large-diameter DRG neurons differentially express Na channel isoforms with
distinct voltage-dependence and gating properties that contribute to the unique electrical
excitabilities of these neuronal populations.
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Figure 1. Na currents of small and large DRG neurons

A, C, Control Na currents of a small- (25 pum) and a large-diameter (35 pm) DRG neurons
elicited by voltage pulses between —70 and +15 mV from a holding potential of —80 mV.
Hyperpolarizing prepulses (—120 mV//500 ms) were applied immediately prior to the test
pulses to fully activate the Na channels. B, D, Na currents recorded from the same small
(Panel C) and large (Panel D) neurons after bath application of 300 nM tetrodotoxin
(+TTX).
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Figure 2. Voltage-dependent gating of DRG Na currents

A. The normalized conductance (G/Gmax) Was calculated from the peak currents and plotted
versus the test potential. The smooth curves are fits of the data to a double Boltzmann
function with midpoints (V) of —25.9 + 0.5 mV (A=0.64) and —14.5 £ 3.6 mV for small
the (n=12) and —38.2 + 0.4 mV (A=0.50) and —28.8 + 1.5 mV (n=8) for the large neurons.
The steady-state inactivation was determined using 500 ms prepulses to the indicated
voltages and the normalized (1/1nax) test current amplitudes (20 mV/50 ms) plotted versus
the prepulse voltage. The smooth curves are fits to a double Boltzmann with midpoints (Vi)
of —65.7 £ 7.0 mV (A=0.21) and —40.5 + 0.2 mV for the small (n=12) and —103.2 + 0.4 mV
(A=0.11) and —67.7 = 0.4 mV for the large neurons (n=8) where A is the relative amplitude
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of the more hyperpolarized component. B. Gating properties of the isolated TTX-S and
TTX-R Na currents. TTXS currents of large neurons were obtained by subtracting the
residual TTX-R current measured after bath application of 300 nM TTX from the total
current. The TTX-R currents of small neurons were directly measured after inhibiting TTX-
S Na currents with 300 nM TTX. The normalized conductance and steady-state inactivation
were plotted versus the test potential. The smooth curves are Boltzmann fits with midpoints
(Vact) and slope factors (k) of —23.4 +1.2 mV and 7.1 £ 0.3 mV (n=8) for the TTX-S current
and —11.8 + 1.3 mV and 6.2 + 0.5 mV (n=9) for the TTX-R current. The steady-state
inactivation of the TTX-S current was fitted with a midpoint and slope factor of —-67.4 £ 1.3
mV and 7.5 + 0.3 mV (n=7). The inactivation of the TTX-R current was fitted with a double
Boltzmann with midpoints and slope factors of —76.3 + 4.5 mV (A=0.10) and 16.4 + 1.3 mV
for the more hyperpolarized component and —30.3 £ 1.0 mV and 4.0 £ 0.02 mV (A=0.90)
for the depolarized component (n=9).
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Figure 3. Voltage-dependent gating of the persistent TTX-R Na current

A. Total Na current of a small-diameter (21 pm) DRG neuron. Current was elicited by
depolarizing pulses between —80 and 0 mV from a holding potential of =100 mV. A-803467
(1 M) was included in the extracellular solution to selectively reduce the amplitude of
Nav1.8 currents. B. Currents recorded from the same neuron as panel A using a holding
potential of —60 mV. A short hyperpolarizing prepulse (—140 mV/25 ms) applied
immediately prior to the test pulses permitted the full recovery of the rapidly inactivating
component. C. Persistent TTX-R current obtained by subtracting the rapidly-inactivating
component (Panel B) from the total current (Panel A). D. Normalized conductance (G/Gmax)
of the persistent TTX-R Na current plotted versus the test voltage. The smooth current is the
fit to a Boltzmann function with midpoint (Vg 5) and slope factor (k) of —39.3 £ 0.3 mV and
5.9+ 0.2 mV (n=8).
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Figure 4. Expression of Na channel transcripts in DRG neurons

A. Small- (<25 pum) and large-diameter (>30 pm) neurons were individually harvested. The
MRNA present in the cell lysates was reverse transcribed and quantitated (mMRNA copies/
neuron) determined using Tagman real-time PCR. The data are the means and standard
errors of 71 small and 90 large neurons. These data are summarized in Table 1. B. The
MRNA encoding for TTX-S Na channels (Nav1.1, Nav1.6, Nav1.7) were measured from the
same group of neurons. The mMRNA copy numbers of the small (circles) and large (triangles)
neurons are shown as three dimensional scatter plots. C. Scatter plot of the TTX-R Na
channel mMRNA (Nav1.5, Nav1.8, Nav1.9) of small (circles) and large (triangles) neurons.
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Figure 5. Expression of TTX-R Na current in large neurons

A, B, Whole-cell Na currents of a large-diameter (40 um) neuron elicited by test pulses
between —70 and +15 mV from a holding potential of —80 mV. A hyperpolarizing prepulse
(—120 mV/500 ms) was applied immediately before the test pulses. Currents were recorded
in the absence (Control) and after bath application of 300 nM TTX (+TTX). C, D, The peak
current amplitudes at +20 mV were normalized to the whole-cell capacitance and plotted as
a frequency histogram. The smooth curves are fits to Gaussian functions with peaks at 17
and 232 pA/pF for large neurons and 379 pA/pF for the small neurons. E. Real-time PCR
amplification curves of Nav1.8 mRNA from 29 large neurons showing two distinct
expression levels. Data are summarized in Table 1. F. The TTX sensitivities of large
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neurons were determined using electrophysiology before harvesting and mRNA analysis.
Histograms compare the Na channel mRNA copy numbers of neurons preferentially
expressing either TTX-S or TTX-R Na current (n=10). The large neurons displaying TTX-R
current also highly expressed NF200 (3789 + 834 copies/neuron) and Necl-1 (10,112 + 3184
copies/neuron, n=10).
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Figure 6. Expression of peripherin, NF200 and Necl-1

Small and large neurons were harvested and assayed for neurofilaments (peripherin, NF200)
and Necl-1 mRNA. Data are the means and standard errors of 30 large and 23 small
neurons. Asterisks indicate significant differences using student t-test (p<0.05).
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Table 1

MRNA Expression(Copies per Neuron)

Small
Nav 1.1 159 + 23
Nav 1.2 195+ 22
Nav 1.5 11+5
Nav 1.6 355+ 49
Nav 1.7 2168 + 223
Nav 1.8 2021 + 213

Nav 19 2254 +238

Large
1398 + 122
209 + 23
10+6
1564 + 114
2253 £197
819 + 445™
4042 + 965
489 + 80

Data are the means and SEM of 71 and 90 small and large neurons respectively.
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*
The majority of large neurons (78%) expressed Nav1.8 at a low level. The higher copy number was observed in a small subpopulation of the large

neurons (Figure 5F).
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