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Abstract Neuropathic pain and pain arising from local in-
flammation are characterized by increased release of inflam-
matory mediators like interleukin-6 (IL-6) by immune cells.
The levels of IL-6 is increased in various painfull conditions
and correlates with the severity of thermal and mechanical
hypersensitivity. Deletion of the IL-6 signal transducer glyco-
protein 130 (gp130) reduces inflammation associated with
hypersensitivity to thermal and mechanical stimuli. In this
study, we show that nociceptor-specific deletion of gp130
alters excitability parameters that are linked to changes in
the potassium conductance. In SNS-gp130™" sensory neurons,
the resting membrane potential was reduced. Moreover the
repolarization speed of the action potential and
afterhypolarization was augmented, however, voltage-gated
Na" and Ca®" current were not obviously altered. The main
difference between gp130-deficient and control neurons was a
significant increase in the conductance of both delayed recti-
fier as well as A-type potassium currents. Tagman RT-PCR
analysis revealed significantly higher levels of Kcna4 mRNA,
encoding A-type Kv1.4 potassium channel, in neuron cultures
from SNS-gp1307 versus control mice, which may account
for the electrophysiological data. No difference in other
voltage-gated ion channel mRNAs was observed. The present
data show for the first time increased A-type K' currents and
expression of voltage-gated potassium channel Kcna4 (Kv1.4)
in SNS-gp130™" nociceptors. This suggests that gp130 acts as
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Introduction

Neuropathic pain and other persisting pain syndromes arise
from aberrant excitability and ongoing activation of primary
nociceptive afferents. Local inflammation at the injury site is
characterized by invading immune cells and aberrant levels of
inflammatory mediators like cytokines. Especially members
of the interleukin-6 (IL-6) like family of cytokines are gaining
increasing interest, since in chronic pain syndromes and pain-
ful inflammatory conditions like rheumatoid arthritis, the
levels of IL-6 are greatly elevated, whereas under normal
conditions, IL-6 is hardly detectable [6, 32, 38, 60]. Further-
more, IL-6 levels are increased following nerve injury and
correlate well with development of thermal and mechanical
hypersensitivity [20, 48]. IL-6 signals to target cells by bind-
ing to membrane-bound or soluble IL-6 receptor alpha sub-
units which heteromerize with the glycoprotein 130 (gp130)
signal transducer [30, 31]. The majority of sensory neurons in
the dorsal root ganglion express gp130 and specific subpop-
ulations sense neuropoietic cytokines of the IL-6 family [7,
27]. The absence of gp130 from nociceptive primary afferents
results in decreased IL-6 or Oncostatin M induced hypersen-
sitivity to thermal stimuli [5, 43]. Besides, gp130 has a prom-
inent role in the maintenance of mechanical hypersensitivity
in experimental tumor, nerve injury or inflammation models
of neuropathic pain [54].

Hypersensitivity to mechanical stimuli is potently induced
by deregulation of mechanotransducer ion channels [46].
Voltage-dependent ion channels are key components in
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signaling pathways downstream of these transduction cas-
cades and may also be deregulated during an inflammatory
process. Of these, voltage-gated sodium and calcium channels
have intensely been studied in recent years [4, 12, 13, 28].
Surprisingly, the expression of voltage-gated potassium chan-
nels in nociceptors and their importance for nociceptor exci-
tation and sensitisation has only recently started to gain
broader interest, although they largely control neuronal excit-
ability [37]. Specifically, axotomy of dorsal root ganglia
(DRG) neurons decreases the expression of voltage-gated
potassium channels and subsequently causes reduction of
potassium currents to increase hyperexcitability [23, 34, 66].

Here, we set out to characterize the excitability of DRG
neurons from nociceptor-specific gp130 knock-out (SNS-
gp1307) and control gp130 floxed (gp130™™) mice. A special
emphasis was placed on the investigation of the action poten-
tial (AP) characteristics, and the biophysical properties of
voltage-gated sodium, potassium, and calcium channels.
Whereas no differences for sodium and calcium signatures
were observed between gp130”™ and SNS-gp130”" neurons,
converging evidence was collected suggesting that potassium
conductances were significantly upregulated. This resulted in
a reduced excitability of SNS-gp130”" nociceptive neurons
accompanied by a faster repolarization phase of the AP.
Tagman real-time polymerase chain reaction (RT-PCR) re-
vealed increased expression of the voltage-gated, A-type K*
channel Kv1.4 in SNS-gp130™ nociceptors. This suggests
that gp130 performs its role as a regulator of nociceptor
excitability by inhibiting the expression of A-type potassium
channels.

Materials and methods
Genetically modified mice

SNS-gp130™ and gp130™" mice were generated, bred, and
genotyped as described previously [5]. All mice were main-
tained under specific pathogen-free (SPF) conditions. Litter-
mates were used in all experiments to control for background
effects. For all experiments, a statistically weighted number of
animals was used. All animal use procedures were in accor-
dance with ethical guidelines and animal welfare standards
according to Austrian law.

Primary sensory neuron culture
Lumbar DRG containing the cell bodies of primary afferents
that project into the hindpaw were harvested from adult mice

(age 816 weeks) as previously published [5, 43]. After re-
moval of the connective tissue, ganglia were incubated in
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Liberase Blendzyme 1 (9 mg/100 ml DMEM, Roche) for
two times 30 min. After washing with phosphate buffered
saline PBS (PAA), 1x Trypsin-EDTA (Invitrogen) was added
for 15 min and DRG were washed with TNB™ medium
(Biochrom) supplemented with L-glutamin (Invitrogen), pen-
icillin G sodium, streptomycin sulfate (Invitrogen), and
Protein-Lipid-Komplex " (Biochrom). The DRG were disso-
ciated with a fire-polished Pasteur pipette and centrifuged
through a 3.5 % BSA gradient (Sigma) to eliminate non-
neuronal cells. The sensory neurons were resuspended, plated
on coverslips coated with poly-L-lysine/laminin-1 (Sigma),
and cultivated in supplemented TNB™ containing mNGF
2.5S (Alomone Labs, 10 pg/100 ml TNB medium) at 37 °C
in 5 % CO, for 24-36 h.

Live-cell labeling

Overnight, DRG neuron cultures were live cell labeled for
gp130 shortly before recording. Cultures were incubated at
RT with primary antibody against gp130 (Neuromics) diluted
1:50 in TNB™ medium for 45 min, washed with TNB™
medium for 10 min, and incubated with a AlexaFluor-488
conjugated secondary antibody (Invitrogen) diluted in TNB""
medium (1:500) for 30 min. Subsequently, cells were washed
twice with TNB medium.

Patch-clamp recordings

DRG neurons in culture were used for electrophysiology 18 to
28 h after plating. In short, glass coverslips were mounted in a
recording chamber and placed on a Zeiss Axiovert 200 mi-
croscope. Neurons were identified by the presence (gp130-
positive) or absence (gpl30-negative) of AlexaFluor-488
fluorescence. Ionic currents were recorded from isolated neu-
rons in the whole-cell voltage-clamp configuration of the
patch-clamp technique as previously published [5, 16, 50].
Only DRG neurons smaller than <35 pm were selected,
representing the small to medium-sized neurons. Borosilicate
glass pipettes (Science Products) were pulled with a horizontal
puller (Sutter Instruments) and filled with internal solution
(ICS, Table 1). Neurons were kept in a hydroxyethyl
piperazineethanesulfonic acid (HEPES)-buffered extracellular
solution (ECS, Table 2) and maintained at -80 mV holding
potential. All measurements were recorded with an EPC 9
(HEKA) and the Pulse v8.74 software (HEKA). Experiments
were performed at room temperature, and only one neuron
was tested per Petri dish. Currents were sampled at 20 kHz for
Na*, K", and Ca®" recordings and filtered at 2.9 kHz. Cellular
voltage recordings were performed in whole-cell current-
clamp mode of the patch clamp technique. Neurons were held
at 0 pA, and voltage changes were sampled at 5 kHz and
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Table 1 Intracellular solutions used for general excitability and specific ionic conductance

KGlu KClI TEACI NaCl CsMeS CsCl CaCl, MgCl, EGTA  HEPES MgATP NaGTP  Sucrose
L 98 45 - - - - 0.5 2 5 10 2 0.2 -
Ko+ - - - 10 138 - 0.1 2 1 10 2 - -
Ve - 148 - - - - 0.5 2 5 10 2 0.2 -
e+ — - 20 - - 120 - - 10 10 2 - 20

KGlu potassium D-gluconate, TEAC! tetracthylammonium chloride, CsMeS cesium methanesulfonate

Concentrations are given in mM, pH of all external solutions were set to 7.3 with KOH (Jand /) or CsOH (fy," and Ic,>")

filtered at 2.9 kHz. Tetrodotoxin (TTX, final concentration
250 nM) and 4-AP at a final concentration of 5 mM (both
Sigma-Aldrich) were added by bath application to the record-
ed cells, and the maximal inhibition was monitored in voltage-
clamp configuration by applying a depolarizing block pulse
protocol to -10 mV for 25 ms from the holding potential.
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Fig.1 Action potentials (APs) from SNS-gp130” DRGs show increased
kinetics compared to gp130™™. a Typical AP recording from gp130™?
(grey trace) and SNS-gp130”" (black trace) DRG neuron and its 1st
derivative from which the parameters were extracted that are described
in the “Materials and methods” section. b SNS-gp130”~ (black bar)
requires a higher current injection to evoke an AP compared to gp130"
' DRG neurons (white bar, Mann—Whitney U test p=0.0012). ¢ The
membrane potential (V,,.,,) and afterhyperpolarization (AHP) of SNS-
gp1307" are significantly reduced (Student's # test, p=0.033 and Mann—

Analysis
Action potentials

In order to assess the passive membrane properties, the input
resistance of gp130™™ and SNS-gp130” DRG neurons was
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Whitney U test, ~'p=0.006, respectively), whereas the AP threshold
(Tresh) and the overshoot (OS) are similar to gp130™™. d The depolariza-
tion speed (S)) of APs are comparable in both SNS-gp1307 and gp130™1,
but both repolarization phases (S, and S;) of SNS-gp130™" are increased in
speed (Mann—Whitney U test,  p<0.001 for S, and Student's ¢ test,
**p<0.001 for S; ). e The duration of the different phases of the AP in
SNS-gp130”" DRG neurons are all significantly reduced compared to
gp130"™ neurons, resulting in a shorter AP width (f—%) in SNS-gp130™
neurons (Mann—Whitney Utest; " p<0.001)
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Table 2 Extracellular solutions used for general excitability and specific ionic conductance

NaCl NMDG CsMeS CsCl KCl TEACI CaCl, MgCl, HEPES Glucose
Ly 150 - - - 5 - 2 1 10 10
KNa+ 90 - 50 - - 10 2 1 10 10
I+ - 145 - - 5 - 2 1 10 10
T2+ - 130 - 5 - 10 2 1 10 20

NMDG N-Methyl-D-glucamine, CsMeS cesium methanesulfonate, 7EAC! tetracthylammonium chloride
Concentrations are given in mM, pH of all external solutions were set to 7.3 with NaOH (/), CsOH (I,") or HCl ()¢ and I,>")

determined by a series of hyperpolarizing current injections
from a holding current of 0 pA. The average resistance was
calculated according to Ohm's law. From the AP evoked by
injecting depolarizing current pulses, the resting membrane
potential (¥V,em), afterhyperpolarization (AHP), and overshoot
(OS) of gp130™™ and SNS-gp130”" DRG neurons were de-
termined (Fig. 1a). The maximal speed of depolarization and
repolarization, which could be discriminated into two different
phases, was derived from the 1st derivative of the original AP.
For determination of the AP threshold (Tresh), the time was
determined where in the falling slope of the 1st derivative
reversed into a rising slope (see Fig. 1a)

Voltage-gated sodium channels

Peak inward currents derived from voltage step protocol (from
-80 to +80 mV for 50 ms), preceeded by a -120 mV hyper-
polarizing pulse of 250 ms, were plotted against voltage and
were fitted with a modified Boltzmann equation:

Ina = Tieak + G(1/((1 4 e((V-Vaer) /8)))) (V-Vi)

where G is the conductance, ., is the leakage current at -
80 mV, V. is half maximal activation of the inward current, S
the slope factor at V., and ¥} is the reversal potential.

Voltage-gated calcium channels

Voltage-gated Ca®" currents were evoked by 250 ms
depolarizing pulses from -80 to +60 mV. Peak inward currents
were determined as the maximal current within the first 50 ms.
The measured currents were plotted against the stimulation
voltage and fitted with a combined Boltzmann and Goldman—
Hodgkin—Katz equation.

EVIRY
1 + exp(—Cy=

) ) l—exp—<\2,;;r>

Icq =11eak+G<
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where in G is the conductance, ., is the leakage current at -
80 mV, ¥V is half maximal activation of the inward current, S
the slope factor at V., and 7} is the reversal potential.

Voltage-gated potassium channels

Potassium currents were activated through 300 ms
depolarizing pulses from -80 to +40 mV that were preceded
by a hyperpolarizing pulse of -120 mV. Peak outward currents
were determined as the maximal current within the first 50 ms,
and the sustained current as average of last 25 ms. The
resulting IV plots were fitted with a modified Boltzmann
equation in which ¥, was set to the Nernst equilibrium of K*
(-86 mV)

1

V-V
1 + eXp (—Sa(:t)

Activation of K ionic currents at 0 mV were fitted with a
single (4-AP sensitive currents) or double exponential
(Ctrl and 4-AP resistant currents) function.

Single exponential:

IK :Ileak +G

(V-(Vr))

t
]K = Aexp <t_> + [Kmax
1

Double exponential:

t t
I, = Aexp (Z) + Bexp (E) 4+ T max

where £ and % are the time constants of activation, 4 and B are
the respective current fraction (scaling parameters of the cur-
rent amplitudes), and gy i the maximal K current ampli-
tude recorded at 0 mV.



Pflugers Arch - Eur J Physiol (2014) 466:2153-2165

2157

gRT-Tagman PCR

For quantitative analysis of mRNA levels, total RNA was isolat-
ed from murine DRG cultures by using TRI Reagent (Sigma
Aldrich) or peqGOLD TriFast (PeqLab) as previously published
[5]. The quantity of RNA was analyzed using the Nanodrop 2000
(Thermo Scientific). Reverse transcription to cDNA was per-
formed using 9 pl of total RNA and Mulv Reverse transcriptase
(2.5 U/ul, Applied Biosystems) with Random Hexamer primers
(10 ng/ul), RiboLock (2 U/ul), 1% Taq Buffer (Thermo Scientif-
ic), MgCI2 (5 mM), and dNTPs (1 mM, Fermentas) in a total
volume of 20 ul per sample. cDNA samples were analyzed for
expression of target genes by quantitative RT (qQRT)-PCR using
TagMan 5' nuclease assays (Applied Biosystems). Following
assays were used: MmO01352363 ml (succinate dehydrogenase
subunit A, Sdha); Mm00434584 sl (potassium voltage-gated
channel, shaker-related subfamily, member 2, Kcna?);
MmO01336166_ml (potassium voltage-gated channel, shaker-
related subfamily, member 4, Kcna4); Mm01302126_ml1 (potas-
sium voltage-gated channel, Shal-related subfamily, member 3,
Kcnd3); and MmO01316769_m1 [potassium voltage-gated chan-
nel, subfamily H (Eag-related), member 1, Kcnhl]. Reactions
were performed in a MicroAmp Fast Optical 96-well reaction
plate (Applied Biosystems) using the 7500 Fast RT-PCR system
(Applied Biosystems) for thermal cycling and real-time fluores-
cence measurements. The PCR cycle protocol consisted of
10 min at 95 °C, and 50 two-step cycles of 15 s each at 95 °C
and of 1 min at 60°. Positive and negative controls (no-template
controls for RT-PCR and TagMan-qPCR) were included in the
experiments. Each sample was run in triplicate for each TagMan-
gPCR. Threshold cycle (CT) values were recorded as a measure
of initial template concentration. Relative fold changes in RNA
levels were calculated by the AACT-method using SDHA as a
reference standard. The range for the target was calculated by
2-AACT relative to gp130"™ samples as calibrator and data
were normalized per experimental day.

Statistical analysis

Data are presented as mean + SEM. For detailed statistical
analysis the Sigmastat 3.0 (Aspire Software International)
software package was used and Mann—Whitney U test or
Student's ¢ test were calculated. Differences were considered
statistically significant at p<0.05.

Results

Decreased neuronal excitabilty of neurons from SNS-gp1307
mice

Electrophysiological experiments were performed on primary
sensory neurons 18 to 28 h after plating. Prior to each

recording, the identity of the cells was confirmed by live-cell
labeling with a gp130-specific antibody. In current clamp, the
resting membrane potential of SNS-gp130”" neurons was
significantly lower than the resting membrane potential of
gp130™"™ neurons (SNS-gp1307"; -58.33+0.89 mV, n=62 vs.
gp130™; -55.84+0.73 mV, n=67; Mann-Whitney U test, p=
0.0012), whereas the input resistance was unchanged (gp130”
. 1.15+0.08 GQ, n=41 vs. SNS-gp130™"; 1.36+0.11 GQ, n=
44, respectively). APs were evoked in gp130™™" and SNS-
gp130”" DRG neurons by stepwise increasing current injec-
tions. The SNS-gp130”" neurons had a markedly increased
rheobase (the minimal amount of current input to evoke a
single AP) of 55.85+£7.79 pA (n=47) compared to control
gp130™™ with 27.41+2.78 pA (n=47). The OS of the evoked
APs and the upstroke velocity (S;) of SNS-gp130™" were
similar to gp130™™ (Table 3). The threshold of the AP evoked
by current injection was derived from the 1st derivative of the
voltage recording. The time point where the slight declining
phase converted into an ‘irreversible’ increasing phase (see
inset) was determined and the corresponding voltage was
deducted from the original voltage recording. We did not
observe a difference in the AP thresholds of both gp130™™
and SNS-gp130”" DRG neurons (Table 3). The repolarization
phase of the AP in DRG neurons consisted of two distinct
phases, exhibiting a “hump” in the falling phase of AP, typical
for small nociceptors [39, 44]. These two phases were repre-
sented by two distinct peaks in the differentiated voltage
recording (Fig. 1; S, and S3, Table 3). In nociceptors lacking
gp130, the first phase of repolarization was significantly faster
compared to gp130 expressing gp130™™ nociceptors (-43.19+
1.73mV ms™, n=62 vs.-34.92+1.58 mV ms™, n=67, respec-
tively). In addition, the 2nd phase of repolarization occurred
also with greater speed in SNS-gp130”" neurons than in
gp130"™ neurons (-38.31+1.23 mV ms™, n=62 vs. -32.49+
0.93 mV ms™', »=67). Finally, the AHP amplitude of gp130™™
neurons was significantly higher than the AHP of SNS-
gp1307" neurons (gp130™™" -66.06+0.66 mV, n=67 and
SNS-gp130™-69.07+0.66 mV, n=62).

As the depolarization and repolarization speed of the AP
set the width of the AP, we determined the time intervals
between the three “peaks” from the derivative of the AP. In
accordance to the increased repolarization speed of APs of
SNS-gp130™ nociceptors, all time intervals were significantly
reduced in SNS-gp130™" compared to control neurons (see
Table 4 and Fig. 1a).

Voltage-gated sodium and calcium currents are unaltered
in SNS-gp130” neurons

An altered resting membrane potential, rheobase, and repolar-
ization should be reflected in an altered activity of ion chan-
nels. Therefore, the different currents involved in the AP were
analyzed. In nociceptors, both TTX-sensitive and TTX-
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Table 3 Action potential characteristics of gp130™™ and SNS-gp1307" nociceptive neurons

RMP (mV) IR (G2) Rheobase (pA) OS (mV) Threshold (mV) AHP (mV)
gp130™0 -55.84+0.73" 1.15+0.08 27.41+2.78" 64.19+0.93 -35.73+0.52 -66.06+0.66"
SNS-gp130™ -58.33+0.89 1.36+0.11 55.85+7.79 63.73+1.03 -36.95+0.71 -69.07+0.66

RMP resting membrane potential, /R input resistance, OS overshoot, 4HP afterhyperpolarization

*p<0.05 and ** p<0.01; for details, see Fig. 1

resistant sodium channels are expressed [1, 2, 42, 49]. The
DRG neurons were kept at a holding potential of -80 mV, and
sodium currents were evoked by stepwise depolarizations
between -80 and +80 mV, preceeded by a 250 ms hyperpo-
larizing pulse of -120 mV. The total peak current amplitudes
were plotted in an [V curve and fitted with a modified
Boltzmann equation (see “Materials and methods™ section).
A typical recording of sodium currents (Fig. 2a, upper panel)
and the average 7V plot of a gp130™™ neuron is depicted in
Fig. 2b. The neurons derived from gp130™™ mice had an
average sodium conductance of 4.84+0.26 nS/pF (n=36).
The sodium currents activated half maximally at -37.26+
0.99 (n=36) with a steep slope in the /V relationship (slope
factor; 1.77+0.16, n=36). Voltage-gated sodium currents
from SNS-gp130™ neurons were indistinguishable from those
of gp130™™ neurons. The inward Na* currents in both types of
neurons was maximal at -35 mV (gp130™%; -358.75+25.72
PA pF™', n=36, SNS-gp1307"; -399.36+32.45 pA pF !, n=32)
and reversed around +50 mV (gp130™™; 53.67+0.63 mV, n=
36, SNS-gplSO'/ 7 51.85+0.92 mV, n=32). The size-corrected
Na" conductance of SNS-gp130”" nociceptors amounted to
5.38+0.29 nS/pF (n=32). Furthermore, SNS-gp130” neurons
had a similar V., and were equally fast in activation (Ve -
40.00+1.35 mV and slope factor; 1.82+0.26, n=32; Fig. 2c).

To discriminate between the different types of sodium
currents, TTX-sensitive channels were blocked by 250 nm
TTX. The TTX-resistant sodium currents were analyzed as
described above. The conductance of TTX-resistant voltage-
gated sodium currents was comparable between gp130™™ and
SNS-gp130”neurons (gp130™™; 3.59+0.30 mV, n=29 vs.
SNS-gp130'/'; 3.81+0.30 mV, n=30). Furthermore, the half
maximal activation derived from the /V plot was

indistinguishable between both types of DRG neurons
(gp130™™; -23.78+1.31 mV, n=29 vs. SNS-gp130”" Ve -
26.00+0.32 mV, n=30). These results suggest that difference
in excitabilty is unlikely due to different kinetics of voltage-
gated sodium currents in gp130™”™- and SNS-gp130™-derived
neurons.

In small-sized sensory neurons, voltage-gated Ca®" cur-
rents shape the AP. Therefore, voltage-dependent calcium
channels were assessed and the inward peak currents ana-
lyzed. In both genotypes, the high voltage-activated Ca*"
currents had an equal activation voltage (¥, Table 5) and
slope factor (S, Table 5). Furthermore, the peak inward calci-
um conductance of SNS-gp130”" nociceptors was equal to
gp130™"™ neurons (G, Table 5). In 4 out of 19 SNS-gp130™-
nociceptors, we observed the presence a low voltage-activated
Ca®" current, comparable to the 5/22 of gp130™™ neurons.
Despite the small numbers of nociceptors displaying T-type
Ca*" currents, there were no obvious differences observed in
the biophysical properties of the 7V plots of both genotypes
(data not shown).

Augmentation of voltage-gated potassium currents in gp1307
neurons

Potassium channels are crucial for the repolarization of the
AP. Since the speed of repolarization was significantly in-
creased in SNS-gp130™" neurons, we suspected that altered
potassium currents could be the reason. It is generally accept-
ed that the repolarization phase of APs of nociceptors has two
separate phases, which are due to activation of different sub-
families of potassium channels. The fast repolarization is
predominantly carried by A-type voltage-gated potassium

Table 4 Upstroke and repolarization velocities, and time constants of 1st derivation of action potentials recorded from gp130 expressing and gp130-

deficient nociceptors (explanation in the text)

S (mV ms™) S, (mV ms™) S (mV ms™) t—t (ms) bh—t (ms) t—t (ms)
gp130"T =67 184.81+7.49 -34.92+1.58 " -32.49+0.93 ** 1.67+0.19 *** 3.41+0.13 °* 5.08+0.26 "
SNS-gp1307" n=62 183.10+7.84 -43.19+1.73 -38.31+1.23 1.13+0.10 2.610.12 3.73+.018

S; Upstroke velocity, S, 1st repolarization velocity, S; 2nd repolarization velocity, ¢ time interval between Sy and S, &-#; time interval between S, and

83, t-t; time interval between S; and S3

ek

p<0.001, for details, see Fig. 1
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Fig. 2 Voltage-gated sodium currents in gp130™" and SNS-gp130™
DRG neurons are indistinguishable. a Typical recordings of voltage-gated
sodium currents in gpl130™" (upper traces) and SNS-gp130”~ (lower
traces) under control (left traces) and TTX (right traces) conditions. b
The Na'-IVplots derived from Na" current recordings of gp130™™ (white
circles) and SNS-gp130’/' DRG neurons (black circles) are similar in both
control condition (left /Vplot) and after application of TTX (right /Vplot).
No differences in the current density is observed between the two DRG
neuron populations. ¢ The conductance (G) and the half-maximal activa-
tion voltage (., obtained after fitting of the individual 7/ plots do not
show a difference between gpl130™™ (white bars) and SNS-gp130™
neurons (black bars). The obtained slope factor in SNS-gp1307™ is slightly
increased in the TTX-resistant Na* /Vplot (Student's test, p=0.022), and
the slope factor of the 77 plot of TTX-sensitive and TTX-resistant Na"
currents are comparable

channels. These channels exhibit fast activation and inactiva-
tion properties and can be blocked by 4-AP [53, 59]. The slow

repolarization is mainly due to the activity of different types of
delayed rectifier potassium channels. Therefore, peak and
sustained potassium currents were analyzed. Both peak and
sustained potassium /V plots were fitted with a Boltzmann-like
equation (see “Materials and methods™ section). It could be
shown that both voltage-dependent peak and sustained potas-
sium currents of SNS-gp130”" neurons were significantly
greater at higher voltages compared to the respective currents
in gp130™" control (e 0.55+0.03 nA pF™', n=18 vs. 0.45+
0.03 nA pF' at40 mV, n=17; and L 0.48+0.03 nA pF™', n=
18 and 0.39+0.03 nA pF'l at40 mV, n=17; Student's ¢ test, ='Fp
<0.05). In accordance with these results, the size-corrected
peak potassium conductance of SNS-gp1307™ is significantly
greater than of gp130™™ (Fig. 3a, 3.96+0.29 nS pF', n=17
and 4.98+0.29 nS pF™', n=18, respectively; Student's 7 test,
*p<0.05). However, the conductance of the sustained potassi-
um currents was not different to the gp130™" (3.54+0.28 nS
pF ') and SNS-gp130™ (4.29+0.310 nS pF™"). The voltage of
half maximal activation derived from the curve fitting were
also comparable between both types of neurons (Table 6).

To investigate the 4-AP-insensitive K" current, 4-AP (5 mM)
was used to isolate the delayed rectifier K channels. SNS-
gp130™ nociceptors still displayed a significant larger current
at positive voltages (Fig. 4). Accordingly, SNS-gp130”" DRG
neurons had larger size-corrected peak and sustained conduc-
tances than gp130™™ DRG neurons (SNS-gp130” vs. gp130™™;
Gicak 3.69£0.28 nA pF', n=10 vs. 2.75£0.23 nA pF', n=12;
and Gy, 3.46+0.30 nS pF™', n=10vs. 2.68+0.22 nS pF!, n=12)
as derived from curve fitting. Despite the difference in conduc-
tance, no difference in activation voltage and slope of activation
of the 4-AP-resistant K'—/V curves was observed between
gp130"™ and SNS-gp130™ nociceptors.

The 4-AP-sensitive current was derived by subtraction of
the 4-AP-insensitive K* currents from control K™ currents. In
gp130-deficient nociceptors, the 4-AP-sensitive K™ peak cur-
rent was significantly larger compared to the peak outward K*
current measured in gp130™" neurons at +40 mV (0.29+
0.03 nA pF', n=11 and 0.18+0.02 nA pF, n=12, respec-
tively, Student's ¢ test, ** p<<0.01). Hence, the outward peak
conductance of the 4-AP recorded current was significantly
larger (2.69+0.45 nS pF ', n=11 and 1.51+0.18, n=12 re-
spectively, Student's ¢ test, *»<0.05) in SNS-gp1307
nociceptors. The activation kinetics as derived from /7 fitting
did not yield a difference between both gp130™™ and SNS-
gp1307 nociceptors (Table 6).

Table 5 Biophysical properties of voltage-gated Ca>" currents in gp130™™ and SNS-gp130”- DRG neurons

Genotype N G (nS/pF) Vact (mV) S V; (mV)
gp13071 24 0.53+0.05 -15.03+0.55 4.78+0.31 50.11+1.27
SNS-gp130™ 19 0.61+0.0.04 -17.10+0.76 4.98+0.33 49.16+0.96

G Cellular Ca*>* conductance, ¥, activation voltage, S slope factor at V., ¥} reversal potential
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Fig. 3 In gp130™™ and SNS-gp130”~ DRG neurons, voltage-gated cal-
cium currents are comparable. a Typical recordings of voltage-gated
calcium currents in gp130™™ (upper traces) and SNS-gp130™ (lower
traces). b The Ca?"-IV plots derived of the peak Ca®" current obtained
from gp130™™ (white circles) and SNS-gp130”~ DRG neurons (black
circles) are similar. In the Ca®" current density, no obvious differences
are observed between gp130™™ and SNS-gp130”- DRG neuron popula-
tions. ¢ Parameters derived from IV fitting of peak inward Ca*" currents
from both gp130-expressing (white bars) and gp130-deficient nociceptors
(black bars) did not reveal significant alterations in activation kinetics

In addition to the K+/Vanalysis, the activation kinetics of
4-AP-resistant (4-AP Res) and 4-AP-sensitive (4-AP Sens)
currents were calculated for depolarizations evoked at 0 mV.
The 4-AP Res currents were fitted with a double exponential
to determine the time constants of activation of K currents.
Both activation time constants # and # of K currents were
smaller in SNS-gp130™" neurons than in gp130™" neurons

@ Springer

(Table 7). The deduced 4-AP Sens currents could be fitted
with a single exponential equation. Similar to the 4-AP Res
currents, the 4-AP-sensitive K current of SNS—gp130'/ )
nociceptors evoked at 0 mV activated faster than in gp130"
11 depicted by a smaller # (Table 7).

Neurons from SNS-gp130” mice expressing significantly
higher levels of Kcna4

On the basis of the electrophysiological results, an increased
expression of voltage-gated K channels was to be anticipat-
ed. Therefore, gene expression levels of possible candidates
were assessed using quantitative Tagman RT-PCR. In neuro-
pathic pain states, the expression of Kv1.2 (Kcna?2), Kvl.4
(Kcnad4), and Kv4.3 (Kcnd3) giving rise to K currents was
reduced, and this is generally associated with nociceptor hy-
perexcitability [64, 66, 67]. Recently, our experiments indi-
cated that Kv10.1 (Kcnhl) expression in SNS-gp130™" is
differentially expressed in DRG explants (data not shown).
Therefore, the mRNAs of Kcna2, Kena4, Kend3, and Kenhl
were analyzed in cultures of gp130™™ and SNS-gp1307
nociceptors. The mRNA of all four K channels were detect-
able in gp130™™ and SNS-gp130™ nociceptors. Strikingly,
only the expression of Kcna4 was significantly higher in
SNS-gp130”" DRG neurons (1.34+0.10, n=7, Mann—Whit-
ney U test, p<0.05), whereas the Kcna2, Kcnd3 showed a
nonsignificant increase in expression, and Kcnhl mRNA ex-
pression levels were similar in both genotypes (Fig. 5b). These
data suggest that expression of A-type Kcna4 channels may be
regulated by gp130 which seemingly acts as a break for the
expression of Kcna4 to increase noceptor excitability in pain
states associated with local or general inflammation.

Discussion

Our results point out to a deficit in excitability of small-sized
nociceptive neurons in acute primary cultures obtained from
mice with a conditional null mutation of the cytokine signal
transducer gp130 in nociceptive neurons. The hyperpolarized
resting potential and alterations in kinetics within specific
subsets of voltage-gated ionic currents obtained from gp130-
deficient neurons are in line with an increased expression of
Kcna4 channels, but little or no alteration of Na™ and Ca*"
channels.

In general, neurons require voltage-gated ion channels for
AP generation and propagation, and they regulate conduc-
tances of Na*, Ca®", and K" ions. In particular, sodium and
calcium channels have been intensely studied and are gener-
ally accepted to contribute to changes in the pain pathway that
are associated with increased pain sensitivity [17, 19, 24, 42].
The TTX-sensitive NaV1.7 is a major candidate to amplify
submaximal depolarizations due to its slow inactivation and
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Table 6 Biophysical properties of voltage-gated K™ currents derived from the /V/plot in cultivated nociceptors derived fom gp130"" and SNS-gp130™-

DRGs
gp130™M (n=17) SNS-gp130™ (n=17)
Ipcak Isus lpcak 1&

Vaer (mV) Control -2.10+2.08 -2.64+1.96 -491+147 -5.21+1.36
4-AP Res 1.69+3.76 -3.934+3.36 -5.334+2.06 -8.43+1.63
4-AP Sens -7.88+3.62 - -7.53+4.48 -

Slope factor Control 19.36+0.77 20.20+0.87 21.98+1.11 21.13+£0.58
4-AP Res 19.91+0.77 19.85+0.97 20.53+0.74 21.31+0.76
4-AP Sens 14.92+1.09 - 16.81+£1.86 -

1
sensitive to 4-AP inhibition

thereby brings the neuron closer to its AP threshold [18].
Mutations within the Scn9a gene encoding NaV1.7 change
pain perception [21, 42, 45]. The TTX-sensitive NaV1.3
sodium channel is solely expressed during embryonic stages.

heat K' peak outward current, K" sustained outward current, V., activation voltage, 4-AP ResK" currents insensitive to 4-AP, 4-AP SensK " currents

However, neuropathic pain or peripheral nerve injury can
cause re-expression of NaV1.3 channels in DRG neurons
[9]. Similar to NaV1.7, NaV1.3 channels can be involved in
high frequency AP generation or in amplification of
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Fig.4 Voltage-gated potassium currents are increased in gp130-deficient
nociceptors. a Recordings of voltage-gated K™ current in gp130%" (grey
traces) and in SNS-gp130”" (black traces) DRG neurons. Both Kocax
(filled black circles) and Ky, (open black circles) current densities are
significantly increased in the gp130-deficient nociceptors compared to
the current denisties recorded in gp130™7 (Kpeak filled grey circles, Ky
open grey circles) neurons, Student's test, “p<0.05. band ¢ Both K™ peak

80 40 0 40
V(mV)

current densities of 4-AP-insenstive (b) and 4-AP-sensitive K™ currents
(¢) are increased in SNS-gp130”" neurons as evident from the IV plots
(middle panel, Student's ¢ test, "p<0.05, “"p<0.01). However, only the
sustained K current density is only increased in 4-AP-insentive K*
current in SNS-gp130™" neurons (b right panel, black open circles,
*p<0.05) at high positive voltages. No differences are observed in the
sustained K™ current of 4-AP-sensitive current (¢ right panel)
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Table7 Activation time constants of voltage-gated K™ currents evoked at 0 mV in cultivated nociceptors derived fom gp130™™ and SNS-gp130” DRGs

gp13001 SNS-gp130™

N f (ms) t (ms) N f (ms) b (ms)
Control 18 6.16+0.79"" 29.93+8.48" 17 2.80+0.36 12.03+2.86
4-AP Res 12 29.63+9.33"" 150.85+28.78"™ 10 6.53+0.90 33.13+7.51
4-AP Sens 12 4.48+0.66™" - 10 1.67+0.22 -

4-AP Res K" currents insensitive to 4-AP
4-AP Sens K" currents sensitive to 4-AP inhibition

" p<0.05, ™ p<0.01, and *** p<0.001, Mann-Whitney U test, all compared to the according SNS-gp130”" parameter

subthreshold depolarizations [41]. Besides the TTX-sensitive
Na' channels, the TTX-resistant NaV1.8 channel is of impor-
tance in repetitive firing at prolonged depolarizations. Further-
more, in DRG neurons, they are the main contributors to the
Na" influx in the upstroke of the AP [56]. In the current study,
we did not observe any difference of threshold of the AP, OS,
and speed of depolarization which could be correlated with
voltage-gated sodium channel expression and function.

6A * 0.083 * * *

G (nS/pF)

’peak ’sus Ipeak /sus I4.Ap

Control 4-AP (5mM)

= =
[} @}
) )

Relative Expression
o
5]

0.0-

KCNH1 KCNA4 KCNA2 KCND3

— gp130ﬂ/ﬂ ] SNS—gpl30'/ )

Fig. 5 SNS-gp130” DRG neurons have increased K conductances that
coincides with increased expression of voltage-gated K channels. a All
K" conductances (G) derived from [V fitting fo the peak K currents (fpear)
are augmented in SNS-gp130”" DRG neurons (black bars) compared to
gp130"™ neurons (white bars). Futhermore, the 4-AP sustained K con-
ductance (k) is only elevated in the 4-AP-insensitive fraction (Student's ¢
test, "p<0.05). b SNS-gp130”" nociceptors (black bars) exhibit higher
expression of Kv1.4 (KCNA4) than gp130"™ DRG neurons (white bars).
Expression of Kv1.2 (KCNA2), Kv4.3 (KCND3), and Kv10.1 (KCNH1)
mRNA was similar between both genotypes (Mann—Whitney U test, *<
0.05)
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Furthermore, in-depth recordings in gp130™™ and SNS-gp130”
" DRG neurons using ion replacement to isolate voltage-gated
sodium channels did not show any differences in conductance or
activation kinetics. We did not find any effects of SNS-Cre
expression on the shape of the AP nor in biophysical properties
of the TTX-resistant sodium channels, in line with recent find-
ings that the AP properties of SNS-Cre mice do not differ from
their wildtype littermates [62]. Therefore, we conclude that the
reduced excitability of neurons obtained from SNS-gp1307
mice is likely due to changes in voltage-gated ion channels other
than the NaV family of Na' channels.

Besides voltage-gated sodium channels, several types of
Ca”" channels are expressed in small- and medium-sized
DRG neurons and sensory primary afferents [4, 63]. T-type
calcium channels are already activated at voltages close to the
resting membrane potential or by small membrane depolari-
zation and thereby can regulate AP shape and discharge
patterns [33]. T-type calcium currents are increased after nerve
lesion in small DRG neurons [35], and inhibition of the T-type
calcium channels results in reduction of thermal hypersensi-
tivity and reduced pain responses in the formalin test [15, 51].
The N-type Ca®" channels control synaptic transmission of C
and A fibers in pain processing. However, after nerve lesion,
alternative splicing of N-type Ca>* channels may alter their
function. Moreover, the splice variant exon37a has attracted
special interest because it is exclusively expressed in
capsaicin-sensitive DRG neurons [8] and is selectively in-
volved in mechanical and thermal hypersensitivity in inflam-
matory and neuropathic pain [3]. Nevertheless, our data shows
that calcium current properties were very similar in gp1307™
and SNS—gpl?aO'/ " nociceptors. We therefore reason that it is
unlikely that calcium currents are causally involved in the
reduced excitability of neurons lacking gp130.

The most striking differences between genotypes were ob-
served in voltage-gated potassium currents. Potassium chan-
nels in DRG neurons are important not only for AP repolari-
zation but also for setting resting membrane potential and firing
frequency upon excitation [29, 36, 37, 40]. Both AP repolari-
zation and resting membrane potential were significantly al-
tered in SNS—gp130'/ " mice and could potentially account for
the reduced DRG neuron excitability of these mice.
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Adult DRG neurons express several delayed rectifier K
channels such as Kv1.2 and Kv10.1 [10, 55, 68]. The density
of delayed rectifier K" currents is decreased in the chronic
DRG compression model or after exposure to proalgesic
endothelin-1, and therefore, they have been associated with
the hyperexcitability of neurons [25, 26]. More recently, they
have gained some interest as potential novel targets for pain
treatment [22, 52, 61]. Surprisingly, our electrophysiological
data point out to increased expression of delayed rectifier
channels, however, regarding our two candidates; Kcna?2
(Kv1.2) expression was increased nonsignificantly in SNS-
gp1307" nociceptors, and Kenhl (Kv10.1) was found
undifferentially expressed in the current study.

A-type K currents and the corresponding K™ channels,
e.g., Kvl.4 and Kv4.3, are regularly expressed in DRG neu-
rons, where, e.g., Kv4.3 is predominantly expressed in small-
sized C-fiber neurons [47, 53]. A-type K currents contribute
to normal mechanosensation, and reduced expression in
nociceptors induces mechanical hypersensitivity [14, 66]. A-
type K™ channels set nociceptor sensitivity, and more specif-
ically, cooling causes inhibition of A-type current in DRG
neurons [58]. In addition, the A-type potassium channels are
targeted by analgesic drugs like butamben or diclofenac [22,
65]. In the current study, we discovered a significant upregu-
lation of Kcna4 (Kv1.4) in gp130-deficient nociceptors, which
was associated with augmented hyperpolarising K currents
and shortening of AP width. Since Kv1.4 gives rise to an A-
type K current and A-type currents are generally accepted to
modify APs, we conclude that Kv1.4 is critically involved in
the reduced excitability of gp130-deficient neurons.

The current data suggest that the presence of gp130 acti-
vates a break for the expression of the A-type K channel gene
Kcna4. The inhibition of Kcna4 by gpl30 prevents the
nociceptors to enter into a hypoexcitable state, in which
nociceptors are less likely to generate APs. This suggests that
gpl130 is required to initiate neuron hypersensitivity. This,
together with recent literature on potassium channels, sheds
novel light on how the mechanism gp130 can induce and
maintain pathological pain states [5, 11, 54, 57].
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