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SUMMARY

It is well known that nuclear factor-kappaB (NF-kB) regulates neuronal structures and functions by nu-
clear transcription. Here, we showed that phospho-p65 (p-p65), an active form of NF-kB subunit,
reversibly interacted with Na,1.7 channels in the membrane of dorsal root ganglion (DRG) neurons
of rats. The interaction increased Na, 1.7 currents by slowing inactivation of Na, 1.7 channels and facil-
itating their recovery from inactivation, which may increase the resting state of the channels ready for
activation. In cultured DRG neurons TNF-o upregulated the membrane p-p65 and enhanced Na,1.7
currents within 5 min but did not affect nuclear NF-xB within 40 min. This non-transcriptional effect
on Na, 1.7 may underlie a rapid regulation of the sensibility of the somatosensory system. Both NF-
kB and Na,1.7 channels are critically implicated in many physiological functions and diseases. Our
finding may shed new light on the investigation into the underlying mechanisms.

INTRODUCTION

Nuclear factor-kappaB (NF-kB), a potent transcription factor, is highly conserved from insect to human and
plays critical roles in a wide variety of physiological and pathological processes, such as memory storage
(Meffert and Baltimore, 2005), immunity and cancer (Taniguchi and Karin, 2018), neurodegenerative dis-
eases (Srinivasan and Lahiri, 2015), and chronic pain (Niederberger and Geisslinger, 2008). NF-«kB
p50/pé5/inhibitor of NF-kB (IkB-a) complex is located in the cytoplasm. On activation, both p65 and
|kB-a. are phosphorylated, and then p-lkB-a. is degenerated after ubiquitination, whereas phospho-p65
(p-p65) is translocated into the nucleus, where it regulates gene transcription (Niederberger and Geis-
slinger, 2008). At present, all the functions of NF-«B are attributed to the transcriptional effect in vertebrate
(Salles et al., 2014). There are two NF-kB activation pathways, classical and alternative; tumor necrosis fac-
tor alpha (TNF-a) is critical in both of them (Wajant and Scheurich, 2011).

Dorsal root ganglion (DRG) neurons play an essential role in detecting the changes in the external environ-
ment. As a pseudounipolar neuron, its peripheral axon branches transfer different forms of sensory stimuli
into action potentials (APs) and its central axon branches conduct the APs to spinal dorsal horn (Chahine
and O'Leary, 2014). Activation of voltage-gated sodium (Na,) channels is indispensable for the initiation
and conduction of APs. Among the nine subunits of Na, channels (Catterall et al., 2005), tetrodotoxin-sen-
sitive (TTX-S) channels Na,1.3, Na,1.6, and Na,1.7 and TTX-resistant (TTX-R) channels Na,1.8 and Na,1.9
are proved important for the excitability of DRG neurons (Dib-Hajj et al., 2010). Previous works show that
activation of TNF-a/NF-kB signaling leads to chronic hyperexcitability of DRG neurons (He et al., 2010;
Huang et al., 2014; Tamura et al., 2014; Zang et al., 2010) and of cortical neurons (Chen et al., 2015) by tran-
scriptional upregulation of sodium channels. In the present work, we provided evidence that p-pé5 also
enhances Na* currents in a transcription-independent way. The data uncover a novel mechanism by which
TNF-a/NF-kB signaling rapidly regulates cell excitability.

RESULTS

p-p65 (s311) Is Located in the Membrane of DRG Neurons, and Reducing Cytoplasmic p-p65
Inhibits Na* Currents within Minutes

Immunofluorescent staining showed that p-p65 (s311) was located not only in the nucleus but also in the mem-
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brane of DRG neurons in both naive and neuropathic rats, namely, vincristine (VCR, a chemotherapeutic https://doi.org/10.1016/.isci.
agent)-induced peripheral neuropathy or lumbar 5 spinal nerve ligation (L5-SNL) (Figures TA-1C). Western blots 2019.08.017
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Figure 1. Phospho-p65 (s311) Is Located in the Membrane of Dorsal Root Ganglion Neurons and Is Increased in
Neuropathic Conditions

(A-C) The representative confocal images show that p-pé5 is located not only in the nucleus but also in the membrane of
DRG neurons in naive (A), vincristine (VCR)-treated (B) and L5-spinal nerve ligation (L5-SNL) (C) rats. Scale bars: left
100 pm, right 20 pm.

(D and E) The western blots show that p-p65 in membrane is increased in VCR-treated (D) and L5-SNL (E) rats, compared
with vehicle and sham rats. Samples were harvested after the last VCR injection or 10 days after L5-SNL. n = 6 in each
group. **p < 0.01, ***p < 0.001 compared with vehicle or sham group.

(F) The cell types that express p-p65 (s311) in DRG neurons. Scale bars: 50 pm.

(G and H) The total (G) and the average (H) gray value of p-p65 signal in NF-200 positive (larger-diameter) and NF-200-
negative (small-diameter) neurons. n = 40 in NF200-negative group, n = 62 in NF200-positive group. ***p < 0.001
compared with the corresponding NF200-negative group. Two-tailed t test. The specificity of the antibody for p-p65
(s311) was identified in Figure S2A. Data expressed as mean + SD. The control of membrane fractionation process was
shown in Figure S2C.

with membrane protein extract of DRGs revealed that the membrane p-p65 level was significantly higher in either
VCR-treated or L5-SNL rats compared with vehicle-treated or sham-operated rats (Figures 1D and 1E). Double
staining showed that p-p65 (s311) was colocalized with the markers of large neurons (NF-200) and of small neurons
(CGRP and IB4) but not with the marker of satellite glial cells (GFAP) (Figure 1F). We quantified the levels of p-pé5
in large (NF-200 positive) and small (NF-200 negative) DRG neurons. As shown in Figures 1G and TH, the total gray
value of p-pb5 signal in large neurons was higher than that in small neurons, but the average gray value of p-p65
signal (total gray value/cell area) in large neurons was lower than that in small neurons. The data indicate that p-
pb5isexpressedin all types of DRG neurons, although expression is more intensive in small ones. Therefore, inthe
following experiments all sizes of DRG neurons were used.
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Figure 2. Intracellular Application of Anti-p-p65 (s311) or Extracellular Application of PDTC Preferably Reduces
TTX-S Na* Currents over TTX-R Ones within Minutes

(A-C) The effects of intracellular anti-p-p65 (10 pg/mL) on total (A), TTX-S (B) and TTX-R (C) Na* currents. The raw
traces were recorded immediately on onset (black) and 18 min (red) after recordings. n = é in each group. *p < 0.05,
***p < 0.001 compared with the corresponding I1gG group. (D-F) The effects of extracellular NF-kB inhibitor PDTC
(10 nM) on total (D), TTX-S (E) and TTX-R (F) Na* currents. The raw traces were recorded immediately on onset (black)
and 18 min (red) after recordings. n = 6 in each group. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the
corresponding vehicle group.

(G and H) The histograms show the inhibitory rates of anti-p-p65 (G) and PDTC (H) on total, TTX-S, and TTX-R
currents at 18 min after recordings. *p < 0.05, **p < 0.01 compared with total currents; *p < 0.01, #*p < 0.001
compared with TTX-S currents. A-F, two-way repeated measures ANOVA followed by Bonferroni’s multiple
comparisons test; G and H, one-way ANOVA followed by Holm-Sidak’s multiple comparisons test. Data expressed as
mean + SD.

The primary function of DRG neurons is production of APs in response to various sensory stimuli, and
opening of Na, channels is critical in this process. We, therefore, tested if membrane p-p65 might regu-
late the Na, channels. To do this, total Na*, TTX-S, or TTX-R currents were recorded in the DRG neurons
of VCR-treated rats with microelectrodes containing p-p65 antibody (10 pg/mL) or IgG. TTX-S and TTX-R
currents were isolated by blocking TTX-R channels with A-803467 (1 uM) (Jarvis et al., 2007) (Figure S1)
and by blocking TTX-S channels with TTX (300 nM), respectively. As shown in Figures 2A-2C, compared
with IgG control group, a significant reduction of total Na*, TTX-S, or TTX-R currents was evident at 6, 3,
and 18 min after the onset of recordings. The results indicate that p-p65 facilitates Na, currents. To
confirm this, pyrrolidinedithiocarbamate (PDTC, 10 nM), an NF-kB inhibitor that reduces intracellular
p-p65 by inhibition of IkB-ubiquitin ligase activity (Hayakawa et al., 2003), was applied extracellularly
1 min after recordings. We found that PDTC inhibited total Na* currents, TTX-S currents, or TTX-R cur-
rents within 6-9 min, compared with the vehicle group (Figures 2D-2F). We found that both intracellular
anti-p-p65 and extracellular PDTC preferably inhibited TTX-S currents over TTX-R ones (Figures 2G
and 2H).
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Figure 3. p-p65 (s311) Interacts with Na,1.7 Channels in the Membrane of DRG Neurons

(A-F) Co-IP with DRG protein extract of VCR-treated rats shows that p-pé5 strongly interacted with Na,1.7 (C and F),
weakly with Na,1.6 (B), but not with Na,1.3 (A), Na,1.8 (D), or Na,1.9 (E).

(G) The structured illumination microscopies show that p-p65 is colocalized with Na, 1.7 in DRG neuron membrane of VCR
rat. Scale bars: left 10 um, right 5 pm.

(H) Quantification data show colocalization rates of Na,1.7 with p-p65 (colocalized yellow spots/total Na,1.7 positive
spots) and those of p-p65 with Na,1.7 (colocalized yellow spots/total p-pé5 positive spots) in membrane. n = 4 in each
group. ***p < 0.001 compared with Na,1.7 with p-p65 group. The specificity of the antibody for Na,1.7 was identified
(Figure S2B). Two-tailed t test. Data expressed as mean + SD.

Membrane p-p65 Gates Na,1.7 Channels by Protein-Protein Interaction

Our data that p-p65 was located in the membrane and that PDTC inhibited Na, currents within
minutes suggested that p-pé5 might regulate Na, channels, non-transcriptionally. To investigate the mech-
anisms underlying the rapid effect, we tested the possibility that p-p65 may gate sodium channels by pro-
tein-protein interaction. The co-immunoprecipitation (Co-IP) experiments with the protein extract of DRGs
from VCR-treated rats showed that p-p65 interacted potently with Na,1.7, weakly with Na,1.6, and barely
with Na,1.3, Na,1.8, or Na,1.9 (Figures 3A-3F). To confirm the p-p65-Na,1.7 interaction, we performed
high-resolution images of structured illumination microscopy and found that 69.4 + 11.1% of Na,1.7
was colocalized with p-p65, whereas only 30.3 + 4.3% of p-pé5 was colocalized with Na,1.7 in membrane
of DRG neurons from VCR-treated rats (Figures 3G and 3H).

We then investigated the effect of the interaction on TTX-S Na,1.7 channels. If p-p65 was required for acti-
vation of Na,1.7 channels, blockade of Na,1.7 would occlude the inhibitory effect of PDTC on TTX-S cur-
rents as shown in Figures 2D-2F. Indeed, we found that PDTC (10 nM) failed to affect TTX-S currents
when applied 15 min after extracellular application of ProTxIl (5 nM), a selective Na,1.7 blocker
(Schmalhofer et al., 2008), in DRG neurons of VCR-treated rats (Figures 4A and 4B). Conversely, ProTxl
also failed to affect TTX-S Na* currents when applied 15 min after PDTC (Figures 4C and 4D). To further
study the effect of p-p65 on Na,1.7 channels, we repeated the experiments with ICA-121431 (5 uM), a
potent rat Na,1.7 channel blocker (ICso: 37 nM) (McCormack et al., 2013), and found that the effects of
ICA-121431 and PDTC on TTX-S currents were also occluded by each other (Figures 4E-4H). In addition,
we found that intracellular application of anti-p-p65 also blocked the inhibitory effect of ProTxIl on TTX-
S currents (Figures 41 and 4J). The mutual inhibition between PDTC and Na, 1.7 blockers on TTX-S currents
was also observed in the DRG neurons from naive rats (Figures 5A-5H).

To investigate how reducing intracellular p-pé5 decreases Na, 1.7 currents, we measured p-p65 and Na, 1.7

in DRG membrane from VCR- and vehicle-treated rats. The western blots with membrane protein extract of
DRGs revealed that both p-p65 and Na,1.7 were significantly increased in the VCR-treated group
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Figure 4. NF-kB Inhibitor PDTC Inhibits Na,1.7 Channels by Reducing Na,1.7- p-p65 Interaction in Membrane of DRG Neurons
) The traces show TTX-S currents recorded in indicated conditions.

B) ProTxll (5 nM) occludes the effect of PDTC (10 nM) on TTX-S currents of VCR rats. n = 7. ***p < 0.001 compared with predrug control.

C) The traces show TTX-S currents recorded in indicated conditions.

D) PDTC (10 nM) occludes the effect of ProTxIl (5 nM) on TTX-S currents of VCR rats. n = 6. ***p < 0.001 compared with predrug control.

E) The traces show TTX-S currents recorded in indicated conditions.

F) ICA121431 (5 uM) occludes the effect of PDTC on TTX-S currents of VCR rats. n = 6. ***p < 0.001 compared with predrug control.

G) The traces show TTX-S currents recorded in indicated conditions.

(A
(
(
(
(
(
(
(H) PDTC occludes the effect of ICA121431 on TTX-S currents of VCR rats. n = 6. *p < 0.05, ***p < 0.001 compared with predrug control.
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Figure 4. Continued

(I) The traces show TTX-S currents recorded in indicated conditions.

(J) Intracellular application of anti-p-p65 blocks the effect of ProTxIl on TTX-S currents of VCR rats. n = 6. ***p < 0.001 compared with the first recording.
(Kand L) Thirty minutes after intrathecal injection of PDTC (15 ug/10 pul), both p-p65 (K) and Na,1.7 (L) in the membrane were tested. n = 6 in each group. *p <
0.05, ***p < 0.001 compared with vehicle group; "p < 0.01 compared with VCR group.

(M) The membrane Na,1.7 in DRGs of naive rats was measured 30 min after intrathecal injection of PDTC (15 pg/10 pL). n = 6 in each group.

(N) The interaction between p-pé5 and Na,1.7 in DRGs of VCR-treated rats was reduced 30 min after intrathecal injection of PDTC (15 ug/10 pL). Na,1.7 was
immunoprecipitated by p-p65 antibody. n = 3 in each group. ***p < 0.001 compared with VCR + vehicle group.

(O and P) Intrathecal injection of PDTC (10 ul) dose-dependently reduced p-pé5 levels in both membrane (P) and cytoplasm (O). The DRG tissues were
harvested 30 min after injection. n = 4 in each group. *p < 0.05, ***p < 0.001 compared with VCR + vehicle group. B, D, F, H, J, K, L, O, P, one-way ANOVA
followed by Tukey's multiple comparisons test. M, N, Two-tailed t test. Data expressed as mean £ SD. N.S. mean not significant.

compared with the vehicle-treated group. Importantly, intrathecal injection of PDTC reduced p-p65 but did
not affect Na,1.7 in cell membrane within 30 min (Figures 4K and 4L). The results indicate that the inhibitory
effect of extracellular PDTC or intracellular anti-p-p65 on Na* currents is due to the reduction of p-pé5 but
not of Na,1.7 in cell membrane. We found that PDTC also did not affect membrane Na, 1.7 in DRGs of naive
rats (Figure 4M). Our data that PDTC rapidly reduces TTX-S Na* currents and membrane p-p65 suggested
that the interaction between p-p65 and Na, 1.7 in membrane might be reversible, depending on its intra-
cellular content. To test this, we performed Co-IP with DRGs from VCR-treated rats and found that the p-
p65-Na,1.7 interaction was substantially reduced 30 min after intrathecal injection of PDTC (Figure 4N).
Consistently, intrathecal injection of PDTC reduced p-p65 in both cytoplasm and membrane dose-depen-
dently (Figures 40 and 4P). The data indicate that p-pé5 may regulate Na, 1.7 channels by reversible inter-
action with the channel subtype.

TNF-o. Enhances Membrane p-p65 (s311) and Na, 1.7 Currents within Minutes in Cultured
DRG Neurons

To test if nuclear transcription may also contribute to the rapid effect of p-p65 on Na, 1.7 channels, we per-
formed the experiments with cultured DRG neurons. As TNF-a plays a key role in both classical and alter-
native NF-kB activation pathways (Wajant and Scheurich, 2011), we incubated DRG neurons from naive rats
with rat recombinant TNF-a. (mrTNF-a, 100 ng/mL) and measured p-pé5 levels in membrane and in nuclei at
different time points afterward. A significant increase of p-pé5 was detected in membrane within 5 min (Fig-
ure 6A), whereas in nuclei at 120 min but not within 40 min (Figures 6B and 6C). That is, in response to TNF-a
stimulation, p-pé5 membrane translocation is at least 40 min earlier than its nuclear translocation. Further-
more, we found that rrTNF-a did not affect membrane Na,1.7 level within 20 min (Figure 6D) but enhanced
Na,1.7 currents, isolated by subtraction of the ProTxll-resistant Na™ currents from total Na* currents (Li
et al., 2018), within 5 min. The |-V curves (Figure 6E) showed that the peak Na,1.7 currents in the DRG neu-
rons treated with mrTNF-o. (100 ng/mL for 5 min) were significantly higher, compared with the neurons
treated with the vehicle. To test if the effect of rrTNF-a. on Na,1.7 currents is mediated by membrane
p-pb5, DRG neurons were incubated with rrTNF-a for 5 min and then with PDTC (10 nM) for 15 min. The
peak currents in the rrTNF-a + PDTC group were significantly lower compared with the rrTNF-a alone
group and were not different from the vehicle group (Figure 4E). Therefore, the rapid effect of TNF-a on
Na,1.7 channels results from the p-p65-Na,1.7 interaction and is independent of p-pé5 nuclear transcrip-
tion and the membrane Na,1.7 level. To investigate the potential mechanism by which p-p65 regulates
Na,1.7 currents, we performed experiments with HEK293 cells that express Na,1.7. The results showed
that PDTC accelerated inactivation and delayed recovery but did not affect activation of Na,1.7 channels
(Figures 6F-6H and Table 1). In consistence with the electrophysiological data, we found that intrathecal
injection of PDTC alleviated the decrease in mechanical pain thresholds induced by VCR within 30 min
(Figure 6l).

DISCUSSION

As mentioned in the Introduction section, NF-kB plays important roles in many physiological and patholog-
ical processes. Up to date, all the functions of NF-kB are explained by its transcriptional effect. In this pre-
sent work, we showed for the first time that p-pé5 was also located in the membrane of DRG neurons and
was increased in neuropathic conditions in vivo or in response to TNF-a stimulation in cultured DRG neu-
rons. The membrane p-p65 regulated Na, 1.7 channels by protein-protein interaction. In membrane of DRG
neurons, ~70% of Na,1.7 was colocalized with p-pé5, whereas only ~30% of p-p65 is colocalized with
Na,1.7 (Figure 3H). The data suggested that p-pé5 might also regulate cell function by interacting with
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G) The traces show TTX-S currents recorded in indicated conditions.

(H) PDTC blocks the effect of ICA-121431 on TTX-S currents. n = é. *p < 0.05, ***p < 0.001 compared with predrug control.
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significant.

(
(
(
(
(
(
(

other proteins in cell membranes. Further studies are needed to elucidate this issue. We also found that
reduction of cytoplasmic p-pé5 by intracellular anti-p-pé5 or extracellular PDTC also inhibited TTX-R cur-
rents. As no interaction between p-p65 and TTX-R channels (Na,1.8 and Na,1.9) in DRG neurons was de-
tected, the mechanisms underlying the effect remains elusive.

On activation, Na, channels go through rapid transitions from the resting to opening, inactivated state and
eventually recover to the resting state (Aldrich et al., 1983). Na,1.7 is distinguished from other TTX-S chan-
nels by slow closed-state inactivation, which is suggested to determine action potential threshold by
permitting to pass a current in response to small slow depolarization (see Dib-Hajj et al., [2007] for a review).
Our data showed that PDTC reduced Na,1.7-p-pé5 interaction (Figure 4N) and accelerated inactivation
and delayed recovery but did not affect activation of Na,1.7 channels (Figures 6F-6H and Table 1). That
is, p-p65-Na, 1.7 interaction may increase Na,1.7 currents by slowing inactivation and facilitating recovery
from inactivation, leading to an increase of the resting state of Na, 1.7 that is ready for opening.

Previous works show that NF-kB is expressed at the synapses and neuromuscular junction and in neuronal
fibers, and the local NF-«kB is also believed to regulate gene expression (Dresselhaus et al., 2018; Meffert
and Baltimore, 2005; Salles et al., 2014). The synaptic NF-kB is also speculated to function locally. Up to
date, however, no direct evidence is available in vertebrate (Salles et al., 2014). In drosophila, it has
been shown that Dorsal (homolog of NF-kB) in neuromuscular junction regulates glutamate receptor den-
sity in a transcription-independent way (Heckscher et al., 2007).

Na,1.7 has been intensively studied in the sensory system. In human, loss of function of Na,1.7 leads to com-
plete inability to sense pain (Cox et al., 2006) and odors (Weiss et al., 2011), whereas gain of its function results
in paroxysmal extreme pain disorder (Fertleman et al., 2006). In rodents, deletion of Na,1.7 in mouse DRG
neurons attenuates acute nociception and nerve injury-, inflammation- and burn injury-induced pain hypersen-
sitivity (Minett et al., 2012, 2014; Nassar et al., 2004; Shields et al., 2012). Blockage of Na,1.7 significantly alle-
viates neuropathic pain induced by the chemotherapeutic drug paclitaxel (Li et al., 2018). A recent study shows
that mutation of Na, 1.7 in human patients leads to functional absence of nociceptors (McDermott et al., 2019).
Accordingly, Na,1.7 is a prominent target for treating chronic pain. Our finding that p-pé5 gates Na,1.7
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Figure 6. TNF-a Enhances Membrane p-p65 (s311) and Na,1.7 Currents in Cultured DRG Neurons without
Affecting Nuclear p-p65 and Membrane Na, 1.7 within Minutes

(A-D) The western blots show the levels of p-pé5 and Na, 1.7 in membrane (A and D) or nucleus (B and C) of DRG neurons
atindicated time points after application of rrTNF-a (100 ng/mL). n = 6 in each group. ***
group.

(E) The I-V curves show the peak Na, 1.7 currents recorded under different potentials in indicated groups.n =9, 8, and 9 in
control, TNF-a, and TNF-a + PDTC group.

(F-H) The effects of PDTC (10 nM) on activation (F), inactivation (G), and recovery (H) of Na,1.7 channels in HEK293 cells.
n = 6-7 in each group.

() Intrathecal injection of NF-kB inhibitor PDTC (10 pL) reduces mechanical allodynia in vincristine (VCR)-treated rats
within 30 min. n = 5 in each group. ***p < 0.001 compared with vehicle + VCR group. The data in A, B, C, D, and E were
analyzed with one-way ANOVA followed by Tukey’s multiple comparisons test, and in F, G, and H with two-tailed t test. I,
two-way repeated measures ANOVA followed by Bonferroni’s multiple comparisons test. Data expressed as mean + SD.

p < 0.001 compared with vehicle

The control of nuclear fractionation process was shown in Figure S2C.

channels in naive and neuropathic rats raises a possibility that selective blockage of the interaction between p-
pé5 and Na, 1.7 channels may treat the chronic pain resulting from gain of Na, 1.7 function. The new strategy
can avoid the side effects of NF-kB inhibitor owing to its transcriptional inhibition.

In addition, global deletion of Na,1.7 in mice leads to death shortly after birth (Nassar et al., 2004), indi-
cating that the channel subtype should play important roles in other vital systems. Consistently, Na,1.7
is found in the brain regions that regulate autonomic and endocrine systems of rats (Morinville et al.,
2007) and in airway parasympathetic ganglia of mice, guinea pig, and human (Kocmalova et al., 2017).
Furthermore, Na,1.7 is also expressed in human immature dendritic cells (Zsiros et al., 2009). Na,1.7 ex-
pressed in gastric cancer cells and human non-small cell lung cancer cells promotes cancer progression
orinvasion (Campbell et al., 2013; Xia et al., 2016). Itis interesting to know if NF-kB also non-transcription-
ally regulates the Na, 1.7 in these cells.

630 iScience 19, 623-633, September 27, 2019

Cell



iIScience Cell

Activation Inactivation Recovery
Vos k Vos k T
Control —33.6 +£ 3.4 57+ 17 —77.6 £ 2.5 54+02 45+0.38
PDTC —34.8 £ 3.6 6.6+ 10 —84.0 + 2.3° 51+ 04 9.2 + 3.3

Table 1. The Effects of PDTC on the Parameters of Activation, Inactivation, and Recovery of Na,1.7 Channels in
HEK293 Cells
Mean values were derived from Boltzmann equation fits of individual data sets as described in the Methods.

“p < 0.001 vs. corresponding control. Two-tailed paired student t test. Data expressed as mean + SD.
op < 0.01

It has been well established that TNF-a produces a persistent hyperexcitability through gene transcription
in DRG (He et al., 2010; Huang et al., 2014; Tamura et al., 2014; Zang et al., 2010) and in cortical neurons
(Chen et al., 2015). TNF-a has also been repeatedly demonstrated to induce an acute excitation of DRG
neurons (Liu et al., 2002; Zhang et al., 2002) and of subfornical organ neurons (Simpson and Ferguson,
2017). TNF-a enhances sodium currents in DRG neurons within minutes (Jin and Gereau, 2006). The mech-
anism underlying the rapid effect is unknown. Our result that p-pé5 regulates Na, 1.7 channels by protein-
protein interaction may explain the TNF-a-induced acute excitation. A previous work shows that NF-kB in
DRG neurons is activated by noxious electrical, chemical, and thermal stimulation of peripheral tissues
within minutes, and the physiological significance of this rapid NF-kB activation is not clarified (Fujikawa
etal., 2011). We propose that NF-kB may rapidly regulate somatosensory function via gating of ion chan-
nels in DRG neurons.

Together, activation of TNF-a/NF-«kB signaling induces not only the chronic hypersensitivity of DRG neu-
rons by nuclear transcription but also an acute excitation of the neurons by protein-protein interaction.
In this process, NF-kB functions not only as a transcription factor but also as an ion channel modulator.
Our finding may open up a new arena for investigating mechanisms by which NF-kB regulates cell
functions.

Limitations of the Study

We explored that p-p65 rapidly regulates Na,1.7 by protein-protein interaction in DRG neurons, whereas
the mechanism underlying the interaction was not investigated. NF-kB is also highly expressed in the neu-
rons of the central nervous system and is activated by basal synaptic transmission, glutamate, and depo-
larization (Lilienbaum and Israel, 2003; Meffert and Baltimore, 2005). Whether it also non-transcriptionally
regulates the functions of the central neurons remains elusive.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. Isolation of TTX-S currents. Related to Figure 2. TTX-S currents were initially
identified by their relatively fast activation and inactivation kinetics and recorded in the presence
of TTX-R channel blocker A-803467 (1 uM). The identification was confirmed by adding 300
nM TTX at the end of the recordings. Only the current recordings that can be reduced by 90%

or more with 300 nM TTX were used for further analysis.




Figure. S2
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Figure S2. Identification of specificity of anti-p-p65 and anti-Na,1.7, and the efficacy of
extraction kit for isolation of membrane, cytoplasm and nuclear proteins used in this
work. Related to Figure 1, Figure 3 and Figure 6. (A) The specificity of anti-p-p65 was identified
by pre-incubation with p-p65 (s311) blocking peptides provided by manufacturer. Scale bars:
100 ym. (B) Anti-Nav1.7 detect no signal in cerebellum which does not express Nav1.7. Scale
bars: 200 ym. (C) The expression of 3-actin (marker of cytoplasmic protein), transferrin receptor
(TfR) (marker of membrane protein) and histone H3 (marker of nucleoprotein) in the sample of

total, membrane and nuclear extracts.



Transparent Methods

Animals

Male Sprague-Dawley rats (80 to 250 g) were purchased from the Institute of Experimental
Animals of Sun Yat-sen University. The rats were individually housed in separate cages in a
temperature-controlled (24 + 1°C) and humidity-controlled (50-60%) room, under a 12/12-h
light/dark cycle and with ad libitum access to sterile water and standard laboratory chow. All
animal experimental procedures were approved by the local Animal Care Committee and were
carried out in accordance with the guidelines of the National Institutes of Health on animal care
and the ethical guidelines (Zimmermann, 1983). Animals were randomly assigned to different
experimental or control conditions.

Preparation of pain models

Chemotherapy-induced peripheral neuropathy was induced by intraperitoneal injection of
vincristine sulfate (0.1 mg/kg daily) for 10 consecutive days (Xu et al., 2017). Control animals
received an equivalent volume of saline. Lumbar 5 spinal nerve ligation (L5-SNL) was done
following the procedures described previously (Xie et al.,, 2017). Briefly, animals were
anesthetized with halothane (2%), the left L5 spinal nerve was isolated adjacent to the vertebral
column, and tightly ligated with a 6—0 silk sutures. While in sham-operated rat the L5 spinal
nerve was identically exposed but not ligated.

Drug administration and behavioral test

Intrathecal injection of PDTC or vehicle was performed according to our previously described
method (Zhang et al., 2018). In brief, a polyethylene-10 catheter was inserted into the rat’s
subarachnoid space through L5 and L6 intervertebral space and the tip of the catheter was
located at the L5 spinal segmental level.

Mechanical sensitivity was assessed using von Frey hairs with the up-down method as
described previously (Chaplan et al., 1994). Briefly, each rat was placed in a transparent
Plexiglas testing chamber positioned on a wire mesh floor. A series of calibrated von Frey hairs
with different bending forces were applied from below through the mesh floor to the sciatic
innervation area of the hind paws for about 6-8 s with a 5 min interval between stimuli. Brisk
withdrawal or licking of the paw in response to the stimulus was considered as positive
response. The operator who performed the behavioral tests was blinded to all treatments.

DRG neuron preparation

Primary DRG neuron cultures were prepared from young Sprague-Dawley male rats (80~120
g body weight) as previously described (Xie et al., 2017; Zhang et al., 2018). In brief, L4-6
DRGs were freed from their connective tissue sheaths and broken into pieces with a pair of
sclerotic scissors in DMEM/F12 medium (Gibco, USA) under low temperature. DRG neurons
were plated on glass cover slips coated with Poly-L-Lysine (Sigma, USA) in a humidified
atmosphere (5% COz2, 37°C) following enzymatic and mechanical dissociation. The cells were
used for electrophysiological recordings approximately 4 h to 24 h after plating.

Electrophysiology recordings
Whole-cell patch clamp recordings of Na* currents in DRG neurons were performed using an
EPC-10 amplifier and the PULSE program (HEKA Electronics, Lambrecht, Germany) as



previously described (Xie et al., 2017). Currents were recorded with glass pipettes (3—-5 MQ
resistance) fabricated from borosilicate glass capillaries using a Sutter P-97 puller (Sutter
Instruments, Novato, CA). The currents were filtered at 10 kHz and sampled at 50 kHz. Voltage
errors were minimized by using 80-90% series resistance compensation. The neurons with a
leak current of > 500 pA or a series resistance of > 10 MOhm were excluded. For voltage clamp
experiments, the extracellular solution contained (in mM): 30 NaCl, 20 TEA-CI, 90 choline-Cl,
3 KClI, 1 CaClz, 1 MgCl2, 10 HEPES, 10 glucose, and 0.1 CdCl2 (adjusted to pH 7.3 with Tris
base). The pipette solution contained (in mM): 135 CsF, 10 NaCl, 10 HEPES, 5 EGTA, and 2
Na2ATP (adjusted to pH 7.2 with CsOH). For recording TTX-S currents 1 yM A-803467 was
included to block the TTX-R Na* currents. TTX-S Na* currents were identified initially by their
relatively fast activation and inactivation kinetics and was confirmed by adding 300 nM TTX at
the end of the recordings. Only the current recordings that can be reduced by 90% or more with
300 nM TTX were used for further analysis (Figure S1). And for recording TTX-R Na* currents
300 nM TTX was included to block the TTX-S channels (Tanaka et al., 2015). Nav1.7 current
was isolated from total Na* currents by subtraction of the ProTxlI-resistant Na* currents from
total current using a previously published subtraction protocol (Li et al., 2018; Schmalhofer et
al., 2008). In this work, we randomly recorded 153 neurons, including 33 large size of neurons
(> 35 pm), 84 medium size of neurons (25-35 uym) and 36 small size of neurons (< 25 ym).

To study the effects of different chemicals on Nav channels, Na* current was elicited by a
depolarization potential (from -90 mV to -10 mV, 100 ms). The amplitude of currents evoked by
the nth impulse was normalized to the current evoked by the first impulse. For calculation of I-
V curves, Na* current was evoked from a holding potential of -90 mV and then depolarized from
-80 mV to +60 mV at 5 mV steps. Current density was calculated by normalizing maximal peak
currents with cell capacitance.

To investigate the mechanisms by which p-p65 may regulate Nay1.7 channels, The effects of
PDTC on activation, inactivation and recovery of Nav1.7 channels were determined in HEK293
cells that express Nav1.7. For building activation curves, the cell was clamped at a holding
potential of -90 mV and a prepulse voltage to -120 mV for 200 ms was applied. Nav1.7 current
was elicited by a stepped depolarization test voltage pulse from -80 mV to 100 mV for 50 ms.
To build steady state fast inactivation curves, the cell was clamped at a holding potential of -90
mV, a stepped prepulse from -120 mV to 40 mV with 5 mV increments for 1000 ms was applied,
and the Nav1.7 current was recorded at a voltage of 0 mV. Time constants for recovery from
the inactivation of Nay1.7 channel was measured with a double-pulse protocol. Afirst pulse (P1)
for 250 ms to -10 mV caused inactivation, and Nav1.7 current evoked by the test pulse (P2) to
-10 mV after variable intervals was compared with Ina,p1 of the same episode.

The activation or inactivation conductance variables of Ina were determined with normalized
currents. Current activation and inactivation were fitted by the Boltzmann distribution:
y=1/{1+exp [(Vm—V0s5)/S], where Vm is the membrane potential, Vos is the activation or
inactivation voltage mid-point, and S is the slope factor. The relation of 1/Tuiock against the
concentration is described by the linear function: 1/Toieck=k [D] +/, where 1/Tbiock is the time
constant of development of block, and k and / are the apparent rate constants for association
and dissociation of the drug.

Western blot



The L4-6 DRGs were dissected and homogenized in cold RIPA buffer [50 mM Tris-HCI (pH 7.4),
150 mM NacCl, 0.1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 10 mM NaF, 1 mM
EDTA, 1 mM PMSF, and 1 mg/ml leupeptin]. Membrane, cytoplasm and nuclear proteins were
isolated with the protein extraction kit (Invent Biotechnologies, SM-005). The isolation efficacy
of the kit was identified (Figure S2C). The protein samples were separated via gel
electrophoresis (SDS-PAGE) and transferred onto a PVDF membrane. The membranes were
placed in blocking buffer for 1 h at room temperature and incubated in a primary antibody
against p-p65 (ser311) (1:100, mouse; Santa Cruz Biotechnology; sc-135769), transferrin
receptor (TfR) (1:1000, mouse; Invitrogen; QG215340), Nav1.3, Nav1.6, Nav1.7, Nav1.8, Nav1.9
(1:200, rabbit; Alomone Labs; ASC-004 for Nav1.3; ASC-009 for Nav1.6; ASC-008 for Nav1.7;
ASC-016 for Nav1.8; ASC-017 for Nav1.9), Histone H3 (1:1000, rabbit; Affinity; AF0863)
overnight at 4°C. And then, the membranes were incubated in HRP-conjugated secondary
antibody. Enhanced chemiluminescence (ECL) solution (Milipore) was used to detect the
immunocomplexes. Each band was quantified with a computer-assisted imaging analysis
system (Tanon Gis).

Co-Immunoprecipitation

The dissected DRG tissues were lysed in cold co-IP RIPA buffer [20 mM Tris-HCI (pH 7.5), 150
mM NaCl, 0.1% Triton X-100, 1% sodium deoxycholate, 10 mM NaF, 1 mM EDTA, 1 mM PMSF,
and 1 mg/ml leupeptin]. The lysate was centrifuged and 5% of the supernatant was used for
input sample. The remaining supernatant was precipitated with 10 ug anti-p-p65 or anti-Nav1.7
at 4°C overnight and then with protein A/G beads (GE Healthcare) at 4°C for 4 h. The
immunoprecipitated sample was denatured and prepared for immunoblotting.
Immunoprecipitation was performed with antibodies against Nav1.3, Nay1.6, Nav1.7, Nav1.8,
Nav1.9 and p-p65.

Immunohistochemistry and structured illumination microscopy

Rats were perfused with 4% paraformaldehyde (PFA). The L4-6 DRGs were dissected and
post-fixed in 4% PFA for 1 h. Then the tissues were dehydrated in 30% sucrose and embedded
for cryostat sectioning. The cryostat sections were incubated with primary antibodies against
p-p65 (ser311) (1:50, rabbit; Santa Cruz Biotechnology; sc-33039), Nav1.7 (1:100, mouse;
Abcam; ab85015), 1B4 (1:50; Sigma; L2895), CGRP (1:200, mouse; Abcam; ab81887), NF200
(1:200, mouse; Sigma; N0142), GFAP (1:400, mouse; Cell signaling technology; 3670) at 4°C
overnight, and then incubated in secondary antibodies for 1 h at room temperature. Three-
dimensional super-resolution images were captured using a three-dimensional structured
illumination microscope with the N-SIM System and an oil immersion objective lens CFl SR
(Apochromat TIRFx100, 1.49 numerical aperture, Nikon, Japan), and images were post-
processed with Nikon NIS-Elements software. The specificity of the antibody for p-p65 (s311)
and Nav1.7 was identified in Figures S2A and S2B.

Solutions and chemicals

All solution was adjusted to pH 7.35-7.40 and to osmolality 310 mOsm. Vincristine sulfate (Main
Luck Pharmaceuticals Inc.) was dissolved in saline to a concentration of 50 pg/ml immediately
before application. Tetrodotoxin (Absin) was dissolved as a stock of 1 mM in acetic
acid aqueous solution and diluted to a working concentration of 300 nM. A-803467 (Selleck)
was dissolved in DMSO as a stock of 1 mM, diluted to 1 uM with extracellular solution. TNF-a
(R&D) were dissolved with in sterile PBS containing 0.1% bovine serum albumin and diluted to
work concentration (100 nM). ProTxIl (TOCRIS) were dissolved with distilled water and diluted
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to work concentration (5 nM) with extracellular solution. ICA121431 (MCE) was dissolved with
distilled water and diluted to work concentration (5 uM) with extracellular solution. PDTC (Sigma
Aldrich) was diluted to 10 nM in extracellular solution. P-p65 antibody (rabbit; Santa Cruz
Biotechnology) was diluted to 10 ug/ml in pipette solution.

Data analysis

All data were expressed as mean + SD, and analyzed with GraphPad Prism 7. Threshold for
statistical significance was P < 0.05. Although no power analysis was performed, the sample
size was determined according to previous publications in pain-associated behavior and
molecular studies.
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