
Kv3.4 channel function and dysfunction in nociceptors

David M Ritter1,2,3,*,y, Benjamin M Zemel1,2,3, Angelo C Lepore1,2,3, and Manuel Covarrubias1,2,3

1Department of Neuroscience; Sidney Kimmel Medical College at Thomas Jefferson University; Philadelphia, PA USA; 2Farber Institute for Neuroscience;

Sidney Kimmel Medical College at Thomas Jefferson University; Philadelphia, PA USA; 3Neuroscience Graduate Program; Sidney Kimmel Medical College at

Thomas Jefferson University; Philadelphia, PA USA

yCurrent affiliation: Cincinnati Children’s Hospital Medical Center; Division of Neurology; Cincinnati, OH USA

Recently, we reported the isolation of
the Kv3.4 current in dorsal root

ganglion (DRG) neurons and described
dysregulation of this current in a spinal
cord injury (SCI) model of chronic pain.
These studies strongly suggest that rat
Kv3.4 channels are major regulators of
excitability in DRG neurons from pups
and adult females, where they help deter-
mine action potential (AP) repolarization
and spiking properties. Here, we charac-
terized the Kv3.4 current in rat DRG
neurons from adult males and show that
it transfers 40–70% of the total repolariz-
ing charge during the AP across all ages
and sexes. Following SCI, we also found
remodeling of the repolarizing currents
during the AP. In the light of these stud-
ies, homomeric Kv3.4 channels expressed
in DRG nociceptors are emerging novel
targets that may help develop new
approaches to treat neuropathic pain.

Introduction

Kv3.4 channels have been historically
difficult to isolate in neurons.1–6 In dorsal
root ganglion (DRG) nociceptors, we
showed that Kv3.4 currents can be easily
isolated and that Kv3.4 channels are dys-
regulated following spinal cord injury
(SCI).7,8 Previous to this work, Kv3.4 was
detected in DRG neurons via immunohis-
tochemistry, western blot and RT-
PCR,9-11 but there was no compelling iso-
lation of the corresponding KC current. In
the whole-cell configuration, a subtraction
protocol revealed a Kv3.4-like current in
small-diameter nociceptors.5 To isolate
the Kv3.4 current more conclusively, we

used the cell-attached configuration on
DRG neurons from rat pups and a 1-s
conditioning pulse to ¡30 mV. This
strategy was sufficient to consistently
observe high voltage-activated outward
currents with a characteristic A-type pro-
file (>80% of patches).7 Furthermore, we
used pharmacological tools, single-cell
qPCR and siRNA to establish that this
current was mediated by Kv3.4 channels.7

The siRNA experiments also demon-
strated action potential (AP) broadening
suggesting that the Kv3.4 current regulates
AP repolarization and duration. Subse-
quently, we also determined the expres-
sion of Kv3.4 channels in adult female
rats using electrophysiology, single-cell
qPCR and immunohistochemistry.8

The Kv3.4 N-terminal inactivation
domain (NTID) underlies fast inactivation
of the corresponding currents.12-14 Early
reports showed modulation of fast Kv3.4
channel inactivation by oxidation, phosphor-
ylation and PIP2 in heterologous expression
systems.15-18 Demonstrating that inactiva-
tion modulation also occurs in neurons, we
showed that PKC activation dramatically
slows inactivation of the native Kv3.4 chan-
nel expressed in DRG nociceptors.7 Under
physiological conditions, however, Kv3.4
channel inactivation is not modulated by
PIP2.19,20 Revealing the neurophysiological
impact of inactivation modulation by PKC,
we also found that NTID phosphorylation
by PKC shortened the AP duration in noci-
ceptors, and Kv3.4 channel knockdown by
siRNA eliminated this change.7

Implicating the Kv3.4 channel in pain
pathology, several studies have found
reduced expression of this KC channel in
various models of persistent neuropathic
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pain.8,10,11 Chien et al. supported this
link further by demonstrating that intra-
thecal injection of anti-sense Kv3.4
oligonucleotides induces mechanical
hypersensitivity in rats.11 Following SCI,
we showed that Kv3.4 currents in DRG
nociceptors are downregulated and addi-
tionally exhibit phenotype switching from
fast inactivating A-type to delayed recti-
fier-type.8 Kv3.4 downregulation resulted
from a decrease in surface expression as
demonstrated by immunostaining fol-
lowed by confocal microscopy. DRG
nociceptors from SCI rats also displayed
hyperexcitability associated with shorten-
ing the interspike interval (ISI), which was
reversed in real-time by injection of com-
puter-generated Kv3.4 currents via
dynamic clamping.8 Overall, our studies
suggest that the Kv3.4 conductance may
play a dual role in DRG neurons7,8: (1)
regulating action potential repolarization
in a manner that depends on phosphoryla-
tion of the Kv3.4 NTID; and (2) helping
regulate the ISI. Impairing the latter role
as a result of downregulating Kv3.4 chan-
nels might contribute to the hyperexcit-
ability that underlies persistent pain
following SCI.

Here, we extended our studies to DRG
neurons from adult male rats to investi-
gate gender differences and continue to
assess the functions of Kv3.4 channels by
applying AP clamp protocols and dynamic
clamping. Additionally, we investigated
how Kv3.4 channel dysregulation in SCI
might remodel AP homeostasis.

Results

Ubiquitous expression of Kv3.4
channels in rat nociceptors

Kv3.4 channels are highly expressed in
small-diameter DRG neurons from rat
pups and adult female rats. If Kv3.4 chan-
nels are key players in an essential defense
mechanism such as pain signaling, and are
generally implicated in chronic pain, they
must be similarly expressed in adult male
rats. Accordingly, small-diameter DRG
neurons from adult male rats express
a robust high voltage-activated A-type
KC current with biophysical properties
that closely match those from pups and
adult females (Fig. 1 and Table 1).

Interestingly, however, the peak Kv3.4
current from male rat DRG neurons is
almost 2-fold larger than the equivalent
current from pups and adult females
(Fig. 1G). Supporting this finding fur-
ther, adult male DRG neurons also
express increased levels of the Kv3.4
mRNA transcript at the single-cell level
(Fig. 1I). Nevertheless, the ratio of peak
(IP) over sustained current at 500 ms
(I500) did not change (Fig. 1H), suggest-
ing a general increase in outward currents
in the adult male DRG neuron. Another
potentially interesting gender difference is
apparent when comparing the time con-
stants of inactivation, which are modestly
longer in DRG neurons from female rats
(Fig. 1D). Altogether, the Kv3.4 channel
is robustly expressed in DRG nociceptors
throughout development and its biophysi-
cal properties are generally similar
between males and females.

The Kv3.4 current drives action
potential repolarization in DRG
nociceptors

To elucidate how Kv3.4 channels help
shape AP repolarization, we applied AP-
clamping using a stereotypical nociceptor
AP waveform as a voltage protocol to elicit
outward KC currents in the cell-attached
configuration (Fig. 2A). Delivering the
AP waveform from a holding voltage of
¡100 mV evoked the total outward cur-
rent. Then, to isolate the high voltage-
activated component of the current, a 1-s
conditioning pulse to ¡30 mV preceded
the AP waveform (to inactivate low volt-
age-activated A-type KC currents; Fig-
ure 2A, top black trace). The high voltage
component of the total outward current,
corresponding to Kv3.4 channels, repre-
sents 67 § 19% (N D 8) in rat pups (Fig.-
2A&B). Establishing that the Kv3.4
channel contributes to this current, Kv3.4
siRNA inhibited~50% of the high voltage
component (Fig. 2B). In adult male rats,
the high voltage component amounts to
37 § 11% (N D 12; Fig. 2C&D). To
effectively drive AP repolarization, the
high voltage-activated Kv3.4 current
quickly reaches its maximum amplitude
after the peak of the AP (Fig. 2A&C). It
is also notable that the current passes its
reversal potential and relaxes toward the
zero current level as it deactivates during

the afterhyperpolarization. Altogether, we
can conclude that the Kv3.4 current in
small-diameter DRG neurons shapes AP
repolarization by contributing 40-70% of
the total repolarizing charge transfer.

Synthetic Kv3.4 currents modulate
AP repolarization under dynamic-clamp
conditions

The data presented so far strongly
implicate Kv3.4 channels in the repolari-
zation of the AP in DRG neurons. Thus,
specific manipulations of this current
should namely affect AP repolarization in
a predictable manner. To test this idea, we
conducted a dynamic-clamp experiment
by injecting a computer-generated Kv3.4
current into a small-diameter DRG neu-
ron. To generate the synthetic Kv3.4 cur-
rent, we created a Markov model that
both quantitatively and globally recapitu-
lates the kinetic and voltage-dependent
properties of the native Kv3.4 channel in
DRG neurons (Fig. 3A-E).14 As expected,
real-time injection of the best-fit synthetic
Kv3.4 currents (“overexpression”) mainly
shortens AP duration (Fig. 3F, blue trace).
Conversely, real-time subtraction of the
native Kv3.4 current by injection of a neg-
ative Kv3.4 synthetic current broadens the
AP (Fig. 3F, red trace). The latter is con-
sistent with the biological counterpart of
this experiment, which shows a similar
result following specific siRNA knock-
down of the native Kv3.4 channels.7 The
AP changes observed under dynamic-
clamp conditions resulted primarily from
speeding up or slowing down the initial
repolarization phase of the AP (Fig. 3G).
This is in agreement with AP-clamp
experiments showing that Kv3.4 currents
are primarily active during the repolariza-
tion phase of the action potential (Fig. 2).
Overall, the results conclusively establish
Kv3.4 channels as active key determinants
of AP repolarization in small-diameter
DRG neurons.

SCI remodels the outward currents
that shape the AP in DRG nociceptors

Following SCI, whereas Kv3.4 channel
surface expression is reduced and its inac-
tivation rate is slowed, the AP shape and
duration undergo no significant change.8

To investigate the basis of the unexpected
absence of consistent AP changes, we
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conducted AP-clamp experiments in adult
female rats from 3 groups: (1) na€ıve (no
surgical procedure); (2) 2-weeks post lam-
inectomy; and (3) 2-weeks post SCI
groups. We hypothesized that the high-
voltage outward charge transfer evoked by
the AP waveform should correlate with
the peak amplitude of corresponding A-
type Kv3.4 currents evoked by a step
depolarization. Following SCI, however,
modulated currents (slow inactivating or

non-inactivating) may deviate from this
relationship. Accordingly, we found corre-
lation between peak A-type current and
charge transfer in neurons from na€ıve ani-
mals (Fig. 4, black symbols, Pearson Cor-
relation coefficient 0.79, P D 0.002, N D
12). Similarly, recordings from the lami-
nectomy group yielded a correlation that
agrees with that from the na€ıve group
(Fig. 4, blue symbols). Data from the SCI
group split into 3 categories (Fig. 4A, red

traces). A small fraction followed the con-
trol correlation (SCI1), while many
recordings clustered as small high voltage-
activating currents that transfer little
charge during the AP (SCI2). A third cate-
gory of recordings deviated from the con-
trol correlation (SCI3), mainly showing
that peak currents were associated with
larger charge transfer during the AP as
compared to controls (Fig. 4B). Inspec-
tion of the distinct currents in the SCI

Figure 1. Age- and gender-independent expression of Kv3.4 channels in small-diameter rat DRG neurons. (A) Normalized Kv3.4 currents from adult
males (blue), pups (black) and females (red). Currents elicited from a 1 s conditioning pulse to ¡30 mV followed by step depolarizations from ¡80 to
C100 mV. (B, C) Normalized peak conductance-voltage relation (Gp/Gp,max) and steady-state inactivation curve (I/Imax). The solid lines represent the
best-fit Boltzmann functions. The steady-state inactivation curve from males had a non-inactivating component comprising 17% of the total amplitude,
which was manually subtracted. Note that the curve has 2 distinct components. The best-fit parameters of the hyperpolarized component are V1/2 D
¡99 mV, k D 8 mV, and amplitude D 15%. (D–E) Time constants of activation (Taua), deactivation (Taud), and inactivation (Taui) with best fit exponential
functions as follows: Taua,d D (0.13eV/13.0 C 0.04e¡V/39.3)¡1 C 0.66; Taui D 22.3eV/9.4 C 19.3; and Taui D 40.2eV/16.8 C 27.0 for male Taua,d, male Taui, and
female Taui, respectively. (F) Recovery from inactivation at ¡100 mV. The solid lines are best-fit double exponential functions. For males, the fast time
constant associated with low voltage-activated A-type currents is 87 § 15 ms and represents 48% of the total amplitude, and the slow time constant
associated with Kv3.4 channels represents 27% of the total current. (G) Scatter plot of Ip. Mean Ip is 91 § 6 (N D 68) for adult males. (H) Scatter plot of Ip/
I500. Mean Ip/I500 values are 3.3 § 0.2 for pups (N D 96), 3.9 § 0.4 for adult males (N D 66) and 4.7 § 0.9 for adult females (N D 18). (I) Scatter plot of
Kv3.4 mRNA copies/neuron in DRG neurons that express Kv3.4 mRNA. Kv3.4 copies/neuron are 328 § 36 in pups (N D 82) and 431 § 36 in adult males
(N D 81). For all panels, data from pups and adult females were previously published in Ritter et al 2012 and 2015, respectively. 7,8 Some error bars are
occluded by the symbols. Mean best-fit parameters are summarized in Table 1. P values are from Bonferroni corrected t tests if there are multiple com-
parisons and Student’s t test for single comparisons.
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group revealed heterogeneity resulting
from slow inactivation, greater sustained
current and activation at more negative vol-
tages. Particularly, currents that exhibited no

inactivation (SCI3) were consistently outside
the control correlation and displayed left-
ward shifted chord conductance-voltage rela-
tions (Fig. 4C&D). This change could have

contributed to a larger overall charge transfer
during the AP.

Discussion

The results from voltage-, AP- and
dynamic-clamping experiments help
establish the Kv3.4 current as a major KC

current that provides substantial repolariz-
ing charge transfer during the downstroke
of the AP in small-diameter DRG neurons
from pups and adult rats. Following SCI,
we also showed that KC current heteroge-
neity partly resulting from modulation of
Kv3.4 channel inactivation kinetics and
expression might help shape of the AP
under pathological conditions.

The Kv3.4 channel underlies a
dominant voltage-gated KC current in
nociceptors

Gold et al. first showed a Kv3.4-like
current in small-diameter, capsaicin sensi-
tive DRG neurons.5 Others also found
Kv3.4 immunoreactivity and mRNA
expression in these neurons.9-11,21 We iso-
lated the rat A-type Kv3.4 current and
determined its molecular identity.7 Kv1.4,
Kv4.1 and Kv4.3 channels also underlie
A-type KC currents in rat DRG.10,11,22-25

However, in contrast to Kv3.4 currents,
these currents are low voltage-activated
and are generally eliminated in our record-
ings by a conditioning pulse to
¡30 mV.5,22 Evidence of their presence is
apparent in the steady-state inactivation
curve, which typically exhibits 2

Table 1. Biophysical Properties of Kv3.4 channels in nociceptors. All parameters were calculated as previously described. 7,8 For z, the subscripts indicate the
parameter from which the z was calculated: Gp – peak chord conductance relation; ssi–steady state inactivation curve; Taua – time constant of activation;
Taud – time constant of deactivation; Taui – time constant of inactivation. Taur is the time constant of recovery from inactivation at ¡100 mV.

Pupsa Adult Femalesb Adult Males

Activation N N N

V1/2 21.6 § 2.0 mV 79 16.8 § 4.8 mV 18 20.5 § 2.6 mV 39
Vs ¡20.9 § 1.5 mV 79 ¡25.5 § 3.3 mV 18 ¡24.5 § 1.9 mV 39
zGp 1.00 § 0.04 e0 79 1.01 § 0.09 e0 18 0.95 § 0.04 e0 39
zTaua 1.97 § 0.45 e0 69 1.97 § 0.64 e0 32
zTaud 1.00 § 0.26 e0 12 0.65 § 0.16 e0 7

Inactivation
V1/2 ¡25.7 § 0.1 mV 39 ¡30.1 § 1.6 mV 18 ¡28.1 § 0.9 mV 21
zssi 2.30 § 0.12 e0 39 3.40 § 0.58 e0 18 2.16 § 0.12 e0 21
Taur 1.8§ 0.4 s 15 1.3 § 0.4 s 13
zTaui 3.31 § 0.31 e0 76 1.51 § 0.07 e0 17 2.70 § 0.31 e0 34

aData from Ritter et al.7
bData from Ritter et al.8

Figure 2. The Kv3.4 current transfers a significant fraction of the repolarizing charge during the AP
in DRG neurons. (A) AP-clamp stimulus waveform (above) and the evoked currents (below). From
the same neuron, either the AP waveform was preceded by a 1-s conditioning to ¡100 mV (total
KC current, red) or a 1-s conditioning pulse to¡30 mV (Kv3.4 current, black). Representative record-
ing from a separate neuron transfected with Kv3.4 siRNA and elicited from a 1-s conditioning pulse
to ¡30 mV (blue). The data are from 7-day old pups. Dashed line represents 0 pA. (B) Total charge
transfer during the AP (in fC) is 0.043 § 0.008 at ¡100 mV and 0.029 § 0.006 at ¡30 mV in control
neurons and 0.015§ 0.003 at ¡30 mV in Kv3.4 siRNA transfected neurons (N D 8 for all groups). (C,
D) Same as in A&B but from adult male DRG neurons. Total charge transfer during the AP (in fC) is
0.141 § 0.031 from ¡100 mV and 0.053 § 0.011 from ¡30 mV (N D 12). Asterisks indicate
P < 0.05 from a Student’s t test.
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components: a small hyperpolarized com-
ponent corresponding to the low voltage-
activated A-type currents, and a dominant
depolarized component (>80%) corre-
sponding to the Kv3.4 current (Fig. 1C).
Additionally, immunohistochemistry sug-
gests that Kv1.4 and Kv4.£ channels are
expressed in subsets of nociceptors,
whereas Kv3.4 channels are almost
always expressed in small-diameter
neurons.8,11,22,23,25

Gold et al. additionally recorded high
voltage-activated delayed rectifying out-
ward currents in almost every DRG neu-
ron.5 These currents resemble those
mediated by Kv3.1 and Kv3.2 channels.
However, we did not find Kv3.1 and
Kv3.2 mRNA transcripts.7 Accordingly,
the Ip/I500 ratio is consistently >2 in cell-
attached macropatches (Fig. 1H), show-
ing that the high voltage-activated current
is generally inactivating. In cultured
mouse DRG neurons, others reported
Kv3.1, Kv3.2 and Kv3.3 channel immu-
nostaining and currents, but did not inves-
tigate Kv3.4 channels.26 We isolated an A-
type Kv3.4-like current in acutely dissoci-
ated mouse DRG neurons, suggesting that
Kv3.4 channel expression is conserved in
rodents and possibly other mammals (Rit-
ter and Covarrubias, unpublished). To
explain why we consistently observe the
A-type phenotype of the Kv3.4 channel,
we propose that the recording configura-
tion may influence the channel’s inactiva-
tion properties. Others generally used the
whole-cell configuration,5,25,26 whereas
we have always recorded from cell-
attached patches. This is potentially signif-
icant because, in addition to phosphoryla-
tion, oxidation also eliminates Kv3.4 N-
type inactivation.16,17 If the neuron is dia-
lyzed with an oxidizing or PKC activating
intracellular solution in the whole-cell
configuration, Kv3.4 channels might
switch from A-type to delayed rectifier-
type. Further experimentation is, however,
necessary to support this hypothesis.

A homomeric Kv3.4 channel is the
most plausible molecular correlate of the
high voltage-activated A-type KC current
in cell-attached patches from small-diame-
ter DRG neurons because it exhibits
kinetic, voltage-dependent and modula-
tory properties that are closely matched by
those of heterologously expressed Kv3.4

channels.7,8,12-14,17,18 Moreover, Kv3.4
siRNA nearly ablates the high voltage-
activated KC current in small-diameter
DRG neurons.7 Although fast-inactivating

Kv3.4 subunits and slow-inactivating
Kv3.£ subunits could form heteromultim-
ers with intermediate properties,4,27-29 we
did not observe the expected intermediate

Figure 3. The Kv3.4 current regulates AP repolarization in DRG neurons under dynamic-clamping
conditions. (A) Markov gating model of the fast-inactivating Kv3.4 channel with rate constants at V
D 0 mV. For voltage dependence of the rate constants see Fineberg et al. 14 (B–E) Best global fit
(red traces) to a family of Kv3.4 currents (B), mean steady state inactivation (C), mean recovery from
inactivation at ¡100 mV (D) and mean Taua and Taud (E). For the steady-state inactivation curve,
the sustained current and the low voltage-activated KC current were manually subtracted. (F) Rep-
resentative APs (top) and the corresponding Kv3.4 currents (below) during dynamic clamping of a
DRG neuron. The APs were evoked by a 0.5-ms current injection stimulus. The injected Kv3.4 cur-
rents had a fast inactivating A-type phenotype. Dynamic clamping injections of the synthetic Kv3.4
current occurred in the following order: no Kv3.4 (start, black), 4.5 ns/pF (blue), ¡1 ns/pF (red), no
Kv3.4 (end, gray dashed). The same time scale applies to voltage and current. (G) Phase plane plots
corresponding to the APs in panel F. Note effects on the rate of AP repolarization.
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slowing of macroscopic inactivation in
DRG nociceptors under normal conditions
(Fig. 1A&D). These findings can have sig-
nificant implications in explorations of the
Kv3.4 channel as a specific therapeutic tar-
get in DRG neurons.

The overall age and gender-indepen-
dent properties of the Kv3.4 current are
also potentially relevant (Fig. 1). We have
previously proposed that the Kv3.4 chan-
nel is a significant player in pain signaling
(below), which might underlie an analge-
sic homeostatic mechanism in mam-
mals.7,8 Because pain signaling is crucial
for survival, all molecules involved in
nociception are expected to be mature
early in life and both sexes must have a
similar complement of signaling mecha-
nisms. We do not know whether slower

Kv3.4 inactivation and apparently smaller
outward currents in female rats
(Fig. 1D&G) reflect differences in pain
thresholds, but it is a tantalizing possibil-
ity, which requires further investigation.

Physiological roles of the Kv3.4
channel in nociceptors

Given the high voltage-activation prop-
erty of the Kv3.4 channel and the dra-
matic phosphorylation-dependent modul-
ation of its inactivation property, the
respective current is well suited to regulate
AP duration and repolarization rate
(Fig. 3).7 The AP- and dynamic-clamping
experiments reported here provide com-
pelling evidence for this role by showing
that the Kv3.4 current transfers a substan-
tial fraction of the repolarizing charge

(Figs. 2 and 4). The Kv3.4 channel is
expressed in all compartments of small-
diameter nociceptors and, therefore, regu-
lation of AP repolarization by this channel
might generally impact the excitability of
these neurons.8,11,30 At the primary syn-
apse in the dorsal horn, changes in AP
duration and repolarization rate could
affect vesicular glutamatergic transmission
and subsequent pain signaling. Phosphor-
ylation-dependent inhibition of Kv3.4
inactivation and the resulting shortening
of the AP at the dorsal horn synapse could
be the basis of homeostatic analgesia dur-
ing normal pain signaling (Fig. 5).7 Inter-
estingly, 2-weeks post SCI, we detected no
change in the AP duration even though
Kv3.4 channel expression was reduced.8

Here we show that relatively small non-
inactivating currents with a negatively
shifted voltage dependence of activation
contribute a greater charge transfer during
the AP (Fig. 4). Remodeled Kv3.4 chan-
nels and/or other to-be-identified KC

channels that are part of a compensatory
mechanism might mediate the currents in
the SCI group. We have also previously
reported dynamic-clamping results sug-
gesting that the Kv3.4 channel, indepen-
dently of its inactivation phenotype, can
inhibit repetitive spiking in putative noci-
ceptors and, consequently, pain signal-
ing8; however, the basis of this regulation
is not fully understood.

Kv3.4 channel downregulation and
peripheral pain sensitization

Several studies suggest that downregu-
lation of Kv3.4 channel expression in
DRG neurons is linked to allodynia and
hyperalgesia resulting from direct trauma
of sensory fibers or SCI.8,10,11 In the light
of the physiological roles discussed above,
the loss of Kv3.4 channels in nociceptors
could contribute to enhanced firing rates
and broadening of the AP, which would
promote pain sensitization. Essentially,
the loss of homeostatic analgesia that
depends on the Kv3.4 channel and its
modulation by PKC is conducive to the
development of persistent peripheral
hyperexcitability and persistent pain
(Fig. 5). Under pathological conditions,
however, a putative combination of
injury-induced changes might help
explain why the ISI is shortened while the

Figure 4. Heterogeneity of voltage-gated KC currents following SCI. (A) AP-clamp stimulus and rep-
resentative currents from na€ıve (black), laminectomy (blue), and SCI (red) groups. (B) Relationship
between Ipeak at C100 mV and charge transfer during AP-clamping. Solid black line is the best-fit
linear regression (y D 0.010C(3.9*10¡5)£; R2 D 0.58). The dashed lines mark the 95% confidence
limits. (C) Outward current families from the same patches used for AP-clamping in panel A. Cur-
rents were elicited as in Figure 1A. These currents are replotted from Ritter et al. 8 Note the hetero-
geneous distribution of current phenotypes in the SCI group (SCI1, SCI2 and SCI3). (D) Normalized
peak chord conductance-voltage relations from recordings in C (except SCI2, which exhibited negli-
gible outward currents). On average the SCI currents deviating from the correlation had a V1/2 D
¡22 § 4 mV (N D 5).
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somatic AP shape and duration remain
relatively unaltered after SCI. Kv3.4
downregulation could contribute to an
overall reduction in KC conductance,31

which would be responsible for shortening
of the interspike interval. At the same
time, while Kv3.4 downregulation is
expected to prolong the somatic AP, phe-
notype switching from A-type to delayed
rectifier-type and changes in other ionic
conductances (e.g., downregulation of
voltage-gated Ca2C channels and compen-
satory KC channels) might tend to shorten
it. To investigate these possibilities, it will
be necessary to precisely determine how
SCI alters the ensemble of ionic conduc-
tances that regulate spiking and shape the
AP in different compartments of DRG
neurons. In addition, while the molecular
mechanism that governs the conversion of
the Kv3.4 channel from A-type to delayed
rectifier-type is known,18,32 more work is
necessary to understand how SCI induces
downregulation of the Kv3.4 channel in
DRG nociceptors. These investigations
are crucial steps toward exploiting the
Kv3.4 channel as a promising therapeutic
target for persistent neuropathic pain.

Methods

Animals
All animals were purchased from

Taconic Farms and were treated as
approved by the Thomas Jefferson Uni-
versity Institutional Animal Care and Use
Committee. Seven-day old pups and adult
male (200-250 grams) Sprague-Dawley
rats were killed by decapitation under gen-
eral anesthesia (2-3% isoflurane). Adult
female Sprague-Dawley rats (200-250
grams) were killed by an overdose of anes-
thesia (ketamine at 285 mg/kg and
xylazine at 30 mg/kg; administered intra-
peritoneally) followed by thoracotomy
and perfusion of 400 ml 0.9% sterile
saline. SCI and laminectomy surgeries
were performed as previously described.8

Cell culture and molecular biology
DRG neurons were harvested and dis-

sociated as described previously.7,8,14,22

Dissociated DRG neurons were plated on
glass poly-ornithine coated coverslips and
incubated at 37�C until use (<24 hours

for controls and up to 48 hours for
siRNA). Kv3.4 siRNA (Santa Cruz Bio-
technology) was transfected using nucleo-
fection as previously described.7 Single-
cell RT-PCR was performed as described
previously.7

Electrophysiology
Dissociated DRG neurons were used

for electrophysiological experiments at
room temperature (20–24�C) as previ-
ously described.7,8,14 A computer running
Clampex 10.2 (Molecular Devices) was
used to collect and store all data except for
dynamic-clamp recordings, which were
collected and stored using QuB v.
1.4.0.517 (www.qub.buffalo.edu). For
dynamic clamp experiments the liquid
junction potential of C15.5 mV was

corrected online. Cell-attached macro-
patch recordings had a liquid junction
potential of 0 mV and thus required no
correction. In cell-attached macropatch
experiments the bath and pipette solution
contained (in mM): 130 choline-Cl, 5
KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 50
sucrose, pH 7.4. For whole-cell dynamic-
clamp recordings, the external (bath) solu-
tion contained (in mM): 130 NaCl, 5
KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, pH
7.4. The internal (pipette) solution in
current-clamp recordings contained
(in mM): 130 K-Mes, 1 CaCl2, 1 EGTA,
10 HEPES, 2Mg-ATP, 0.3 Tris-GTP, pH
7.3. AP clamp recordings were done as
previously described33,34 except using an
average AP waveform in cell-attached
patches.

Figure 5. Schematic of Kv3.4 channel function, modulation and dysfunction induced by SCI. Under
na€ıve and basal conditions, Kv3.4 channels mediate an A-type KC current, which contributes signifi-
cantly to the repolarization of the AP of DRG nociceptors (top section). In response to an acute
insult (e.g., surgery or an early stage of the SCI), DRG neuron excitability increases and the associ-
ated release of inflammatory factors may trigger signaling cascades. The latter may then activate
PKC, which phosphorylates the Kv3.4 NTID. This phosphorylation induces Kv3.4 phenotype switch-
ing from A-type (fast inactivating) to delayed rectifier-type (non-inactivating). Consequently, the
nociceptor AP is shortened and pain signaling is inhibited (middle section; homeostatic analgesia).
If the injury is severe and long lasting (SCI), Kv3.4 channels additionally undergo downregulation
(probably as a result of additional phosphorylation at other sites). The loss of Kv3.4 channels effec-
tively impairs homeostatic analgesia in the DRG and causes persistent peripheral hyperexcitability
and pain sensitization (bottom section, dysregulated Kv3.4). This scheme reveals potential Kv3.4-
based therapeutic strategies to mitigate SCI-induced persistent neuropathic pain by normalizing
the excitability of nociceptors (dashed arrows and boxes). For instance, 1) Kv3.4 openers and Kv3.4
overexpression to restore Kv3.4 functional activity, 2) inhibition of signaling mechanisms that
underlie functional downregulation and loss of surface expression, and 3) stabilization of the Kv3.4
non-inactivating phenotype.
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Kinetic modeling
IChMASCOT was used as previously

described35-37 to obtain the best global fit
of a Markov kinetic model to DRG noci-
ceptor Kv3.4 currents. The global fit
involves the simultaneous fitting of multi-
ple voltage and time dependent current
properties. IChMASCOT is freely avail-
able for download at: http://www.jadesan-
tiago.com/Electrophysiology/IChMAS-
COT/Download.aspx. For use in this
work, Dr. Jose de Santiago-Castillo kindly
provided the new b version of IChMAS-
COT (v.0.5.2). Simulated currents from
the model were generated using IonChan-
nelLab.38 Dynamic clamp experiments
were performed as previously described
using QuB dynamic clamp software.8,39,40

Data analysis
Data was analyzed as previously

described.7,8 Charge transfer during the
AP was determined by integrating the cur-
rent evoked by the AP waveform. The
integration was conducted between the
time at AP threshold and the time at
which the AP waveform returns to resting
membrane potential following the AHP.
This range was based on the AP waveform
used as a voltage protocol from a holding
voltage of ¡100 mV (Fig. 2A, red trace).
The same range was used regardless of
whether or not there was a conditioning
pulse to ¡30 mV (Fig. 2A, black trace).
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