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Background: Spinal synaptic plasticity may contribute to paclitaxel-induced painful neuropathy.
Results: Paclitaxel treatment impairs GABA-mediated neuronal inhibition and increases total and plasma membrane NKCC1
protein levels in the spinal cord. Blocking NKCC1 reverses paclitaxel effects on synaptic inhibition and pain hypersensitivity.
Conclusion: Paclitaxel diminishes synaptic inhibition in the spinal cord.
Significance: This study demonstrates how disrupting microtubule dynamics causes synaptic plasticity and neuropathic
pain.

Microtubule-stabilizing agents, such as paclitaxel (Taxol), are
effective chemotherapy drugs for treating many cancers, and
painful neuropathy is a major dose-limiting adverse effect. Cat-
ion-chloride cotransporters, such as Na�-K�-2Cl� cotrans-
porter-1 (NKCC1) and K�-Cl� cotransporter-2 (KCC2), criti-
cally influence spinal synaptic inhibition by regulating intracellular
chloride concentrations. Here we show that paclitaxel treat-
ment in rats significantly reduced GABA-induced membrane
hyperpolarization and caused a depolarizing shift in GABA
reversal potential of dorsal horn neurons. However, paclitaxel
had no significant effect on AMPA or NMDA receptor-medi-
ated glutamatergic input from primary afferents to dorsal horn
neurons. Paclitaxel treatment significantly increased protein
levels, but not mRNA levels, of NKCC1 in spinal cords. Inhibi-
tion of NKCC1 with bumetanide reversed the paclitaxel effect
on GABA-mediated hyperpolarization and GABA reversal
potentials. Also, intrathecal bumetanide significantly attenu-
ated hyperalgesia and allodynia induced by paclitaxel. Co-im-
munoprecipitation revealed that NKCC1 interacted with �-tu-
bulin and �-actin in spinal cords. Remarkably, paclitaxel
increased NKCC1 protein levels at the plasma membrane and
reduced NKCC1 levels in the cytosol of spinal cords. In contrast,
treatment with an actin-stabilizing agent had no significant
effect on NKCC1 protein levels in the plasma membrane or cyto-
solic fractions of spinal cords. In addition, inhibition of the
motor protein dynein blocked paclitaxel-induced subcellular
redistribution of NKCC1, whereas inhibition of kinesin-5 mim-
icked the paclitaxel effect. Our findings suggest that increased
NKCC1 activity contributes to diminished spinal synaptic inhi-
bition and neuropathic pain caused by paclitaxel. Paclitaxel dis-

rupts intracellular NKCC1 trafficking by interfering with micro-
tubule dynamics and associated motor proteins.

Paclitaxel formulated in Cremophor-ethanol (Taxol�) is a
first-line chemotherapy drug used to treat many types of can-
cers, including breast, lung, and ovarian cancers. Neuropathy is
a major adverse effect associated with paclitaxel treatment,
occurring in as many as 30% of patients (1–3). Symptoms
include numbness, tingling, and burning pain. These sensory
disorders are often symmetrical and primarily affect distal
extremities (4, 5). Paclitaxel-induced neuropathic pain is a
major dose-limiting adverse effect, and currently there are no
standard treatments to alleviate this debilitating pain.

Microtubules, structures composed of polymerized �- and
�-tubulin heterodimers, play fundamental roles in vital cellular
processes such as chromosome segregation and intracellular
transport (6, 7). Paclitaxel is known to interact within a specific
site on �-tubulin of microtubules within the cytoplasm, result-
ing in microtubule polymerization/stabilization, and leading to
disruption of cell division (8, 9). Paclitaxel-induced neuropathy
may be caused by dysfunctional microtubules in the dorsal root
ganglion (DRG)3 and peripheral nerves (10). Previous studies
have shown that paclitaxel-induced damage to DRG neurons
and peripheral nerves (11–13) contributes to painful neuropa-
thy. Although paclitaxel is well known for its effect as a micro-
tubule-stabilizing agent, it is not clear how this action is causally
related to neuropathic pain development.

In addition to its accumulation in the peripheral nerves,
intermediate concentrations of paclitaxel have been detected in
the central nervous system, including the spinal cord, upon sys-
temic administration (14, 15). However, little is known about
how paclitaxel affects spinal nociceptive processing or about
its role in neuropathic pain. The cation-Cl� cotransporters,
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NKCC1 and KCC2, play important roles in balancing intracel-
lular Cl� concentrations in spinal dorsal horn neurons (16, 17).
GABA and glycine are critically involved in regulating nocice-
ptive input in the spinal cord. Activation of GABAA or glycine
receptors opens Cl� channels and normally inhibits mature
neurons in the spinal cord through Cl� influx to profoundly
hyperpolarize dorsal horn neurons because of low intracellular
Cl� concentrations. In this study we determined the potential
effects of paclitaxel on synaptic plasticity in the spinal dorsal
horn. We provide new evidence that paclitaxel treatment
reduces synaptic inhibition and results in a depolarizing shift of
GABA reversal potential (EGABA) in spinal dorsal horn neurons.
This diminished synaptic inhibition by paclitaxel is largely due
to increased membrane expression of NKCC1 protein levels
in the spinal cord. Blocking NKCC1 normalized synaptic inhi-
bition and pain hypersensitivity induced by paclitaxel. These
findings reveal new mechanisms that explain how synaptic
plasticity in the spinal cord is involved in the development of
chemotherapy-induced neuropathic pain.

EXPERIMENTAL PROCEDURES

Animal Model—Experiments were carried out on adult male
rats (Harlan Sprague-Dawley; 220 –250 g). The protocols were
approved by The University of Texas MD Anderson Cancer
Center and were performed in accordance with the National
Institutes of Health Guidelines for the Use and Care of Labora-
tory Animals. To induce painful neuropathy, paclitaxel (2
mg/kg; TEVA Pharmaceuticals) was intraperitoneally injected
on four alternate days (1, 3, 5, and 7; with a total cumulative
dose of 8 mg/kg) (18). Rats in the control group received intra-
peritoneal injection of the vehicle (Cremophor EL/ethanol, 1:1)
on the same four alternate days. We confirmed the presence of
mechanical hyperalgesia and tactile allodynia in the hind paw of
rats 10 –12 days after paclitaxel treatment. All of the final elec-
trophysiological recordings, behavioral testing, and biochemi-
cal experiments were done 2–3 weeks after paclitaxel and vehi-
cle injections.

Intrathecal Catheter Cannulation—The rats were anesthe-
tized with 2–3% isoflurane and placed prone on a stereotaxic
frame, and a small incision was made at the back of each ani-
mal’s neck. A PE-10 catheter (8 cm) was inserted via a small
opening made in the atlanto-occipital membrane of the cis-
terna magna such that the caudal tip reached the lumbar spinal
enlargement (19). We then exteriorized the rostral end of the
catheter and closed the wound with sutures. We allowed the
animals to recover for 5–7 days before intrathecal injections.

Nociceptive Behavioral Tests—Rats were individually placed
on a mesh floor with suspended chambers. After acclimation
for 30 min, a series of calibrated von Frey filaments was applied
perpendicularly to the plantar surface of both hind paws with
sufficient force to bend the filament for 6 s. Brisk withdrawal or
paw flinching was considered as a positive response. In the
absence of a response, the filament of the next greater force was
applied. After a response, the filament of the next lower force
was applied. The tactile stimulus producing a 50% likelihood of
withdrawal response was calculated by using the “up-down”
method (20).

To quantify the mechanical nociceptive threshold, we con-
ducted the paw pressure test on the left hind paw by using the
Ugo Basil Analgesiometer. To activate the device, a foot pedal
was pressed to activate a motor that applied a constantly
increasing force on a linear scale. When the animal displayed
pain by either withdrawing of the paw or vocalizing, the pedal
was immediately released, and the animal’s nociceptive thresh-
old was read on the scale (19).

Electrophysiological Recordings in Spinal Cord Slices—The
rats were anesthetized with 2–3% isoflurane, and the lumbar
spinal cord was quickly removed by using laminectomy. The
spinal cord was sectioned (300 �m thick) with use of a vibrating
microtome in ice-cold artificial cerebrospinal fluid solution
containing 117 mM NaCl, 3.6 mM KCl, 1.2 mM MgCl2, 2.5 mM

CaCl2, 1.2 mM NaH2 PO4, 11 mM glucose, and 25 mM NaHCO3
saturated with 95% O2 and 5% CO2. The slices were preincu-
bated in the artificial cerebrospinal fluid solution at 34 °C for at
least 1 h before recording.

We selected lamina II outer neurons for recording because
they preferentially receive nociceptive afferent input and are
involved in neuropathic pain (21–23). Lamina II neurons were
visualized under an upright microscope equipped with epifluo-
rescence and infrared differential interference contrast optics.
Conventional whole-cell recordings were conducted to record
evoked excitatory postsynaptic currents (EPSCs) and currents
elicited by puff application of NMDA or AMPA to spinal lamina
II neurons (24). We used a glass pipette (5–10 megaohms) filled
with internal solution containing 135 mM potassium gluconate,
5 mM KCl, 2 mM MgCl2, 0.5 mM CaCl2, 5 mM HEPES, 5 mM

EGTA, 5 mM ATP-Mg, 0.5 mM Na-GTP, and 10 mM lidocaine
N-ethyl bromide (adjusted to pH 7.2–7.4 with 1 M KOH; 290 –
300 millosmoles). The AMPAR-EPSCs were recorded at a hold-
ing potential of �60 mV in the presence of 10 �M bicuculline
and 1 �M strychnine. NMDAR-EPSCs were recorded at �40
mV in the presence of 10 �M 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX), 10 �M bicuculline, and 1 �M strychnine (24).
We used electrical stimulation (0.2 ms, 0.6 mA, and 0.1 Hz) of
the dorsal root to evoke monosynaptic EPSCs (23, 24). In some
neurons, AMPAR currents were elicited in lamina II neurons by
puff application of 20 �M AMPA with use of a positive pressure
system (4 p.s.i., 15 ms; Toohey Co., Fairfield, NJ). NMDAR cur-
rents were elicited by puff application of 100 �M NMDA to the
recorded neuron at a holding potential of �60 mV (22, 24) by
using the pipette internal solution containing 110 mM Cs2SO4,
2 mM MgCl2, 0.5 mM CaCl2, 5 mM EGTA, 10 mM HEPES, 2 mM

MgATP, 10 lidocaine N-ethyl bromide, and 0.3 mM Na2GTP (pH
was adjusted to 7.25 with 1 M CsOH; 280–300 millosmoles).

For recording the membrane potential and GABA reversal
potential (EGABA), we used the Cl�-impermeable gramicidin-
perforated patch clamp method (17, 25). The glass pipette solu-
tion contained 140 mM CsCl, 5 mM EGTA, and 10 mM HEPES,
pH 7.4. Gramicidin was freshly dissolved in DMSO and then
diluted into the pipette solution (50 �g/ml). The neurons were
voltage-clamped at �60 mV, and currents that were induced by
puff application of GABA (100 �M) were recorded at various
membrane potentials ranging from �90 mV to �30 mV using
10-mV steps in the presence of 1 �M tetrodotoxin and the
GABAB receptor antagonist CGP55845 (2 �M). We used
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CGP55845 to minimize the confounding effect of GABAB
receptor activation (via G protein-coupled inwardly rectifying
K� channels) on the GABA reversal potential (EGABA) and
membrane potential during GABA application. The EGABA was
determined by using linear regression to calculate a best fit line
for the voltage dependence of chloride-mediated currents, and
the intercept of the current-voltage line with the abscissa was
taken as EGABA (17, 25). In some experiments, the membrane
voltage responses of lamina II neurons to GABA (100 �M) puff
application were measured and quantified. The input resis-
tance was monitored, and the recording was abandoned if it
changed �15%. All signals were recorded with use of an ampli-
fier (MultiClamp700B; Axon Instruments Inc., Union City,
CA), filtered at 1–2 kHz, digitized at 10 kHz, and stored for
off-line analysis.

Quantitative PCR—Total RNA was extracted by using the
TRIzol protocol, reverse-transcribed by using the Superscript
III first-strand synthesis kit, and treated with RNase H (Invitro-
gen). Quantification of NKCC1 mRNA levels was performed by
using a SYBR Green PCR kit on an iQ5 real-time PCR detection
system (Bio-Rad). The NKCC1 (NM_031798) specific primers
used were: 5�-TCAGCCACACTCTCATCAGC-3� (forward)
and 5�-AACCTTTCGCAAACATCTGG-3� (25). All samples
were analyzed in triplicate by using an annealing temperature
of 60 °C and normalized by GAPDH (primers: 5�-TGCCACT-
CAGAAGACTGTGG-3� and 5�-TTCAGCTCTGGGATGAC-
CTT-3�) expression level. The PCR product specificity was ver-
ified by melting-curve analysis and agarose gel electrophoresis.

Western Immunoblotting—The lumbar dorsal spinal cord or
DRG tissues were homogenized in ice-cold radioimmune pre-
cipitation assay buffer containing cocktails of protease and
phosphatase inhibitors (Sigma). The homogenate was centri-
fuged at 12,000 � g for 10 min at 4 °C, and the supernatant was
collected. The samples were subjected to 12% sodium dodecyl
sulfate (SDS)-polyacrylamide gel and transferred to poly-
vinylidene difluoride membrane. The blots were probed with
T4 mouse monoclonal NKCC1 antibody (1:1000; Developmen-
tal Studies Hybridoma Bank, University of Iowa, Iowa City, IA)
or rabbit anti-KCC2 antibody (N terminus, 1:3000; Santa Cruz
Biotechnology, Santa Cruz, CA). An ECL kit (GE Healthcare)
was used to detect the protein bands. The amounts of NKCC1
proteins were quantified by normalizing the optical density of
their protein band to that of GAPDH in the same samples. The
mean values of NKCC1 and KCC2 proteins in control rats were
considered to be 1.

In addition, subcellular fractionations of spinal cord tissues
were carried out (17, 25) to determine NKCC1 protein levels in
the plasma membrane and cytoplasmic fractions. The dorsal
quadrants of lumbar spinal cords were homogenized in ice-cold
buffer containing 10 mM Tris (pH 7.5), 1 mM EDTA, 1 mM

EGTA, 1 mM Na3VO4, 0.32 M sucrose, and cocktails of protease
and phosphatase inhibitors. Homogenate was centrifuged at
1000 � g for 10 min at 4 °C to remove nuclei and large debris.
The supernatant was then centrifuged at 25,000 � g for 30 min
at 4 °C to separate the plasma membrane fraction (pellet) and
cytoplasmic fraction. The pellet was resuspended in lysis buffer
containing 20 mM Tris, pH 7.6, 0.5% Nonidet P-40, 250 mM

NaCl, 3 mM EDTA, 3 mM EGTA, 2 mM dithiothreitol, and cock-

tails of protease and phosphatase inhibitors and sonicated for
5 s at 4 °C.

Immunoprecipitation—The immunoprecipitation assay was
used to determine whether NKCC1 directly interacts with
�-tubulin or �-actin in the spinal cord. The dorsal spinal tissues
were homogenized in ice-cold lysis buffer and centrifuged at
12,000 � g for 10 min at 4 °C. The supernatant was then col-
lected and applied to Dynabeads Protein A that had been pre-
treated with a mouse NKCC1 antibody overnight at 4 °C. Next,
Dynabeads were washed with PBS, 0.5% Tween 20, and the
samples were eluted from Dynabeads with use of Tris-glycine
SDS sample buffer (Invitrogen) and denatured at 70 °C for 10
min before gel electrophoresis. The protein concentration was
quantified by using the Lowry protein assay. For immunoblots,
lysates were separated by 4 –12% gradient SDS-polyacrylamide
gel and transferred to a polyvinylidene fluoride membrane. We
then probed the blots with a rabbit anti-�-tubulin antibody
(1:5000) or a rabbit anti-�-actin antibody (1:2000, Abcam).
Immunoblots were then developed with an enhanced ECL kit.

Drugs and Chemicals—Bumetanide was purchased from
Sigma. Ciliobrevin D and jasplakinolide were obtained
from EMD Millipore (Billerica, MA). Ispinesib was purchased
from Selleckchem (Houston, TX). The effective concentrations
of these inhibitors and the paclitaxel used in the in vitro exper-
iments had been demonstrated in previous studies (25–30).

Statistical Analysis—Data were presented as the means �
S.E. To compare the difference in the electrophysiological and
biochemical data between paclitaxel-treated and vehicle-
treated control groups, we used paired Student’s t test or
repeated measures of analysis of variance followed by Tukey’s
post hoc test. To determine the effect of bumetanide on the paw
withdrawal thresholds and the effect of drug treatments on
NKCC1 protein levels in spinal cord slices, repeated measures
of analysis of variance followed by Dunnett’s post hoc test were
used. We used corresponding nonparametric analysis (i.e.
Mann-Whitney or Kruskal-Wallis test) when data were not
normally distributed. The level of statistical significance was set
at p � 0.05.

RESULTS

Paclitaxel Treatment Impairs Synaptic Inhibition and
Causes a Depolarizing Shift in EGABA in the Spinal Dorsal
Horn—GABA- and glycine-mediated synaptic inhibition in the
spinal cord dorsal horn is critically involved in modulation of
nociceptive input from primary afferent nerves (16, 17). To
determine whether systemic paclitaxel treatment changes syn-
aptic inhibition in the spinal dorsal horn, we first recorded
membrane potential responses of puff application of GABA
directly to lamina II neurons (17). In neurons recorded from
vehicle-treated control rats, puff application of GABA caused a
large hyperpolarization of the membrane potential. The
GABA-induced neuronal hyperpolarization was significantly
smaller in paclitaxel-treated rats than in vehicle-treated control
rats (Fig. 1, A and B).

We next determined whether reduced GABAergic inhibition
of spinal dorsal horn neurons in paclitaxel-treated rats is asso-
ciated with changes in GABA reversal potential (EGABA), which
reflects intracellular chloride levels (16, 17, 31). In lamina II
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neurons recorded from control rats, the EGABA was 	�70 mV.
In paclitaxel-treated rats there was a significant depolarizing
shift (	14 mV) in EGABA of lamina II neurons (Fig. 1, C–E).
These results suggest that paclitaxel treatment diminishes syn-
aptic inhibition by interrupting chloride homeostasis in the spi-
nal dorsal horn.

Paclitaxel Treatment Does Not Alter AMPAR- and NMDAR-
mediated Glutamatergic Input in the Spinal Dorsal Horn—Glu-
tamate is the principal excitatory neurotransmitter involved in
synaptic transmission through activation of AMPARs and
NMDARs. Increased glutamatergic input to spinal cord sec-
ond-order sensory neurons is involved in nerve injury-induced
neuropathic pain (24). We have shown that increased NMDAR
activity by nerve injury can impair synaptic inhibition through
calcium- and calpain-mediated KCC2 proteolysis in the spinal
cord (17). To determine whether paclitaxel alters the activity of
AMPARs and NMDARs in the spinal dorsal horn, we first
recorded AMPAR-EPSCs and NMDAR-EPSCs of lamina II
neurons monosynaptically evoked by electrical stimulation of
the attached dorsal root in spinal cord slices. The amplitudes of
AMPAR-EPSCs and NMDAR-EPSCs evoked from the dorsal
root did not differ significantly between vehicle-treated control
rats and paclitaxel-treated rats (Fig. 2, A and B). Also, the ratio
of NMDAR-EPSCs to AMPAR-EPSCs of lamina II neurons was

similar in vehicle-treated control and paclitaxel-treated rats
(Fig. 2B).

To specifically determine the effect of paclitaxel treatment
on the activity of postsynaptic AMPARs and NMDARs in the
spinal dorsal horn, we examined the currents elicited by direct
puff application of AMPA (20 �M) or NMDA (100 �M) to
recorded lamina II neurons (22, 24). The amplitudes of AMPA-
and NMDA-elicited currents of lamina II neurons did not differ
significantly between vehicle-treated control rats and pacli-
taxel-treated rats (Fig. 2, C and D). These results suggest that
paclitaxel-induced impairment of synaptic inhibition is not
associated with increased glutamatergic input in the spinal dor-
sal horn.

Paclitaxel Treatment Increases NKCC1 Protein Levels in the
Spinal Cord—Both NKCC1 and KCC2 are crucially involved in
regulating intracellular Cl� levels in the spinal cord (17, 32). To
determine whether paclitaxel affects the expression level of

FIGURE 1. Paclitaxel treatment diminishes GABA-mediated synaptic inhi-
bition and causes a depolarizing shift in EGABA in spinal dorsal horn neu-
rons. A and B, representative perforated recordings and mean data show
changes in membrane potentials in response to puff application of 100 �M

GABA to lamina II neurons in vehicle-treated control and paclitaxel (PCX)-
treated rats (n 
 16 and 18 neurons, respectively). Arrows indicate the time
when GABA was puffed to the neuron. C and D, original current traces and
mean current-voltage plot data show the GABA-elicited currents recorded at
different holding potentials in lamina II neurons from vehicle-treated control
and paclitaxel-treated rats (n 
 18 and 19 neurons, respectively). E, mean data
show the difference in the GABA reversal potentials of lamina II neurons
recorded in D. *, p � 0.05 compared with the control group. Error bars repre-
sent the S.E. FIGURE 2. Paclitaxel treatment does not significantly alter AMPAR and

NMDAR activities of spinal dorsal horn neurons. A and B, original current
traces and mean data show the amplitude and ratio of evoked NMDAR-EPSCs
to AMPAR-EPSCs of lamina II neurons recorded from vehicle-treated control
and paclitaxel (PCX)-treated rats (n 
 19 neurons in each group). The holding
potential for recording AMPAR-EPSCs and NMDAR-EPSCs is indicated on the
left. C, representative traces and mean data of the amplitude of NMDAR cur-
rents elicited by puff application of 100 �M NMDA to lamina II neurons
recorded from vehicle-treated control and paclitaxel-treated rats (n 
 11 and
12 neurons, respectively). D, representative traces and mean data of the
amplitude of AMPAR currents elicited by puff application of 20 �M AMPA to
lamina II neurons recorded from vehicle-treated control and paclitaxel-
treated rats (n 
 12 neurons in each group). Error bars represent the S.E.
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NKCC1 and KCC2 in the spinal cord, we used Western blotting
to measure the protein levels of NKCC1 and KCC2 in the lum-
bar spinal cord removed from paclitaxel- and vehicle-treated
rats. We detected two NKCC1 protein bands (	150 and 	135
kDa) in the dorsal spinal cord. The lower protein band of
NKCC1 (	135 kDa) seemed to be a degradation product
because it disappears in the NKCC1-null mouse (33). The
NKCC1 protein level in the dorsal spinal cord was substantially
higher in paclitaxel-treated rats than in control rats (Fig. 3A).
However, there was no significant difference in the KCC2 pro-
tein level (	140 kDa) in dorsal spinal cords between paclitaxel-
treated and vehicle-treated rats (Fig. 3A).

We next quantified the protein level of NKCC1 in the lumbar
DRGs. The protein level of NKCC1 in the DRG did not differ
significantly between paclitaxel-treated and vehicle-treated
rats (Fig. 3B). Also, we used real-time PCR to determine
whether paclitaxel treatment increases NKCC1 transcriptional
expression in the spinal cord. The mRNA level of NKCC1 in the
dorsal spinal cord in paclitaxel-treated rats was similar to that
in control rats (Fig. 3C). Together, these data indicate that
paclitaxel treatment increases the NKCC1 protein level, but not
its transcriptional expression, in the spinal cord.

Increased NKCC1 Activity Mediates Impaired Synaptic Inhi-
bition and EGABA Shift in the Spinal Cord Caused by
Paclitaxel—We next determined whether increased NKCC1
protein levels contribute to reduced synaptic inhibition and
EGABA shift induced by paclitaxel treatment using 20 �M

bumetanide, a selective NKCC1 inhibitor (25, 31). Although
bumetanide has a similar potency of inhibiting NKCC1 and
NKCC2 (34), NKCC2 is not expressed in the spinal cord or
DRG (35, 36). Also, bumetanide does not inhibit KCC2 unless it
is used at very high concentrations (500 –1000 �M) (37, 38).
Incubating the spinal cord slices with 20 �M bumetanide for
2–3 h completely normalized the depolarizing shift in the
EGABA of lamina II neurons from paclitaxel-treated rats (Fig. 4,

A–C). Also, bumetanide treatment restored the level of GABA-
mediated membrane hyperpolarization of lamina II neurons
from paclitaxel-treated rats (Fig. 4, D and E). However, bumet-
anide treatment had no significant effect on GABA-induced
membrane hyperpolarization or EGABA of lamina II neurons
from control rats (Fig. 4 versus Fig. 1). These results suggest that
increased NKCC1 activity contributes to impaired synaptic
inhibition of spinal dorsal horn neurons induced by paclitaxel.

Increased NKCC1 Activity at the Spinal Level Contributes to
Pain Hypersensitivity Caused by Paclitaxel—We also deter-
mined whether increased NKCC1 activity at the spinal level is
involved in paclitaxel-induced pain hypersensitivity in rats.
Bumetanide was dissolved in vehicle (DMSO) and adminis-
tered intrathecally in a volume of 5 �l followed by a 10-�l flush
with normal saline. Intrathecal injection of DMSO had no sig-
nificant effects on allodynia or mechanical hyperalgesia in all
rats tested. Intrathecal injection of 2.5–20 ng of bumetanide
significantly reduced tactile allodynia and mechanical hyperal-
gesia in paclitaxel-treated rats in a dose-dependent manner
(n 
 12 rats in each group; Fig. 5). The effect of bumetanide was
observed 30 min after a single injection and lasted about 90 min.
These data suggest that increased NKCC1 activity at the spinal
level contributes to paclitaxel-induced neuropathic pain.

Systemic Paclitaxel Treatment Increases NKCC1 Protein Lev-
els at Plasma Membranes in the Spinal Cord—Because pacli-
taxel treatment increased the total NKCC1 protein level in the
spinal cord and because the NKCC1 activity is largely deter-
mined by its protein level at the plasma membrane (32), we
investigated whether systemic paclitaxel treatment alters the
NKCC1 protein distribution in the plasma membrane and cyto-
solic fractions. In paclitaxel-treated rats, the NKCC1 protein
level in the plasma membrane fraction of dorsal spinal cords
was significantly increased compared with that in control rats
(Fig. 6, A and B). Furthermore, the NKCC1 protein level in
dorsal spinal cords in the cytosolic fraction was significantly

FIGURE 3. Paclitaxel treatment increases NKCC1, but not KCC2, protein levels in the spinal cords. A, original gel images (left) and quantification (right) of
KCC2 (	140 kDa) and NKCC1(	150 kDa and 135 kDa) in the dorsal spinal cord from vehicle-treated control and paclitaxel (PCX)-treated rats (n 
 8 rats in each
group). B, original gel blots (left) and quantification (right) of protein levels of NKCC1 in the DRG from vehicle-treated control and paclitaxel-treated rats (n 
 6
rats in each group). GAPDH in the same sample was used as a loading control. C, mean data show the NKCC1 mRNA level in the dorsal spinal cord from
vehicle-treated control and paclitaxel-treated rats (n 
 8 rats in each group). **, p � 0.01 compared with the control group. Error bars represent the S.E.
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lower in paclitaxel-treated than in vehicle-treated rats (Fig. 6, A
and B).

Association of NKCC1 with Microtubules in the Spinal
Cord—Microtubules, formed by the polymerization of a dimer
of two globular proteins, �- and �-tubulin, are highly dynamic
(7). They provide platforms for intracellular transport, includ-
ing the movement of secretory vesicles, organelles, and intra-
cellular substances. We performed co-immunoprecipitation
experiments to determine whether NKCC1 directly interacts
with �-tubulin and whether paclitaxel alters the association of
NKCC1 and �-tubulin. Proteins extracted from the dorsal spi-
nal cords were first immunoprecipitated with an NKCC1 anti-
body and then blotted with a �-tubulin or a �-actin antibody.
Both �-tubulin and �-actin proteins were readily detected in
the spinal immunoprecipitates (Fig. 6, C and D). Also, the �-tu-
bulin and �-actin protein levels in the NKCC1 immunoprecipi-
tates did not differ significantly between paclitaxel-treated and
vehicle-treated rats (Fig. 6, C and D). Thus, although NKCC1
directly interacts with �-tubulin and �-actin in the spinal cord,
it seems that paclitaxel-induced increases in NKCC1 protein
levels are not due to increased NKCC1 binding to microtubules.

Paclitaxel Induces NKCC1 Subcellular Redistribution in the
Spinal Cord by Interfering with Microtubules—We next deter-
mined whether direct treatment of spinal cord tissues with

FIGURE 4. NKCC1 inhibition restores the level of GABA-mediated synaptic
inhibition in spinal cords of paclitaxel-treated rats. A and B, representative
traces of GABA-induced currents recorded at different holding potentials and
mean current-voltage plot data show the GABA reversal potentials of lamina
II neurons from spinal cords of control rats pretreated with 20 �M bumetanide
(BMT) and spinal cords of paclitaxel (PCX)-treated rats pretreated with vehicle
(0.02% DMSO) or 20 �M bumetanide (n 
 14, 12, and 18 neurons, respec-
tively). C, mean data show the difference in the GABA reversal potentials of
the same neurons recorded in B. D and E, original perforated recordings and
mean data show changes in membrane potentials in response to puff appli-
cation of 100 �M GABA to lamina II neurons in the spinal cords of control rats
pretreated with bumetanide and spinal cords of paclitaxel-treated rats pre-
treated with vehicle (0.02% DMSO) or bumetanide (n 
 14, 14, and 15 neu-
rons in each group). Arrows indicate the time when GABA was puffed to the
neuron. *, p � 0.05 compared with the control group. Error bars represent the
S.E.

FIGURE 5. Inhibition of NKCC1 at the spinal level attenuates pain hyper-
sensitivity of paclitaxel-treated rats. A and B, time course of the mean
effects of intrathecal injection of bumetanide or vehicle on tactile allodynia
(A) and mechanical hyperalgesia (B) of paclitaxel-treated rats. Bumetanide
(BMT; 2.5, 10, and 20 ng; n 
 10 rats in each group) or vehicle (0.1% DMSO, n 

7 rats) was administered in rats 12–15 days after paclitaxel treatment. *, p �
0.05 compared with respective baseline control (time 0). Error bars represent
the S.E.

FIGURE 6. Effects of systemic paclitaxel treatment on NKCC1 subcellular
redistribution and association of NKCC1 with microtubules in the spinal
cord. A and B, original gel blots and quantification of NKCC1 protein levels in
the plasma membrane and cytosolic fractions of spinal cords obtained from
vehicle-treated control and paclitaxel (PCX)-treated rats (n 
 8 rats in each
group). C and D, original gel images and quantification of protein levels of
�-tubulin and �-actin in the NKCC1 immunoprecipitates (IP) of spinal cords
obtained from vehicle-treated control and paclitaxel-treated rats (n 
 6 rats
in each group). *, p � 0.05; **, p � 0.01 compared with the control group. Error
bars represent the S.E.
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paclitaxel induces a similar subcellular redistribution of
NKCC1 proteins. For this experiment, we first prepared the
dorsal spinal cord slices (400 �m) using a vibratome and treated
the slices with 10 �M paclitaxel (26) or vehicle (Cremophor
EL/ethanol) for 3 h. We then collected the spinal cord slices and
extracted proteins from the plasma membrane and cytosolic
fractions. Remarkably, incubation of spinal cord slices with
paclitaxel in vitro significantly increased the NKCC1 protein
level in the plasma membrane accompanied by a reduction in
the NKCC1 protein level in the cytosolic fraction in the spinal
cord (Fig. 7A).

Because actin is another critical cytoskeletal protein involved
in the vesicle and organelle movement inside a cell, we deter-
mined whether stabilizing actin also can affect NKCC1 subcel-
lular redistribution in the spinal cord. We incubated the spinal
cord slices with vehicle (DMSO) or 125 nM jasplakinolide for
3 h. Jasplakinolide is a cyclo-depsipeptide and specific actin
stabilizer that can enhance actin polymerization (27, 39, 40) and
prevent disassembly of actin filaments (28). There were no dif-
ferences in the NKCC1 protein levels in the plasma membrane
or cytosolic fractions between jasplakinolide-treated and vehi-
cle-treated spinal cord tissues (Fig. 7B). These results indicate
that paclitaxel increases NKCC1 protein abundance in the
plasma membranes of the spinal cord by interrupting microtu-
bule dynamics.

Paclitaxel Induces NKCC1 Subcellular Redistribution in the
Spinal Cord through Dynein Activation—Cytoplasmic dynein
is a multisubunit, microtubule-associated, force-producing
enzyme that is required for various intracellular transport pro-
cesses, including the endocytic pathway, transport of organ-

elles, and microtubule-dependent mitotic processes (6, 41).
Increased microtubule polymerization by paclitaxel can
increase the dynein activity through elevated intracellular cal-
cium concentrations (42, 43). To determine whether dynein
activation is involved in paclitaxel-induced cellular redistribu-
tion of NKCC1 in the spinal cord, we treated the spinal cord
slices with 10 �M paclitaxel in the presence of 50 �M ciliobrevin
D or its vehicle (DMSO) for 3 h. Ciliobrevin D is a specific
membrane-permeable dynein inhibitor (29). Treatment with
ciliobrevin D alone had no significant effect on the NKCC1
protein levels in the plasma membrane or cytosolic fractions
(Fig. 8A). In the presence of ciliobrevin D, paclitaxel failed to
significantly alter the NKCC1 protein levels in the plasma
membrane or cytosolic fractions (Fig. 8B). These data suggest
that increased dynein activity by paclitaxel-induced microtu-
bule polymerization contributes to increased NKCC1 protein
levels at the plasma membranes in the spinal cord.

Blocking Kinesin-5 Mimics the Paclitaxel Effect on Subcellu-
lar NKCC1 Distribution in the Spinal Cord—Kinesin-5, also
termed KIF11, kinesin spindle protein, or Eg5, is another major

FIGURE 7. Paclitaxel causes NKCC1 subcellular redistribution in the spinal
cord through stabilizing microtubules but not actin. A, original blot
images and quantification of NKCC1 protein levels in the plasma membrane
and cytosolic fractions of spinal cord slices treated with vehicle (Ctrl, Cremo-
phor EL/ethanol 1:1; n 
 8 rats) or paclitaxel (PCX, 10 �M, n 
 8 rats) for 3 h. B,
original gel images and quantification of NKCC1 protein levels in the plasma
membrane and cytosolic fractions of spinal cord slices treated with vehicle
control (0.1% DMSO, n 
 6 rats) or jasplakinolide (JAS, 125 nM, n 
 6 rats) for
3 h. **, p � 0.01 compared with the control group. Error bars represent the S.E.

FIGURE 8. Paclitaxel causes NKCC1 subcellular redistribution in the spinal
cord through increased dynein activity. A, original blot images and quan-
tification of NKCC1 protein levels in the plasma membrane and cytosolic frac-
tions of spinal cord slices treated with vehicle (Ctrl, 0.1% DMSO) or ciliobrevin
D (CBD, 50 �M) for 3 h. n 
 6 rats in each group. B, original gel images and
quantification of NKCC1 protein levels in the plasma membrane and cytosolic
fractions of spinal cord slices treated with DMSO plus vehicle (Cremophor
EL/ethanol), paclitaxel (PCX, 10 �M) plus ciliobrevin D, or PCX plus DMSO for
3 h. n 
 6 rats in each group. C, original blot images and quantification of
NKCC1 protein levels in the plasma membrane and cytosolic fractions of spi-
nal cord slices with vehicle (Ctrl, 0.1% DMSO) or ispinesib (ISP, 1 �M). * p � 0.05;
** p � 0.01, compared with the vehicle control group. Error bars represent the
S.E.
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microtubule motor protein. Among nondividing cells, kine-
sin-5 is most enriched within neurons (44, 45) and can restrict
the movement of short microtubules in dendrites (46). Because
kinesin-5 has an opposite action of dynein on intracellular traf-
ficking (45– 47), we determined whether inhibition of kinesin-5
mimics the paclitaxel effect on the subcellular redistribution of
NKCC1 in the spinal cord. Ispinesib is a potent and specific
inhibitor of kinesin-5 (30). We treated the dorsal spinal cord
slices with 1 �M ispinesib or vehicle for 3 h. Treatment with
ispinesib significantly increased the NKCC1 protein levels in
the plasma membrane fraction and reduced the NKCC1 pro-
tein levels in the cytosolic fraction (Fig. 8C). These results sug-
gest that the basal activity of kinesin-5 is actively involved in
increased NKCC1 trafficking in the spinal cord.

DISCUSSION

Our study provides new evidence that diminished synaptic
inhibition due to an increase in NKCC1 activity in the spinal
dorsal horn is involved in paclitaxel-induced neuropathic pain.
GABAA or glycine receptor-mediated synaptic inhibition of
spinal dorsal horn neurons normally attenuates nociceptive
transmission by reducing the impact of action potentials com-
ing from primary afferent nerves (16, 17). A major finding of our
study is that the membrane hyperpolarization of spinal dorsal
horn neurons produced by GABA was much less in paclitaxel-
treated rats than in vehicle-treated control rats. Also, paclitaxel
treatment caused a significant depolarizing shift of EGABA in
spinal dorsal horn neurons. These data suggest that paclitaxel
reduces synaptic inhibition in the spinal dorsal horn, which
links impaired microtubule dynamics to synaptic plasticity in
paclitaxel-induced painful neuropathy.

The cation chloride cotransporters NKCC1 and KCC2 regu-
late intracellular Cl� concentrations and determine the physi-
ological actions of GABAA and glycine receptor activation. The
direction and degree of GABAA or glycine receptor-mediated
Cl� currents in neurons depend, among other factors, on the
Cl� gradient across the plasma membrane, which in turn
depends on the relative activity of NKCC1 (raising intracellular
Cl�) and KCC2 (lowering intracellular Cl�) (16, 17, 31).
Accordingly, increased NKCC1 activity reduces synaptic inhi-
bition, whereas increased KCC2 activity has an inverse effect,
enhancing synaptic inhibition. Traumatic nerve injury increases
NMDAR activity of spinal dorsal horn neurons and impairs
synaptic inhibition through calpain-mediated KCC2 protein
degradation (17). However, in this study we found that pacli-
taxel treatment had no significant effect on the NMDAR activ-
ity in the spinal dorsal horn. Consistent with our findings, it has
been reported that paclitaxel application does not affect
NMDAR activity of hippocampal neurons (48). Because pacli-
taxel treatment had no significant effect on NMDAR activity or
KCC2 protein levels in the spinal cord, our findings reinforce
the notion that different neuropathic pain conditions do not
share the same cellular and molecular mechanisms (24). Inter-
estingly, we found that paclitaxel treatment caused a large
increase in NKCC1 protein levels in the spinal cord. However,
paclitaxel did not significantly alter the mRNA level of NKCC1
in the spinal cord, suggesting that NKCC1 up-regulation is not
due to increased transcription. It is possible that stabilizing

microtubules by paclitaxel may cause NKCC1 protein accumu-
lation in the spinal cord. Cell surface proteins including
NKCC1 undergo endocytosis and trafficking to lysosomes for
degradation (49). Microtubules are closely associated with lyso-
somes and play a major role in intracellular transport of lyso-
somes inside cells (50). NKCC1 is colocalized with markers of
early and recycling endosomes, implicating endocytic recycling
in cell-specific anion transport (51). Because translocation of
endosomes and lysosomes occurs along microtubules (52), dis-
ruption of endocytic events by paclitaxel may cause accumula-
tion of NKCC1 proteins in the spinal cord. Also, it is possible
that increased protein translation by paclitaxel may contribute
increased NKCC1 protein levels in the spinal cord.

Another salient finding of our study is that paclitaxel treat-
ment causes subcellular redistribution of NKCC1 proteins in
the spinal cord. Paclitaxel specifically binds to the inner surface
of �-tubulin along the length of microtubules (9). Microtubules
in the neuron undergo dynamic assembly and disassembly,
bundling and splaying, and rapid transport as well as integra-
tion with other cytoskeletal elements such as actin filaments
(53, 54). These various behaviors are regulated by signaling
pathways that affect microtubule-related proteins such as
molecular motor proteins. In neurons treated with paclitaxel,
the density of microtubules increases, and the normal domain
structure of individual microtubules is lost because the micro-
tubules are stabilized all along their lengths and flaws arise in
the normal polarity patterns of the microtubules (6). Our co-
immunoprecipitation experiments indicate that NKCC1 and
�-tubulin form a protein complex in the spinal cord. We found
unexpectedly that in vivo or in vitro paclitaxel treatment signif-
icantly increased NKCC1 enrichment at the plasma membrane
but reduced the NKCC1 protein level in the cytosolic fraction.
In contrast, we found that promoting actin polymerizing and
stabilizing by jasplakinolide had no significant effect on the sub-
cellular redistribution of NKCC1 in the spinal cord. Thus, pacli-
taxel-induced increases in the membrane NKCC1 protein lev-
els are predominantly dependent on microtubule dynamics.

Our findings suggest that increased NKCC1 surface expres-
sion and activity in the spinal cord contribute to paclitaxel-
induced impairment of synaptic inhibition and pain hypersen-
sitivity. Increased NKCC1 translocation to the plasma
membrane and increased NKCC1 activity probably contribute
to diminished synaptic inhibition because of an increase in
intracellular Cl� accumulation. In support of this hypothesis,
we found that inhibition of NKCC1 with bumetanide normal-
ized the level of GABA-induced membrane hyperpolarization
and restored EGABA of spinal dorsal horn neurons in paclitaxel-
treated rats. In addition, we showed that intrathecal treatment
with bumetanide significantly attenuated allodynia and hyper-
algesia caused by paclitaxel. We observed that paclitaxel
increased the plasma membrane NKCC1 levels within 3 h in
spinal cord slices. However, pain hypersensitivity induced by
paclitaxel typically takes 1–3 days to develop in this rat model.
This mismatch in the time course could be explained by the fact
that many different factors and mechanisms contribute to the
development of pain after paclitaxel treatment. Because
increased NKCC1 activity primarily reduces synaptic inhibi-
tion, this mechanism alone may not adequately account for the
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time course of paclitaxel-induced pain. Thus, paclitaxel-in-
duced pain hypersensitivity is probably caused by a gradual
increase in abnormal discharge activity from damaged primary
afferent nerves (11, 13) and the concurrent loss of spinal synap-
tic inhibition, which potentiates nociceptive input to dorsal
horn neuron.

Motor proteins are the driving force behind most active
transport of proteins and vesicles in the cytoplasm. Microtu-
bule motors, including cytoplasmic dynein and kinesin-5, move
along microtubules by interacting with tubulins (47, 55–57).
There are two basic types of microtubule motors: plus-end
motors and minus-end motors, depending on the direction in
which they move along the microtubule track within the cell.
Dyneins typically walk along microtubules toward the minus
end, whereas kinesins mainly walk along microtubules toward
the plus end (6, 7, 47). Cytoplasmic dynein can generate a dis-
crete power stroke as well as a possessive walk in either direc-
tion, i.e. toward the plus or minus end of a microtubule (58).
Stabilizing microtubules with paclitaxel can stimulate dynein
activity via increased intracellular calcium levels (42, 43). It has
been shown that dynein is actively involved in the membrane
surface expression of K� channels (41, 59). In this study we
found that inhibition of dynein activity blocked the effect of
paclitaxel on the subcellular redistribution of NKCC1 in the
spinal cord, suggesting that increased dynein activation by
paclitaxel is involved in increased NKCC1 membrane
trafficking.

On the other hand, we found that inhibition of kinesin-5
mimicked the effect of paclitaxel on subcellular redistribution
of NKCC1 in the spinal cord, suggesting that kinesin-5 is
actively involved in endocytotic movement of NKCC1 in spinal
dorsal horn neurons. Kinesin-5 is a slow motor compared with
cytoplasmic dynein and can act as a “brake” to modulate the
activity of dynein (60). Depletion or inhibition of kinesin-5 from
cultured neurons results in an axon that grows faster (45– 47),
which could be explained by the kinesin-5 capacity to oppose
cytoplasmic dynein. Collectively, our findings suggest that
motor proteins are important for regulating NKCC1 trafficking
by interacting with microtubules in the spinal cord. However,
the precise mechanisms as to how dynein and kinesin-5 interact
with microtubules to regulate intracellular NKCC1 movement
remain poorly understood. Further studies are warranted to
delineate the complex mechanisms involved in dynein- and
kinesin-associated NKCC1 transport in the spinal cord, the
paclitaxel effects on NKCC1 distribution in endosomes and
lysosomes inside neurons, and the signaling pathways involved
in motor protein-dependent NKCC1 targeting in the plasma
membrane and cytosol.

To conclude, our study provides new information about the
involvement of synaptic plasticity in the spinal cord in pacli-
taxel-induced neuropathic pain. Paclitaxel treatment increases
NKCC1 activity and the NKCC1 protein level in the plasma
membrane in the spinal cord. The motor protein dynein is
involved in paclitaxel-induced subcellular NKCC1 redistribu-
tion in the spinal cord. Increased spinal NKCC1 activity con-
tributes to disruption of Cl� homeostasis, diminished synaptic
inhibition, and pain hypersensitivity caused by paclitaxel.
Therefore, reducing NKCC1 activity could represent a new

strategy for restoring spinal synaptic inhibition to treat chemo-
therapy-induced neuropathic pain.
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