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Abstract
Neuropathic pain is usually persistent due to maladaptive neuroplasticity-induced central sensitization and, therefore, necessitates
long-term treatment. N-methyl-D-aspartate receptor (NMDAR)-mediated hypersensitivity in the spinal dorsal horn represents key
mechanisms of central sensitization. Short-term use of NMDAR antagonists produces antinociceptive efficacy in animal pain
models and in clinical practice by reducing central sensitization. However, how prolonged use of NMDAR antagonists affects
central sensitization remains unknown. Surprisingly, we find that prolonged blockage of NMDARs does not prevent but aggravate
nerve injury-induced central sensitization and produce analgesic tolerance, mainly due to reduced synaptic inhibition. The disinhi-
bition that results from the continuous decrease in the production of nitric oxide from neuronal nitric oxide synthase, downstream
signal of NMDARs, leads to the reduction of GABAergic inhibitory synaptic transmission by upregulating brain-derived neuro-
trophic factor expression and inhibiting the expression and function of potassium-chloride cotransporter. Together, our findings
suggest that chronic blockage of NMDARs develops analgesic tolerance through the neuronal nitric oxide synthase–brain-derived
neurotrophic factor–potassium-chloride cotransporter pathway. Thus, preventing the GABAergic disinhibition induced by nitric
oxide reduction may be necessary for the long-term maintenance of the analgesic effect of NMDAR antagonists.
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Introduction

Neuropathic pain is a painful condition which is a direct con-
sequence of a lesion or disease affecting the somatosensory
nervous system [1]. Neuropathic pain can result from various
conditions, including postherpetic neuralgia, painful diabetic
polyneuropathy, trigeminal neuralgia, multiple sclerosis, HIV
infection, spinal cord injury, stroke, and cancer [1, 2]. A best
estimate of population prevalence of pain with neuropathic
characteristics is likely to lie between 6.9 and 10% [3].

Central sensitization at the spinal level, a prolonged hyper-
excitability of dorsal horn nociceptive neurons caused by neural
plasticity, is crucial for both the development and maintenance
of neuropathic pain [4–6].Most analgesics used for neuropathic
pain affect central sensitization [7]. Nerve injury triggers long-
term plastic changes along sensory pathways, from the periph-
eral sensory terminals to the dorsal horn [8, 9], which deter-
mines the persistent nature of neuropathic pain. The persistent
nature of neuropathic pain necessitates long-term treatment.
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N-methyl-D-aspartate receptor (NMDAR)-mediated
sensitization in the dorsal horn pain transmission neurons
represents key mechanism of central sensitization [4, 10].
Indeed, a variety of NMDAR antagonists produces
antinociceptive efficacy in various animal pain models
and in clinical practice by reducing central sensitization
[11–13]. Central sensitization can also be caused by a loss
of γ-aminobutyric acid (GABA)-releasing inhibitory inter-
neurons or a reduction in tonic and phasic inhibitory con-
trols at the spinal level [1, 14, 15]. Peripheral nociceptors
project onto excitatory project neurons of lamina I and
glutamatergic central transient cells of lamina IIo in the
dorsal horn [16]. GABAergic interneurons are densely in-
nervated in lamina I project neurons to decrease the excit-
ability of lamina I output neurons and modulate pain trans-
mission [17]. Thus, the central sensitization within the spi-
nal cord results from both enhancement of NMDAR-
mediated excitatory synaptic transmission (E) and attenu-
ated GABAA receptor (GABAAR)-mediated inhibitory
synaptic transmission (I), that is, dual regulation [18].
Besides, single regulation of E or I alone can change the
other because of the interaction between NMDARs and
GABAARs [19, 20]. The frequency of miniature inhibitory
postsynaptic currents (mIPSCs) is decreased after blocking
NMDARs. On the contrary, the enhancement of
GABAARs by diazepam also causes the enhancement of
excitatory synaptic transmission [20]. In accordance with
this, experience suggests that highly specific agents that
target 1 receptor or channel never progress to the clinic
[18]. Therefore, whether prolonged specific blockage of
NMDARs can gain long-term relief of neuropathic pain
remains doubtful. In this study, we found that chronic use
of the NMDAR antagonist MK801 does not reduce but
facilitates central sensitization in the dorsal horn, as indi-
cated by decreased inhibitory synaptic transmission and
increased excitatory transmission, and leads to analgesic
tolerance. The chronic use of MK801-induced potentiation
of central sensitization is mainly due to continuous de-
crease in the production of nitric oxide (NO) from neuronal
nitric oxide synthase (nNOS), the downstream signal of
NMDARs, thereby reducing GABAergic inhibitory synap-
tic transmission.

Materials and Methods

Experimental Animals

Adult male Sprague-Dawley (250-300 g) rats (from
SIPPR-BK, Shanghai, China), adult (6- to 7-week-old)
male homozygous nNOS-deficient mice (B6; 129S4-
Nos1tm1Plh, Nos1−/−, stock number: 002633) and their
wild-type controls of similar genetic background

(B6129SF2, WT) (both from Jackson Laboratories; main-
tained at Model Animal Research Center of Nanjing
University, Nanjing, China), and male young adult (6- to
7-week-old) C57BL/6 mice (from Model Animal Research
Center of Nanjing University, Nanjing, China) were used
in this study. The animals were maintained at a controlled
temperature (20 ± 2 °C) and group housed (12-h light/dark
cycle) with access to food and water ad libitum. All proce-
dures involving the use of animals were approved by the
Institutional Animal Care and Use Committee of Nanjing
Medical University. Every effort was made to minimize the
number of animals used and their suffering.

Neuropathic Pain Model

Neuropathic pain was induced by segmental spinal nerve
ligation (SNL). Animals were anesthetized with
isoflurane. After the loss of righting reflex, the animal
was fixed in the prone position. The SNL model was
prepared as described by the method of Chung et al.
[21]: a median skin incision with about 3 to 5 cm length
in the L4–S2 level of the mouse back was made, the
muscles next to the vertebrae till the 6th lumbar protrud-
ing were separated, the L5/L6 joint protruding on the right
side was exposed and excised, and L6 processus trans-
verse was partially split so that the L4–L6 spinal nerves
on the right side were exposed. The L5 nerve was gently
isolated and tightly ligated with 5–0 silk thread. The
wound was closed with 4–0 silk thread suture and covered
with iodine solution. After nerve ligation, animals with
signs of paw clonus or autotomy were excluded from
further experiments.

Drugs and Their Administrations

MK801 (Cat#M107) and TrkB-Fc (Cat#T8694) were
purchased from Sigma-Aldrich. ANA-12 (Cat#4781)
was purchased from Tocris (Bristol, UK). ZL006 was
synthesized in our laboratory [22]. Tat-NR2B9C was
prepared in our laboratory as described previously [23,
24]. ZL006 was dissolved as described previously [22].
MK801 and TrkB-Fc were dissolved in saline, and
ANA-12 was dissolved in DMSO.

Intrathecal Microinjection In lightly restrained, unanesthetized
mice, a 30G needle attached to a microsyringe was inserted
between the L5 and L6 vertebrae, puncturing through the dura
(confirmation by the presence of reflexive tail flick), followed
by microinjection, as described previously [25].

Continuous Intrathecal Infusions Osmotic minipumps
(models 1004 for mouse and 2ML4 for rat; Alzet, Cupertino,
USA) and intrathecal cannulas (0.61 mm outer diameter and
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0.28 mm inner diameter for mouse, 0.99 mm outer diameter
and 0.58 mm inner diameter for rat) were filled with a solution
of PBS. Cannulas were inserted into the subarachnoid space
through the space between the L5 and L6 vertebrae, and the tip
of the catheter was implanted at the L5 spinal segmental level
[26].

Behavioral Testing

Mechanical Nociception Assays For rats, the threshold for
50% paw withdrawal (50% PWT) response to mechanical
stimulus was assessed through dynamic plantar apparatus
(Ugo Basile, Italy). The 50% PWT refers to that the prob-
ability of paw withdrawal response to repeated mechanical
stimulus is 50%. Rats were placed individually in a plastic
cage (17 × 15 × 15 cm) with a wire mesh bottom which
allowed full access to the paws. Behavioral accommoda-
tion was allowed for 15 to 20 min until cage exploration
and major grooming activities ceased. A maximal cutoff
of 50 g/50 s was set to prevent tissue damage. To record
the PWT in response to mechanical stimulus, each rat was
measured 5 times with a 5-min interval, and the mean
value (the maximal and minimum values excluded) was
recorded. The experimental procedures were performed in
a double-blind manner.

For mice, the threshold for 50% PWT response to me-
chanical stimulus was quantified by assessing the paw
withdrawal threshold using von Frey filaments (Touch-
Test™ Sensory Evaluator, North Coast Medical, Inc.).
Mice were placed individually in a plastic cage (4.5 ×
5 × 11 cm) with a wire mesh bottom which allowed full
access to the paws. Behavioral accommodation was
allowed for 20 to 30 min until cage exploration and major
grooming activities ceased. Mechanical threshold was
measured by applying a von Frey filament to the ventral
surface of the right hind paw until a positive sign of pain
behavior was elicited. The paradigm for assessing the
threshold was as follows. Von Frey filaments with loga-
rithmically incremental stiffness (0.02-2 g) were applied
serially to the paw by the up-down method [27]. The
filaments were presented, in ascending order of strength,
perpendicular to the plantar surface with sufficient force
to cause light bending against the paw and held for 4 s. A
positive response was noted if the paw was sharply with-
drawn. Flinching immediately upon removal of the hair
was also considered a positive response. The 2-g filament
was selected as the upper limit cutoff for testing. If there
was no response at 2-g filament, animals were assigned
this cutoff value. The pattern of positive and negative
withdrawal responses was converted to 50% threshold ac-
cording to the formula: 50% PWT = 10 log(X) + κδ. X =
value (in log unit) of the final von Frey hair used, κ is
correction factors based on the pattern of responses from

the calibration table, and δ = mean difference in log units
between stimuli (here, 0.224).

Thermal Nociception Assays Paw withdrawal latency re-
sponse to thermal stimulus was assessed through the
Hargreaves test. In the test, infrared heat was applied with
a Hargreaves apparatus (Ugo Basile) to the plantar surface
of the injured hind paw. Rats were placed individually in a
plastic box (17 cm × 15 cm × 15 cm) on a glass platform.
Behavioral accommodation was allowed for 15 to 20 min.
Radiant heat was shone on the center of the paws and a
maximal cutoff of 30 s was set to prevent tissue damage.
To record the paw withdrawal latency in response to ther-
mal stimulus, each animal was measured 5 times with a 5-
min interval, and the mean value (the maximal and mini-
mum values excluded) was recorded. The experimental
procedures were performed in a double-blind manner.

Electrophysiology

Electrophysiology Recordings from the Acute Spinal Cord
Slices After anesthetized by ethyl ether, rats (7- to 8-week-old)
or mice (6- to 7-week-old) were transcardially perfused with ice-
cold cutting solution (in mM, choline chloride 110.0, glucose
20.0, KCl 2.5, CaCl2 0.5, MgCl2 7.0, NaH2PO4 1.3, NaHCO3

25.0, Na-ascorbate 1.3, Na-pyruvate 0.6) and decapitated.
Lumbar spinal cord (L4 and L5) was rapidly removed, and
350 μm cortical slices or 300 μm transverse spinal cord (embed-
ded in a 3% agarose block) slices were made in ice-cold cutting
solution using a vibratome (VT1000s, Leica, Germany), neurons
were viewed underupright microscopy (Olympus X51W,
Tokyo, Japan). Whole-cell recordings from slices were per-
formed at 30 °C with standard intrapipette solution (in mM:
Cs-gluconate 132.5, CsCl 17.5, MgCl2 2.0, EGTA 0.5, HEPES
10.0, ATP 4.0, QX-314 5.0) in normal ACSF artificial cerebro-
spinal fluid (in mM: glucose 10.0, NaCl 125, KCl 2.5, CaCl2 2,
MgCl2 1.3, NaH2PO4 1.3, NaHCO3 25.0, Na-ascorbate 1.3, Na-
pyruvate 0.6). All solution was bubbled with 95% O2–5% CO2.

For GABA-evoked current recording, neurons of spinal cord
slices were viewed under upright microscopy (Olympus X51W,
Nomasky), and standard intrapipette solution (in mM: Cs-
gluconate 132.5, CsCl 17.5, MgCl2 2.0, EGTA 0.5, HEPES
10.0, ATP 4.0, QX-314 5.0) was used, and GABA was applied
to the recorded cell using a manually controlled pulse (4-6 s) of a
low subsaturating GABA concentration. Drugs dissolved in
DMSO and subsequently diluted with recording solution were
co-applied together with GABA without preincubation.
Recordings in which access resistance or capacitance changed
by 20% during the experiment were excluded from data analysis.
One neuron was recorded per slice, and no more than 5 slices
were recorded per rat. Each set of experiments was repeated
using at least 4 rats. Data were acquired using a Multiclamp
700B amplifier and filtered during acquisition with a low-pass
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filter set at 2 kHz and sampled at 10 kHz using pClamp 10.3
(Molecular Devices). Data analysis was performed offline with
Clampfit 10.2 (Molecular Devices).

For NMDA-induced currents recording, ACSF artificial
cerebrospinal fluid (in mM: NaCl 117, KCl 3.6, CaCl2 2.5,
MgCl2 1.2, NaH2PO4 1.2, NaHCO3 25.0, glucose 11.5) and
pipette solution (K-gluconate 135, CaCl2 0.5, MgCl2 2, KCl
5, EGTA 5, HEPES 5, D-glucose 5, ATP-Mg salt 5, and
QX-314 5) were used. The membrane potential was held at
− 40 mV. TTX (0.5 μM) was presented in the bath solution,
and 50 μM NMDA was used to induce the currents.

For miniature postsynaptic current (mPSC) measure-
ments, whole-cell recordings were made from putative
excitatory neurons in superficial dorsal horn laminae I
using low-resistance pipettes (4-8 MΩ). Before mPSC
measurements, excitatory neurons were distinguished
from inhibitory neurons by firing pattern analysis ac-
cording to the established relationship between neuronal
firing pattern and its neurotransmitter phenotype
[28–30]. Action potential firing was evoked by repeated
depolarizing current injections of 1000 ms duration with
step-wise increasing amplitudes (− 20 to + 200 pA) in
current-clamp mode. For miniature excitatory postsynap-
tic current (mEPSC) measurement, the membrane poten-
tial was held at − 60 mV. Intrapipette solution containing
Cs-gluconate 32.5, CsCl 17.5, MgCl2 2.0, EGTA 0.5,
HEPES 10.0, ATP 4.0, and QX-314 5.0 (in mM) was
used. Tetrodotoxin (0.5 μM) and bicuculline (20 μM)
were added to block action potentials and GABAA

receptor-mediated currents, respectively. For mIPSC mea-
surement, the membrane potential was held at − 70 mV,
and microelectrodes were filled with internal pipette solu-
tion containing CsCl 140, HEPES 10.0, MgATP 4.0,
NaGTP 3.0, EGTA 1.0, MgCl2 1.0, and CaCl2 0.3 (in
mM). To isolate mIPSCs, tetrodotoxin (0.5 μM), NBQX
(10 μM), and APV (50 μM) were present. Recordings in
which access resistance or capacitance changed by 20%
during the experiment were excluded from data analysis.
One neuron was recorded per slice, and no more than 4
slices were recorded per rat. Each set of experiments was
repeated using 12 neurons from 4 to 6 animals. Each re-
cording lasts more than 5 min. Data were analyzed using
Mini software. Up to 120 events from each neuron were
selected at a fixed sampling interval to generate cumula-
tive probability. Data were acquired using a Multiclamp
700B amplifier and filtered during acquisition with a low-
pass filter set at 2 kHz and sampled at 10 kHz using
pClamp 10.3 (Molecular Devices).

Estimation of EC50 and Emax EC50 and Emax values were
estimated by fitting concentration–response curves to
the Hill equation according to the following formula:
I = Imax/(1 + [EC50/(A)]

h) as described previously [31].

Here, I is the peak current at a given concentration of
agonist A, Imax is the maximum current, EC50 is the
concentration of agonist yielding a half maximal current,
and h is the Hill coefficient. Data analysis was performed
offline with Clampfit 10.2 (Molecular Devices) and
OriginPro 9.4 (OriginLab).

Tissue Isolation and Western Blot Analysis

Western bolt analysis was performed as described previously
[23]. Briefly, the dorsal spinal cord (L4 and L5) was dissected
from sham or SNL rats and homogenized in 400 μl RIPA lysis
buffer containing 1 μM pepstatin, 10 μg/ml aprotinin,
10 μg/ml leupeptin, and 10 μM phenylmethylsufonyl fluo-
ride. After lysis for 30 min in ice, samples were centrifuged
at 12,000×g for 15 min. The protein content in each superna-
tant fractionwas determined by using Bradford’s solution, and
samples containing equivalent amounts of protein were ap-
plied to 10% or 15% (10% for potassium-chloride
cotransporter (KCC2) and phosphorylated KCC2 (pKCC2),
15% for brain-derived neurotrophic factor (BDNF)) acrylam-
ide denaturing gels (SDS-PAGE). The separated proteins
were transferred onto a polyvinylidene fluoride membrane.
The primary antibodies were as follows: rabbit anti-KCC2
(1:2000; Millipore 07-432, RRID:AB_310611), rabbit anti-
pKCC2 (1:1000; Novus NBP2-29513), and rabbit anti-
BDNF (1:1000; Thermo PA1-18357, RRID:AB_1070634).
Internal control was performed using rabbit anti-β-actin
(1:1000; Bioss bs-0061R, RRID:AB_10855480).
Appropriate horseradish peroxidase-linked secondary anti-
bodies were used for detection by enhanced chemilumines-
cence (Bio-Rad).

�Fig. 1 Prolonged blockage of NMDARs induces central sensitization
at the spinal level. (a) Images showing the spinal dorsal horn and
whole-cell patch-clamp recordings from neurons of laminae I in the
dorsal horn. (b) Action potential firing pattern of putative excitatory
and inhibitory neurons in the spinal cord dorsal horn. (c–f)
Recordings of mIPSCs and mEPSCs. Upper, representative (left)
and averaged (right) traces of mPSCs. Lower, cumulative distribu-
tion plots and bar graph showing amplitude (left) and frequency
(right) of mPSCs. (c) Recordings of mEPSCs from acute spinal
slices of rats incubated with MK801 (1 μM) or vehicle for 30 min
(for amplitude, F(1, 22) = 6.187, vehicle vs MK801 (1 μM):
***p < 0.001; for frequency, F(1, 22) = 8.687, ***p < 0.001, 2-
tailed t test, n = 12). (d) Recordings of mIPSCs from acute spinal
slices of rats incubated with MK801 (1 μM) or vehicle for 30 min
(for amplitude, F(1, 22) = 0.372, p = 0.713; for frequency, F(1,
22) = 0.123, p = 0.903, 2-tailed t test, n = 12). (e) Recordings of
mEPSCs from acute spinal slices of rats that received intrathecal
infusion of MK801 (5 μg/day, ×11 days) (for amplitude, F(1,
22) = 0.394, p = 0.698; for frequency, F(1, 22) = 3.49, **p = 0.002,
2-tailed t test, n = 12). (f) Recordings of mIPSCs from acute spinal
slices of rats that received intrathecal infusion of MK801 (5 μg/
day × 11 days) (for amplitude, F(1, 22) = 2.627, *p = 0.016; for fre-
quency, F(1, 22) = 7.441, ***p < 0.001, 2-tailed t test, n = 12). All
data are shown as mean ± SEM
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Quantification and Statistical Analysis

All data are presented as means ± SEM. Comparisons among
multiple groups were made with 1-way ANOVA (1 factor)

followed by Scheffe’s post hoc test or 2-way repeated mea-
sures ANOVA (2 factors) followed by Bonferroni’s post hoc
test. Comparisons between 2 groups were made with a 2-
tailed Student’s t test. Statistical significance was set at
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p < 0.05. The sample size was predetermined by analyzing
pre-experimental data with PASS (power analysis and sample
size) software. For animal studies, the sample size was

predetermined by our prior experience. Randomization was
used in all experiments. Investigators were blind to the treat-
ment group when assessing the outcome.

Fig. 2 Prolonged blockage of NMDARs aggravates SNL-induced E–I im-
balance in the dorsal horn and leads to analgesic tolerance. (a) Design of the
experiments for (b–e). (b–c) Recordings of mEPSCs (b) and mIPSCs (c)
from acute spinal slices of rats undergoing SNL surgery and treated with
MK801 (5 μg/day × 11 days, per animal) or vehicle. Upper, representative
(left) and averaged (right) traces of mPSCs. Lower, cumulative distribution
plots and bar graph showing the amplitude (left) and frequency (right) of
mPSCs. In (b), for amplitude, F(2, 33) = 5.303, sham versus SNL: *p =
0.022; for frequency, F(2, 33) = 28.969, sham versus vehicle: *p= 0.019,
MK801 versus vehicle: †††p= 0.0003, 1-way ANOVA, n= 12. In (c), for
amplitude, F(2, 33) = 13.567, sham versus vehicle: *p = 0.045, MK801
versus vehicle: †p= 0.046; for frequency, F(2, 33) = 18.076, sham versus
vehicle: **p= 0.008, MK801 versus vehicle: †p= 0.041, 1-way ANOVA,

n = 12. (d) Left, mechanical hyperalgesia expressed as paw withdrawal
threshold of rats subjected to SNL surgery and treated with MK801 (5 μg/
day × 11 days, per animal) or vehicle (F(1, 23) = 100.69, between groups,
***p< 0.001; within group, †††p= 0.0009 (day 11 vs day 1), repeated mea-
surements ANOVA, n= 12-13). Right, the percent change of thermal thresh-
old for each subject. (e) Left, thermal hyperalgesia expressed as paw with-
drawal latency of rats subjected to SNL surgery and treated with MK801
(5 μg/day × 11 days, per animal) or vehicle (F(1, 22) = 130.18, between
groups, ***p = 0.001, within group, ††p = 0.002 (day 7 vs day 1),
†††p< 0.001 (day 11 vs day 1), repeated measurements ANOVA, n= 12).
Right, the percent change of thermal threshold for each subject. BL = base-
line. All data are shown as mean ± SEM
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Results

Prolonged Blockage of NMDARs Aggravates Nerve
Injury-Induced Central Sensitization and Produces
Analgesic Tolerance

Based on the crucial role of NMDARs in the central sensiti-
zation [4], we studied whether short-term and long-term ex-
posures of NMDAR antagonists have different effects on
synaptic transmission in the spinal dorsal horn. We intrathe-
cally infused MK801, a noncompetitive antagonist of
NMDARs, for 1 day or 11 consecutive days (5 μg/day)
using osmotic pump into the vertebral column of rats and
measured mEPSCs and mIPSCs in putative excitatory neu-
rons of superficial laminae I in the dorsal horn (Fig. 1a) that
receive noxious inputs [16]. Excitatory neurons were distin-
guished from inhibitory neurons by firing pattern analysis
according to the established relationship between neuronal
firing pattern and its neurotransmitter phenotype [28–30]
(Fig. 1b). Confusingly, intrathecal administration with
MK801 for 1 day had no effect on either mEPSCs or
mIPSCs (Fig. S1). This may be due to the fact that with
the withdrawal of MK801, its effect on NMDARs gradually
declined and disappeared overtime because of the short half-
life of MK801 of the elimination phase and continuous
wash-out [32, 33]. To show the acute effect of MK801 on
blocking NMDARs, we chose to incubate spinal slices with
MK801 for 30 min as this method of drug administration
was close to intrathecal delivery. As expected, exposure of
slices to MK801 for 30 min in vitro significantly decreased
the amplitude and frequency of mEPSCs (Fig. 1c) although
had no effect on mIPSCs (Fig. 1d), indicating substantially
reduced excitatory synaptic transmission. Surprisingly, how-
ever, chronic intrathecal infusion of MK801 significantly
increased mEPSC frequency (Fig. 1e) and decreased the am-
plitude and frequency of mIPSCs (Fig. 1f). These data sug-
gest that chronic blockage of NMDARs impairs inhibitory
synaptic transmission and enhances excitatory synaptic trans-
mission in the dorsal horn. To study whether the reactivity of
NMDARs to MK801 changes after long-term blockage, we
tested the NMDA-induced currents after intrathecal infusion
of MK801 for 1 day or 11 days and found that 1 μMMK801
still showed potent blocking effect on NMDARs after
11 days of MK801 treatment (Fig. S2). Moreover, after
long-term blockage of NMDARs, the amplitude of 10 μM
NMDA-induced currents was similar to that after 1 day treat-
ment of MK801, indicating the function of NMDARs in the
spinal dorsal horn was not significantly changed.

To determine whether chronic blockage of NMDARs
under neuropathic pain conditions causes E–I imbalance,
we subjected rats to segmental SNL, a neuropathic pain
model in rodents [21]. We intrathecally infused MK801
(5 μg/day) or vehicle for 11 consecutive days using

osmotic pump into the vertebral column of rats and mea-
sured mEPSCs and mIPSCs in putative excitatory neurons
of laminae I (Fig. 2a). SNL surgery significantly increased
the amplitude and frequency of mEPSCs (Fig. 2b) and
decreased the amplitude and frequency of mIPSCs (Fig.
2c), compared with sham with vehicle, suggesting that pe-
ripheral nerve injury causes central sensitization in the dor-
sal horn. Very surprisingly, chronic intrathecal infusion of
MK801 aggravated the SNL-induced central sensitization
in the dorsal horn, as the treatment further significantly
increased the frequency of mEPSCs (Fig. 2b) and signifi-
cantly decreased the amplitude and frequency of mIPSCs
(Fig. 2c), compared with the SNL with vehicle. Together,
chronic blockage of NMDARs leads to central sensitiza-
tion, especially disinhibition in the dorsal horn.

Next, we studied whether chronic use of the NMDAR
antagonist can get long-term relief of neuropathic pain. We
intravenously injected MK801 (0.25 mg/kg/day) for 11
consecutive days to the rats subjected to SNL and mea-
sured SNL-induced mechanical hyperalgesia. Consistent
with its aggravating SNL-induced central sensitization,
the chronic use of MK801 caused a significant analgesic
tolerance, as indicated by its efficacy that significantly de-
creased over time (Fig. 2d). To further confirm the finding,
we administered MK801 by intrathecal infusion into the
vertebral column using osmotic pump and measured
SNL-induced thermal pain in rats. Similarly, the chronic
infusion of MK801 (5 μg/day, × 11 days) also produced
analgesic tolerance in thermal pain (Fig. 2e). Therefore,
chronic blockage of NMDARs leads to central sensitiza-
tion at the spinal level and to analgesic tolerance.

Reduced Activation of nNOS Accounts for the Chronic
Blockage of NMDAR-Induced Disinhibition and
Analgesic Tolerance

To know how the chronic blockage of NMDARs leads to
disinhibition in the dorsal horn, we focused on the down-
stream signal of NMDAR activation, NO production through
the association of neuronal NO synthase (nNOS) to scaffold-
ing protein postsynaptic density-95 (PSD-95) [22].We detect-
ed the effect of ZL006, a small molecule disruptor of PSD-95–
nNOS coupling that is effective in attenuating chronic pain
[11, 34], on mIPSCs and mEPSCs in putative excitatory neu-
rons of laminae I in the dorsal horn. Exposure of slices to
ZL006 (1 μM) for 30 min in vitro had no effect on mIPSCs
(Fig. 3a) and mEPSCs (Fig. 3b), compared with vehicle.
However, chronic intrathecal infusion of ZL006 into the ver-
tebral column of rats using osmotic pump for 11 consecutive
days (0.2 mg/day, per animal) significantly decreased mIPSC
frequency and amplitude in the acute spinal slices (Fig. 3c)
and had no effect on mEPSCs (Fig. 3d), compared with vehi-
cle. Next, we injected ZL006 (10 mg/kg/day, i.v., × 11 days)
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into the rats subjected to SNL and measured mechanical and
thermal hyperalgesia (Fig. 3e). Similar to the chronic use of
MK801, the chronic use of ZL006 showed significant analge-
sic tolerance on rats (Fig. 3f). Moreover, the chronic use of
ZL006 also produced analgesic tolerance on rats in thermal
pain (Fig. 3g). Therefore, chronically dissociating nNOS from
PSD-95 leads to disinhibition at the spinal level and to anal-
gesic tolerance.

Tat-NR2B9C is a peptide that reduces NMDAR-mediated
NO production by dissociating PSD-95 from NMDARs [35].
Accordingly, we observed the effect of Tat-NR2B9C on
mIPSCs and mEPSCs in putative excitatory neurons of lami-
nae I in the dorsal horn. Similar with ZL006, exposure of
slices to Tat-NR2B9C (100 nM) for 30 min in vitro had no
effect on mEPSCs nor mIPSCs (Fig. 4 c and d), compared
with vehicle. However, chronic use of Tat-NR2B9C (intrathe-
cal microinjection in mice for 11 consecutive days, 0.5 pM/
day, per animal) significantly decreased mIPSC frequency
and amplitude in the acute spinal slices (Fig. 4 e and f).

To further determine the role of neuronal NO synthase in
the chronic blockage of NMDAR-induced disinhibition, we
detected the effect of MK801 on synaptic transmission in
putative excitatory neurons of laminae I in the dorsal horn in
nNOS knockout (KO) and wild-type (WT) mice. Consistent
with the results from rats, chronic intrathecal infusion of
MK801 (2 μg/day, × 11 day) using osmotic pump into the
vertebral column of WT mice significantly increased
mEPSC frequency (Fig. 5 a and b) and significantly decreased
amplitude and frequency of mIPSCs (Fig. 5 c and d), com-
pared with vehicle. The same as in WT mice, the chronic
intrathecal infusion of MK801 significantly increased
mEPSCs frequency also in nNOS KO mice (Fig. 5 a and b),
compared with vehicle, suggesting that the PSD-95–nNOS–
NO cascade is not involved in the enhancement of excitatory
synaptic transmission by chronic blockage of NMDARs.
However, in nNOS KO mice, the chronic intrathecal infusion
of MK801 had no effect on mIPSCs (Fig. 5 c and d), impli-
cating PSD-95–nNOS–NO cascade in the chronic blockage of
NMDAR-induced disinhibition.

Analgesic Tolerance of MK801 Results from GABAAR
Dysfunction Through the BDNF–KCC2 Pathway

NO as a retrograde messenger signal potentiates presynaptic
GABA release and inhibitory postsynaptic currents [36–38],
and postsynaptic NMDAR activation at glutamate synapses
potentiates GABA release at neighboring inhibitory nerve ter-
minal [36], which can explain the alteration of the frequency
of mIPSCs by the chronic use of NMDARs or PSD-95–nNOS
inhibitor. However, how does PSD-95–nNOS–NO cascade
change mIPSCs amplitude? To answer this, we treated rats
with ZL006 (10 mg/kg/day, i.v., a dose that produced > 90%
maximal possible effect on paclitaxel-induced mechanical

allodynia) [11] for 1 or 11 days and measured GABA-
evoked currents in the acute spinal cord slices. Though having
similar median effective concentration (EC50) (100.03 ±
1.096 μM vs 94.85 ± 1.00 μM), treatment with ZL006 for
11 days reduced maximal response (Emax) of putative-
excitatory neurons of laminae I in the dorsal horn to GABA
by 41.5%, compared with treatment for 1 days (925.6 ±
27.54 pA vs 1581.2 ± 0.61 pA) (Fig. 6a), indicating that
chronic blockage of PSD-95–nNOS coupling causes the dys-
function of GABAARs.

To know how the PSD-95–nNOS–NO cascade affects the
function of GABAARs, we measured the expression of
BDNF, amember of the neurotrophin family of growth factors
playing a predominant role in the initiation and maintenance
of chronic pain [39]. It is reported that NO downregulates
BDNF secretion and expression [40–42]. Chronic use of
ZL006 significantly amplified the SNL-induced BDNF upreg-
ulation (Fig. 6b). Importantly, we treated rats with ZL006
(10 mg/kg/day, i.v., × 11 days) with or without the BDNF
scavenger TrkB-FC and found that TrkB-FC prevented
ZL006 tolerance (Fig. 6 c and d). Similarly, TrkB receptor
antagonist ANA-12 also prevented the ZL006 tolerance
(Fig. 6 c and e). Therefore, BDNF upregulation may be re-
sponsible for the analgesic tolerance of ZL006.

BDNF is reported to inhibit the expression and function of
KCC2, potassium-chloride cotransporter [43, 44]. Reduction
in the activity of KCC2 in spinal lamina I neurons has been

�Fig. 3 Chronically uncoupling PSD-95–nNOS induces disinhibition and
analgesic tolerance. (a–d) Recordings of mEPSCs and mIPSCs. Upper,
representative (left) and averaged (right) traces of mPSCs. Lower, cumu-
lative distribution plots and bar graph showing the amplitude (left) and
frequency (right) ofmPSCs. (a) Recordings ofmEPSCs from acute spinal
slices of rats incubated with ZL006 (1 μM) or vehicle for 30 min (for
amplitude, F(1, 22) = 0.0392, p = 0.98901; for frequency, F(1, 22) =
0.0109, p = 0.9914, 2-tailed t test, n = 12). (b) Recordings of mIPSCs
from acute spinal slices of rats incubated with ZL006 or vehicle for
30 min (for amplitude, F(1, 22) = 0.5081, p = 0.6165; for frequency,
F(1, 22) = 0.3766, p = 0.7101, 2-tailed t test, n = 12). (c) Recordings of
mEPSCs from acute spinal slices of rats that received intrathecal infusion
of ZL006 (0.2 mg/kg/day × 11 days) (for amplitude, F(1, 22) = 0.2386,
p = 0.8084; for frequency, F(1, 22) = 0.4022, p = 0.6914, 2-tailed t test,
n = 12). (d) Recordings of mIPSCs from acute spinal slices of rats that
received intrathecal infusion of ZL006 (for amplitude, F(1, 22) = 2.690,
p = 0.013; for frequency, F(1, 22) = 5.194, p = 3.297E-05, 2-tailed t test,
n = 12). All data are shown as mean ± SEM. (e) Design of experiments for
(f) and (g). (f) Left, mechanical hyperalgesia expressed as paw withdraw-
al threshold of rats subjected to the SNL surgery and treated with ZL006
or vehicle (F(1, 22) = 33.655, among groups: ***p < 0.001, vs vehicle;
within group: ††p = 0.002, vs day 1, repeated measurements ANOVA,
n = 12). Right, the percent change of mechanical threshold for each sub-
ject. (g) Left, thermal hyperalgesia expressed as paw withdrawal latency
of rats subjected to SNL surgery and treated with ZL006 or vehicle (F(1,
22) = 197.731, among groups: ***p < 0.001, vs vehicle; within group:
†p = 0.013, †††p < 0.001, vs day 1, repeated measurements ANOVA,
n = 12). Right, the percent change of thermal threshold for each subject.
Animals were treated with ZL006 (10 mg/kg/day, i.v.) for 11 days in (f)
and (g). All data are shown as mean ± SEM
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implicated in neuropathic pain [45]. Moreover, the dysfunc-
tion of KCC2 shifts the chloride equilibrium potential (ECl) to

a less negative value, resulting in that activation of GABAARs
produces less hyperpolarization and less inhibition [43]. We
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found that ZL006 significantly augmented SNL-induced de-
creases in both KCC2 and pKCC2 expression and ANA-12
reversed the downregulation of KCC2 by ZL006 (Fig. 6f).
Together, the BDNF–KCC2 pathway may explain the
GABAAR dysfunction and analgesic tolerance caused by the
chronic disruption of the PSD-95–nNOS–NO cascade.

To further confirm that prolonged blockage of NMDARs
induces analgesic tolerance through the BDNF–KCC2 pathway,
we tested how MK801 affects the expression of BDNF and
KCC2. The same as ZL006, the chronic use of MK801 also
significantly amplified both the upregulation of BDNF and the
reduction ofKCC2 by SNL surgery (Fig. 7 a and b). Besides, we
verified the effect of TrkB-FC on the analgesic tolerance caused
by prolonged blockage of NMDARs (Fig. 7c). Similarly, TrkB-
FC also prevented the analgesic tolerance of MK801 (Fig. 7d).
Together, chronic blockage of NMDARs induces analgesic tol-
erance through the NO–BDNF–KCC2 pathway.

In addition, both glial activation and extracellular signal-
regulated kinase (ERK) phosphorylation are widely reported

to be associated with central sensitization [4, 44, 46, 47]. And
we found that the expression of both Iba1 and GFAP in the
spinal dorsal horn were markedly increased after SNL and
further augmented after long-term treatment with MK801
(Fig. S3A and B), indicating the increased activation of
microglial and astrocytes. This is also consistent with the ex-
pression of BDNF, as BDNF in the spinal dorsal horn is main-
ly released by activated microglial cells [4, 46]. The phosphor-
ylation of ERK was also upregulated by SNL surgery, and in
contrast, the chronic blockage of NMDARs had no effect on
ERK phosphorylation (Fig. S3C).

Discussion

Chronic neuropathic pain is a debilitating condition that re-
mains challenging to treat [48, 49]. In the present study, we
show here that nerve injury not only increased excitatory syn-
aptic transmission but also reduced inhibition in putative-

Fig. 4 Chronic disassociation of PSD-95 from NR2B subunits of
NMDARs induces disinhibition. (a–d) Recordings of mEPSCs and
mIPSCs from acute spinal slices of rats incubated with Tat-NR2B9C
(100 nM) or vehicle for 30 min. (a and c) Representative (left) and aver-
aged (right) traces of mPSCs. (b and d) Cumulative distribution plots and
bar graph showing the amplitude (left) and frequency (right) of mPSCs. In
(b), for amplitude, F(1, 22) = 0.382, p = 0.706; for frequency, F(1, 22) =
0.245, p = 0.809, 2-tailed t test, n = 12. In (d), for amplitude, F(1, 22) =

1.501, p = 0.148; for frequency, F(1, 22) = 1.487, p = 0.151, 2-tailed t
test, n = 12. (e–f) Recordings of mIPSCs from acute spinal slices of rats
that received intrathecal microinjection of Tat-NR2B9C (0.5 pM/day, per
animal, × 11 days). (e) Representative (left) and average (right) traces of
mIPSCs. (f) Cumulative distribution plots and bar graph showing the
amplitude (left) and frequency (right) of mIPSCs: for amplitude, F(1,
22) = 2.941, **p = 0.0079; for frequency, F(1, 22) = 5.648, ***p =
1.116E-05, 2-tailed t test, n = 12. All data are shown as mean ± SEM
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excitatory neurons of laminae I in the dorsal horn, indicating a
remarkable central sensitization at the spinal level. Very sur-
prisingly, chronically blocking NMDARs aggravated the cen-
tral sensitization and produced analgesic tolerance mainly due
to the diminished GABAergic inhibitory synaptic transmis-
sion. Similarly, it is reported that repeated treatment with
gabapentin (1 of the gabapentinoids) for 2 weeks in poststroke
pain of rats resulted in complete analgesic tolerance [50].
Moreover, chronic morphine treatment produced a depression
of GABAergic synaptic transmission [51]. Repeated cocaine
exposure reduced the amplitude of GABA-mediated synaptic
currents in VTA dopamine neurons [52]. Thus, it is widely
accepted that diminished inhibition in pain neural circuits of
the spinal dorsal horn is a major contributor to different chron-
ic pain forms [53]. Together, prolonged single regulation of
pain neural circuit by analgesics can cause central sensitiza-
tion, especially disinhibition, and analgesic tolerance. In fact,
it has been believed that drugs that affect multiple processes,
rather than a single specific target, show the greatest promise
for neuropathic pain treatment [18, 54, 55], which is consistent

with our findings. Interestingly, we found that preventing NO
reduction-induced disinhibition through blocking the BDNF–
KCC2 pathway could avoid the development of central sen-
sitization and analgesic tolerance of MK801. Our findings
provide the rationale for a novel strategy to treat neuropathic
pain and to develop a new analgesic.

Reduced GABAergic synaptic transmission may be crucial
for the analgesic-induced disinhibition. It is well known that
NO as a retrograde messenger signal potentiates presynaptic
GABA release [36–38, 56–58]. Blocking the NMDAR–PSD-
95–nNOS cascade reduces NO production [22]. Thus, reduc-
tion in mIPSC frequency by the chronic use of NMDAR an-
tagonist can be explained by the NO-dependent presynaptic
GABA release mechanism. Furthermore, NO regulates
AMPAR trafficking in the brain by S-nitrosylation of the
AMPAR auxiliary subunits or other mechanisms [59–61]. In
the spinal cord, there are presynaptic AMPA receptor subunits
in GABAergic dorsal horn neurons. The presynaptic AMPA
receptor activation enhances GABA release and mIPSC fre-
quency in lamina I and II neurons [62]. It may be possible that

Fig. 5 nNOS signal contributes to chronic blockage of NMDAR-induced
disinhibition at the spinal level. (a–d) Recordings of mEPSCs and
mIPSCs from acute spinal slices of nNOS KO andWTmice that received
chronic intrathecal infusion of MK801 (2 μg/day × 11 days, per animal).
(a) Representative (left) and averaged (right) traces of mEPSCs. (b)
Cumulative distribution plots and bar graph showing the amplitude
(left) and frequency (right) of mEPSCs: for amplitude, F(3,

44) = 0.431, p = 0.732; for frequency, F(3, 44) = 6.200, WT vehicle
versus WT MK801: *p = 0.036, nNOS KO vehicle versus nNOS KO
MK801: *p = 0.015, ANOVA, n = 12. (c) Representative (left) and aver-
aged (right) traces of mIPSCs. (d) Cumulative distribution plots and bar
graph showing the amplitude (left) and frequency (right) of mIPSCs: for
amplitude, F(3, 44) = 2.929, *p = 0.012; for frequency, F(3, 44) = 4.668,
**p = 0.006, ANOVA, n = 12. All data are shown as mean ± SEM
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NO indirectly promotes GABA release via presynaptic AMPA
receptor. The postsynaptic actions of NO on GABAARs remain
to be illuminated.NOdownregulates BDNF secretion in cultured
hippocampal neurons [41]. Here we showed that prolonged
blockade of the NMDAR–PSD-95–nNOS cascade caused post-
synapticGABAARdysfunction in putative excitatory dorsal horn
neurons via the BDNF–KCC2 pathway. Both BDNF andKCC2
are crucial for the initiation and maintenance of chronic pain [39,
45]. In addition, it is reported that chronic blockade of NMDA
receptors reducesGAD67 expression [63], whichmay also affect
mIPSCs in part.

Interestingly, in general, NO induced byNMDAR activation
in the spinal cord has been reported to induce or increase central
sensitization and hyperalgesia. This seems to be contradictory
to our finding that long-term NO reduction induced by NMDA
receptor antagonist contributed to aggravation of central sensi-
tization and analgesic tolerance. The different effects between
short-term and lasting reductions of NO production may ex-
plain this discrepancy. Several mechanisms of hyperalgesia
caused by NO have been reported, including cGMP formation,
S-nitrosylation of target proteins, and Toll-like receptor activa-
tion and even directly amplifying the excitability of pain

Fig. 6 Chronic dissociation of PSD-95–nNOS causes GABA
dysfunction through BDNF–KCC2 signaling. (a) Representative record-
ings (left) and dose/response plots of GABA-evoked currents (right) in
the rats subjected to SNL and treated with ZL006 for 1 or 11 days, n = 12.
(b) Immunoblots showing BDNF levels in the spinal dorsal horn of rats
subjected to SNL surgery and treated with ZL006 (10 mg/kg/day or
vehicle, i.v., × 11 days, F(2, 12) = 40.642, **p = 0.0012, vehicle vs sham;
**p = 0.006, ZL006 vs vehicle, ANOVA, n = 5). (c) Design of experi-
ments for (d) and (e). (d) Left, effect of ZL006 (10 mg/kg/day, i.v., ×
11 days) with or without TrkB-FC (0.2 μg/day, per animal, intrathecal
infusion using osmotic pump, × 11 days) in mice on SNL-induced me-
chanical hyperalgesia (among groups: F(2, 39) = 42.606, ZL006 + TrkB-
FC vs ZL006: **p = 0.008, ###p < 0.001; within the ZL006 group: †p =
0.035, day 11 vs day 1, repeated measurements ANOVA, n = 14). Right,
the percent change of thermal threshold for each subject. (e) Left, effect of

ZL006 with or without ANA-12 (3 μg/day, per animal, intrathecal infu-
sion using osmotic pump, × 11 days) in rats on SNL-induced mechanical
hyperalgesia (among groups: F(2, 39) = 33.518, ZL006 + ANA-12 vs
ZL006: *p = 0.024, ##p = 0.006, ###p < 0.001; within the ZL006 group:
†††p < 0.001, day 11 vs day 1, repeated measurements ANOVA, n = 14).
Right, the percent change of thermal threshold for each subject. (f)
Immunoblots showing the levels of KCC2 and pKCC2 in the spinal
dorsal horn of rats treated by ZL006 (10 mg/kg/day, i.v., × 11 days) with
or without ANA-12 (3 μg/day, intrathecal infusion with osmotic pump).
For KCC2, F(3, 16) = 20.848, **p = 0.005 (sham vs vehicle), *p = 0.032
(vehicle vs ZL006), **p = 0.001 (ZL006 vs ZL006 + ANA-12); for
pKCC2, F(3, 16) = 26.447, ***p = 0.0008 (sham vs vehicle), *p = 0.038
(vehicle vs ZL006), ***p = 0.0005 (ZL006 vs ZL006 + ANA-12),
ANOVA, n = 5. All data are shown as mean ± SEM
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projection neurons [64–67], most of which are in a quick man-
ner. Different from short-term NO reduction, however, lasting
reduction of NO may affect central sensitization through a dif-
ferent signal pathway, such as glia activation, BDNF expres-
sion, and release from activated microglia cells and the follow-
ing regulation on KCC2 expression and GABAARs, finally
causing the amplified central sensitization and analgesic toler-
ance [41, 42, 44]. Moreover, the antinociceptive effect of NO at
low levels may also partly cause the aggravation of central
sensitization and analgesic tolerance after lasting reduction of
NO production [64, 68, 69]. Besides, it has been observed that
NO potentiates presynaptic GABA release and inhibitory post-
synaptic currents [37, 38], which may also support our findings
that a lasting reduction of NO production resulted in aggrava-
tion of central sensitization.

Besides disinhibition of pain neural circuit at the spinal level,
chronic use of MK801 increased mEPSC frequency, suggest-
ing they affect presynaptic glutamate release. NO reduces glu-
tamate release from primary afferent fibers (PAFs) through S-
nitrosylation of voltage-activated Ca2+ channels [70]. Long-
lastingly reduced NO by the chronic use of MK801 may con-
tribute to the mEPSC frequency increase. It is known that Ca2+-
dependent desensitization of postsynaptic NMDA receptor can

occur following Ca2+ entry through the NMDARs or through
voltage-gated Ca2+ channels [71]. Central terminals of PAFs
express NMDARs [72]. Chronic use of MK801 may sensitize
presynaptic NMDARs and leads to glutamate release, which
may explain mEPSC frequency increase. Understanding the
mechanisms of increased mEPSC frequency by the chronic
use of MK801 needs to be explored in the future.

Conclusions

In this study, we demonstrate that prolonged use of the
NMDAR antagonist MK801 does not prevent but promotes
central sensitization and develops analgesic tolerance. The an-
algesic tolerance is mainly caused by reduced inhibitory synap-
tic transmission. The GABAergic disinhibition results from re-
duced NO production from nNOS, as NO reduction both de-
creases presynaptic GABA release and contributes to BDNF-
mediated KCC2 dysfunction. Our studies also demonstrate that
the tolerance of NMDAR antagonist can be prevented by
blocking the BDNF–KCC2 pathway, which may provide a
novel therapeutic approach for chronic neuropathic pain.

Fig. 7 Chronic blockage of NMDARs causes analgesic tolerance through
BDNF–KCC2 signaling. (a) Immunoblots showing BDNF levels in the
spinal dorsal horn of rats subjected to SNL surgery and treated with
MK801 (0.25 mg/kg/day or vehicle, i.v., × 11 days) (F(2, 9) = 26.972,
**p = 0.008, vehicle vs sham; *p = 0.033, ZL006 vs vehicle, ANOVA,
n = 4). (b) Immunoblots showing the levels of KCC2 and pKCC2 in the
spinal dorsal horn of rats treated withMK801 (0.25mg/kg/day or vehicle,
i.v., × 11 days). For KCC2, F(2, 12) = 18.965, *p = 0.019 (sham vs vehi-
cle), *p = 0.048 (vehicle vs MK801); for pKCC2, F(3, 16) = 71.771,

***p < 0.001 (sham vs vehicle), **p = 0.003 (vehicle vs MK801),
ANOVA, n = 5. (c) Design of the experiments for (d). (d) Left, effect of
MK801 (0.25mg/kg/day or vehicle, i.v., ×11 days) with or without TrkB-
FC (0.2 μg/day, per animal, intrathecal infusion using osmotic pump, ×
11 days) in mice on SNL-induced mechanical hyperalgesia (among
groups: F(2, 33) = 56.045, ZL006 + TrkB-FC vs ZL006: *p = 0.016,
###p < 0.001; within the ZL006 group: †p = 0.035, day 11 vs day 1, re-
peated measurements ANOVA, n = 14). Right, the percent change of
thermal threshold for each subject. All data are shown as mean ± SEM
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