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Neurobiology of Disease

NMDA Receptors at Primary Afferent—Excitatory Neuron
Synapses Differentially Sustain Chemotherapy- and Nerve
Trauma-Induced Chronic Pain

Yuying Huang (¥ % %), Hong Chen (P5L]), Daozhong Jin (£3&8.5), Shao-Rui Chen (P54 ¥), and
Hui-Lin Pan ((FZEE%)
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The spinal dorsal horn contains vesicular glutamate transporter-2 (VGluT2)-expressing excitatory neurons and vesicular
GABA transporter (VGAT)-expressing inhibitory neurons, which normally have different roles in nociceptive transmission.
Spinal glutamate NMDAR hyperactivity is a crucial mechanism of chronic neuropathic pain. However, it is unclear how
NMDARs regulate primary afferent input to spinal excitatory and inhibitory neurons in neuropathic pain. Also, the functional
significance of presynaptic NMDARs in neuropathic pain has not been defined explicitly. Here we showed that paclitaxel
treatment or spared nerve injury (SNI) similarly increased the NMDAR-mediated mEPSC frequency and dorsal root-evoked
EPSCs in VGIuT2 dorsal horn neurons in male and female mice. By contrast, neither paclitaxel nor SNI had any effect on
mEPSCs or evoked EPSCs in VGAT neurons. In mice with conditional Grinl (gene encoding GluN1) KO in primary sensory
neurons (Grinl-cKO), paclitaxel treatment failed to induce pain hypersensitivity. Unexpectedly, SNI still caused long-lasting
pain hypersensitivity in Grinl-cKO mice. SNI increased the amplitude of puff NMDA currents in VGluT2 neurons and caused
similar depolarizing shifts in GABA reversal potentials in WT and Grinl-cKO mice. Concordantly, spinal Grinl knockdown
diminished SNI-induced pain hypersensitivity. Thus, presynaptic NMDARs preferentially amplify primary afferent input to
spinal excitatory neurons in neuropathic pain. Although presynaptic NMDARs are required for chemotherapy-induced pain
hypersensitivity, postsynaptic NMDARs in spinal excitatory neurons play a dominant role in traumatic nerve injury-induced
chronic pain. Our findings reveal the divergent synaptic connectivity and functional significance of spinal presynaptic and
postsynaptic NMDARSs in regulating cell type-specific nociceptive input in neuropathic pain with different etiologies.
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Spinal excitatory neurons relay input from nociceptors, whereas inhibitory neurons repress spinal nociceptive transmission. Chronic
nerve pain is associated with aberrant NMDAR activity in the spinal dorsal horn. This study demonstrates, for the first time, that chemo-
therapy and traumatic nerve injury preferentially enhance the NMDAR activity at primary afferent-excitatory neuron synapses but have
no effect on primary afferent input to spinal inhibitory neurons. NMDARs in primary sensory neurons are essential for chemotherapy-
induced chronic pain, whereas nerve trauma causes pain hypersensitivity predominantly via postsynaptic NMDARSs in spinal excitatory
neurons. Thus, presynaptic and postsynaptic NMDARs at primary afferent-excitatory neuron synapses are differentially engaged in
chemotherapy- and nerve injury-induced chronic pain and could be targeted respectively for treating these painful conditions. j
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Introduction
Chronic neuropathic pain is often caused by peripheral nerve
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injury and certain cancer therapeutics. Both traumatic nerve
injury and chemotherapy-induced neuropathy augment gluta-
mate NMDAR activity in the spinal cord dorsal horn, which
serves to amplify nociceptive input from primary sensory neu-
rons (Woolf and Salter, 2000; H. Y. Zhou et al,, 2011; Deng et al.,
2019a). In addition to conventional postsynaptic NMDARSs, pre-
synaptic NMDARSs are present in the spinal dorsal horn and are
located immediately at the active zone adjacent to the vesicle
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release site (Liu et al., 1994). However, NMDARs expressed at
primary afferent central terminals are normally in a quiescent
state; they become tonically activated in opioid-induced hyperal-
gesia (Zhao et al., 2012; H. Y. Zhou et al., 2012) and many neuro-
pathic pain conditions (Yan et al., 2013; Xie et al., 2016; J. Chen
et al,, 2018; G. F. Zhang et al., 2021). In this regard, treatment
with cancer chemotherapeutic drugs, such as paclitaxel and bor-
tezomib, mainly potentiates presynaptic NMDAR activity in the
spinal cord (S. R. Chen et al., 2014c; Xie et al., 2017a, 2017b). By
contrast, traumatic injury to peripheral nerves increases the ac-
tivity of both presynaptic and postsynaptic NMDARs in the spi-
nal dorsal horn (Yan et al., 2013; L. Li et al., 2016; J. Chen et al.,
2018). Intrathecal injection of NMDAR antagonists effectively
reverses chronic pain caused by both traumatic nerve injury and
chemotherapeutic drugs (Yamamoto and Yaksh, 1992; Mao et
al,, 1993; Chaplan et al., 1997; Xie et al., 2016; Xie et al., 2017b).
Nevertheless, the role of presynaptic or postsynaptic NMDARs
in neuropathic pain cannot be defined by using NMDAR
antagonists administered intrathecally. At present, the func-
tional significance of spinal presynaptic NMDARs in the devel-
opment of chronic neuropathic pain has not been determined
explicitly.

The spinal dorsal horn contains heterogeneous populations of
neurons that are molecularly and functionally diverse; these neu-
rons can be broadly divided into excitatory and inhibitory neu-
rons. In the superficial dorsal horn, most glutamatergic excitatory
neurons express vesicular glutamate transporter-2 (VGIuT2),
whereas GABAergic/glycinergic inhibitory neurons express vesic-
ular GABA transporters (VGATS; also known as vesicular inhibi-
tory amino acid transporter) (Koga et al., 2017; Browne et al.,
2020; S. R. Chen et al., 2022; Sullivan and Sdrulla, 2022). VGIuT2
and VGAT neurons generally have distinct roles in nociceptive
transmission at the spinal cord level. In this regard, spinal
VGIuT2 neurons mediate nociceptive transmission in chronic
pain induced by tissue inflammation and nerve injury (Wang et
al., 2018), whereas spinal VGAT neurons tonically inhibit noci-
ceptive transmission (Koga et al., 2017). Traumatic nerve injury
increases the prevalence of LTP in VGIuT2, but not VGAT,
neurons in the spinal dorsal horn (Huang et al., 2022). Also,
opioid exposure selectively potentiates NMDAR-mediated
nociceptive primary afferent input to VGIuT2, but not VGAT,
dorsal horn neurons (S. R. Chen et al., 2022). However, it is
unclear which cell types in the spinal cord are engaged in proc-
essing NMDAR-mediated primary afferent input in different
neuropathic pain conditions.

To address these gaps in knowledge, we conducted this study
to determine how NMDAR-mediated primary afferent input is
altered in VGIuT2- and VGAT-expressing spinal dorsal horn
neurons after treatment with paclitaxel and traumatic nerve
injury, the two most commonly used animal models of neuro-
pathic pain. We also determined the functional significance of
NMDARs expressed in primary sensory neurons in the develop-
ment of chronic pain in these two models. Our study showed, for
the first time, that in both neuropathic pain conditions, increased
NMDAR activity drives primary afferent input preferentially to
spinal VGIuT2 neurons. However, presynaptic and postsynaptic
NMDARs at the spinal cord level are differentially involved in
chronic pain induced by paclitaxel treatment and traumatic
nerve injury. In addition, changes in presynaptic and postsynap-
tic NMDAR activity in the spinal cord are not interdependent in
neuropathic pain. This new information advances our mechanis-
tic understanding of spinal nociceptive circuits involved in dif-
ferent neuropathic pain conditions.
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Materials and Methods

Animals. All animal protocols and experimental procedures were
approved by the Institutional Animal Care and Use Committee at the
University of Texas M. D. Anderson Cancer Center (approval #1174-
RNO00) and followed the Guide for the care and use of laboratory animals
(National Institutes of Health). C57BL/6 mice (8-14 weeks old, sex- and
age-matched) were used in this study. Data were pooled from male and
female mice because we observed no sex differences in the electrophysio-
logical and behavioral data during our study. The animals were main-
tained in a housing facility at 24°C on a 12 h light-dark cycle. Mice were
housed at no more than 5 per cage, with free access to food and water.

VGluT?2-ires-Cre knock-in mice (#028863), VGAT-ires-Cre knock-
in mice (#028862), and tdTomato-floxed mice (#007909) were obtained
from The Jackson Laboratory. The genetic background of these mouse
strains is C57BL/6J. The VGluT2" ":tdTomato ™% and VGAT*:
tdTomato™1°* mice were obtained by crossing male VGluT2-ires-
Cre or VGAT-ires-Cre mice with female tdTomato-floxed mice,
respectively (Wang et al., 2018; S. R. Chen et al., 2022). The specificity
of VGIuT2-tagged excitatory neurons and VGAT-tagged inhibitory
neurons in the spinal dorsal horn has been validated previously (Koga
etal.,, 2017; Wang et al., 2018; Browne et al., 2020).

Grin "% mice were purchased from The Jackson Laboratory
(#005246); Avil“™* mice were kindly provided by Fan Wang
(Massachusetts Institute of Technology), and genotyping was per-
formed as previously described (da Silva et al., 2011). In brief, male
Avil* mice were crossed with female Grin"**°* mice to gen-
erate male Avil“":Grin1"**'* mice and then crossed again to
female Grinf1°% mice to obtain Avil®"¥ " :Grin "M% mice,
which are referred to as Grinl-cKO mice. To generate inducible
conditional KO (cKO) of Grinl in primary sensory neurons,
female Grin1"*°* mice were crossed in a similar way with male
Avil€ERTZ/ mice (#032027, The Jackson Laboratory) to produce
AvilCERTZF Grin 9% mice. To induce cKO of Grinl (Grinl-icKO)
in adult mice, tamoxifen (#T5648, Millipore Sigma) was dissolved at a
concentration of 20 mg/ml in corn oil and intraperitoneally injected into
AvilERIZY Grin oMY mice (75mg/kg per day for 5 consecutive
days). At least 2 weeks were allowed for sufficient GluN1 knockdown
before the final experiments (Lau et al., 2011).

Neuropathic pain models. For chemotherapy-induced neuropathic
pain, paclitaxel (2 mg/kg; #00703-3213-01, TEVA Pharmaceuticals) was
intraperitoneally injected into mice every 2 d, for a total of 4 injections
(days 1, 3, 5, and 7; total dose, 8 mg/kg), as described previously
(Polomano et al., 2001; S. R. Chen et al., 2014¢). Animals were intra-
peritoneally injected with vehicle (Cremophor EL/ethanol, 1:1) as the
vehicle group. The presence of pain hypersensitivity was confirmed
14 d after drug treatment.

Spared nerve injury (SNI) surgery was performed as previously
described (Laedermann et al., 2014; Huang et al., 2022). In brief, mice
were anesthetized with 2%-3% isoflurane, and an incision was made on
the left lateral thigh to locate the sciatic nerve. The tibial and common
peroneal nerve branches were ligated with a 6-0 silk suture and sec-
tioned distal to the ligation sites under a surgical microscope, leaving the
sural nerve intact. The sham group was subjected to the same surgical
procedure without the nerve injury.

Nociceptive behavioral assessment. To assess tactile allodynia,
mice were placed in individual chambers on a mesh floor and
allowed to acclimate for 30 min. A series of calibrated von Frey fil-
aments (Stoelting) was applied vertically to the plantar surface of
the hindpaw with sufficient force to bend the filaments for 6 s; brisk paw
withdrawal or flinching was considered a positive response. If a response
occurred, the filament of the next lower force was applied. If there was no
response, the filament of the next greater force was applied. The tactile stim-
ulus that produced a 50% likelihood of withdrawal was calculated using the
“up-down” method, as described previously (Chaplan et al., 1994).

To quantify mechanical nociception, we tested the withdrawal
threshold in response to a noxious pressure stimulus (Randall-Selitto
test). The Analgesy-Meter device (Stoelting) was pressed to trigger a
motor that applied a constantly increasing force to the hindpaw. When
the animal displayed pain, either by withdrawing the paw or vocalizing,
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the device was immediately released and the nociceptive withdrawal
threshold was read on the screen (J. Zhang et al., 2018).

Thermal sensitivity was measured using a radiant heat source (II'TC
Life Sciences), as previously described (Y. Zhang et al., 2016). Mice were
placed in a plastic cylinder on a glass plate that had been preheated to
30°C and allowed to acclimate for up to 30 min. A radiant light that gen-
erated noxious heat was focused onto the plantar surface of the hindpaw.
The withdrawal latency was recorded on a timer when the hindpaw was
quickly moved away from the light.

Viral vector injection. We used Cre-expressing AAV8 viral vectors to
induce Grinl cKO in the spinal cord and DRG of male and female
GrinM°* mice via intrathecal injection, as we performed previously
(L. Li et al,, 2016). Cre-expressing vectors (pAAV.CMV.HILeGFP-Cre.
WPRE.SV40; #105545-AAV8) and control vectors (pAAV.CMV.PL
eGFP.WPRE.DGH, #105530-AAV8) were purchased from Addgene. In
short, Grin*/°* mice were anesthetized with inhalation of 2%-3% iso-
flurane. The viral vector solution was intrathecally injected at L4-L6 lev-
els (10 ul, titer >1 x 10" vg/ml) via lumbar puncture (Sun et al., 2019).
Mice were allowed to recover in a warm cage before being returned to
the housing facility and used for final experiments 2 weeks after recov-
ery. The dorsal spinal cord and DRG tissues at L4-L6 levels were col-
lected from the viral vector-injected mice after behavioral tests to
confirm the GluN1 knockdown.

Spinal cord slice preparation and electrophysiological recording. Mice
were anesthetized via inhalation of 3% isoflurane, and the lumbar
spinal cords were quickly removed via laminectomy. The spinal
cords were sectioned into 400-um-thick transverse slices using a
vibratome and immersed with sucrose-modified ACSF containing
the following (in mm): 234 sucrose, 26 NaHCO3, 1.2 NaH,POy,, 3.6
KCl, 2.5 CaCl,, 1.2 MgCl,, and 25 glucose (mixed with 95% O, and
5% CO,). The slices were immediately preincubated in the 95% O,
and 5% CO, oxygenated Krebs solution containing the following
(in mm): 117 NaCl, 25 NaHCO3, 1.2 NaH,PO,, 3.6 KC, 2.5 CaCl,,
1.2 MgCl,, and 11 glucose at 34°C for at least 1 h before recording.

Electrophysiological recordings of spinal dorsal horn neurons were
performed as previously described (Pan and Pan, 2004; S. R. Chen et al,,
2014a; G. F. Zhang et al,, 2021). In brief, spinal cord slices were fixed in a
glass-bottomed recording chamber and continuously perfused by oxy-
genated Krebs solution at 34°C at a speed of 3 ml/min. The tdTomato-
labeled neurons in spinal lamina II were identified using a combination
of epifluorescence illumination and infrared and differential interference
contrast optics on an upright microscope (S. R. Chen et al., 2022; Huang
et al,, 2022). Whole-cell voltage-clamp recordings were performed using
5-8 M() glass electrodes filled with the internal solution containing the
following (in mm): 135 potassium gluconate, 5 KCl, 0.5 CaCl,, 2 MgCl,,
5 EGTA, 5 HEPES, 0.5 Na,-GTP, 5 ATP-Mg, and 10 lidocaine N-ethyl
bromide (QX314) (280-300 mOsm, pH 7.3). QX314 was used to block
voltage-gated Na* channels and suppress action potentials. EPSCs were
recorded at a holding potential of -60 mV. Miniature EPSCs (mEPSCs)
were recorded in the presence of 0.5 um TTX (#HB1035, Hello Bio).
Because postsynaptic NMDARs are blocked by extracellular Mg*" at
negative holding potentials, mEPSCs are mediated by AMPARs (D. P. Li
et al,, 2002; Pan and Pan, 2004). To evoke glutamate release from primary
afferents, a tungsten bipolar electrode was used to electrically stimulate
(0.6mA, 0.5ms, 0.1Hz) the ipsilateral dorsal root. Monosynaptic EPSCs
were identified on the basis of the constant latency and the absence of con-
duction failure in response to 20 Hz stimulation, as we described previously
(H. Y. Zhou et al,, 2010). Two EPSCs were evoked by a pair of stimuli at 50
ms intervals to calculate the paired-pulse ratio (PPR), which was the ampli-
tude of the second synaptic response divided by the amplitude of the first
synaptic response (Xie et al., 2016; Deng et al., 2019b).

In some experiments, we recorded postsynaptic NMDAR currents
elicited by puff application of 100 um NMDA (#M3262, Millipore
Sigma) directly onto lamina II neurons at 150 um distance using a posi-
tive pressure system (Toohey). The internal solution contained the fol-
lowing (in mm): 110 Cs,SOy4, 0.5 CaCl,, 2 MgCl,, 5 EGTA, 10 HEPES,
0.3 Na,-GTP, 2Mg-ATP, and 10 QX314 (280-300 mOsm, pH 7.3).
MgCl, was replaced with CaCl, in the extracellular solution to elimi-
nate the Mg> " block of NMDARSs at negative holding potentials (S. R.
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Chen et al., 2014a; J. Chen et al., 2018). To record GABA reversal
potential of lamina II neurons, we used the chloride-impermeable,
gramicidin-based perforated patch-clamp method (H. Y. Zhou et al.,
2012; S. R. Chen et al., 2014c). The internal solution contained the
following (in mm): 130 potassium acetate, 15 KCI, 5 NaCl, 1 MgCl,,
and 10 HEPES (280-300 mOsm, pH 7.3). Gramicidin was freshly dis-
solved in DMSO and then diluted to a final concentration of 50 ug/ml in
the internal solution. We recorded currents induced by puff application of
100 um GABA (#A2129, Millipore Sigma) at various holding potentials,
ranging from -90to -30mV in 10 mV steps. Linear regression was per-
formed for the voltage dependence of chloride-mediated currents, and the
intercept with the abscissa was taken as the GABA reversal potential
(H. Y. Zhou et al,, 2012). All signals were filtered at 1-2kHz and digi-
tized at 10 kHz using a DigiData 1320A and a MultiClamp 700B am-
plifier (Molecular Devices). 2-Amino-5-phosphonopentanoate (AP5) was
purchased from Hello Bio (#HB0252). All drugs were freshly prepared in
artificial cerebrospinal fluid before the recording and delivered at their
final concentrations using syringe pumps.

Western immunoblotting. The lumbar dorsal spinal cord and
DRG tissues were removed from mice anesthetized with 3% iso-
flurane and then dissected and homogenized in ice-cold RIPA
buffer (#89901, Fisher Scientific) containing cocktails of protease
and phosphatase inhibitors (#78442, Thermo Scientific). The ho-
mogenate was centrifuged at 12,000 x g for 20 min at 4°C, and the
supernatant was collected as total protein. The 40 ug samples were sub-
jected to 4%-15% SDS-polyacrylamide gel (#NP0336BOX, Fisher Scientific)
and transferred to PVDF membrane (#IPVH00010, Millipore Sigma). The
blots were probed with rabbit anti-GluN1 (1:1000; #G8913, Millipore
Sigma) or rabbit anti-GAPDH antibody (1:7000; #5174, Cell Signaling
Technology). The specificity of the anti-GluN1 antibody has been vali-
dated in previous studies (Huang et al., 2020; G. F. Zhang et al., 2021). An
ECL kit (#34 580, Fisher Scientific) was used to visualize the protein bands.
For protein quantification, the protein band intensity of GluN1 was nor-
malized to that of GAPDH in the same blot. The mean values of GluN1
proteins in samples from WT mice were considered to be 1.

Study design and statistical analysis. Data are mean * SEM. The
investigators conducting the experiments were blinded to the mouse ge-
notype and treatment. The sample sizes of behavioral and electrophysio-
logical experiments were similar to those we published previously (H. Y.
Zhou et al,, 2010; S. R. Chen et al., 2014a; Xie et al., 2017a; Huang et al.,
2022). Only one neuron was recorded from each spinal cord slice, and at
least 3 animals were used for each recording protocol. The input resist-
ance was monitored, and the recording was abandoned if it changed
>15%. The amplitude of evoked EPSCs and puff NMDA currents was
quantified by averaging 6 consecutive traces using Clampfit 11 software
(Molecular Devices). The frequency and amplitude of mEPSCs were
analyzed using the MiniAnalysis program (Synaptosoft), and the
Kolmogorov-Smirnov test was used to assess the normality of data
distribution. We used two-tailed Student’s t tests to compare the dif-
ferences between two groups and one-way or Brown-Forsythe and
Welch ANOVA to compare the data between more than two groups.
Two-way ANOVA, followed by Tukey’s or Dunnett’s post hoc test,
was used to determine the differences between more than two groups for
behavioral and electrorheological data. All statistical analyses were per-
formed using Prism 9 software (GraphPad Software). A p value <0.05
was considered statistically significant.

Results

Paclitaxel treatment increases presynaptic NMDAR activity
in spinal VGluT2 dorsal horn neurons

VGluT2- and VGAT-expressing dorsal horn neurons have a dis-
tinct role in processing and integrating nociception (Koga et al.,
2017; Wang et al., 2018). Both nerve ligation injury and paclitaxel
treatment increase presynaptic NMDAR activity in the spinal
cord (Yan et al,, 2013; L. Li et al., 2016; Xie et al., 2016; Y. Chen
et al, 2019). We first determined whether paclitaxel treatment-
induced presynaptic NMDAR activity in the spinal cord is cell
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type-specific. VGIuT2“"**:tdTomato™™1* and VGAT™*:
tdTomato™/1°* mice were treated systemically with paclitaxel or
vehicle, and spinal cord slices were obtained 2 weeks after treatment.
We then conducted whole-cell recording in tdTomato-tagged
VGIuT2 or VGAT neurons in lamina II in spinal cord slices.
The baseline frequency, but not the amplitude, of mEPSCs in
VGIuT2 neurons was much higher in paclitaxel-treated (n=
16 neurons) than in vehicle-treated mice (n=14 neurons)
(5.897 £ 0.769 Hz vs 2.712 * 0.496 Hz, p = 0.0055, F(; »5)=8.961;
Fig. 1A,B). Bath application of 50 um AP5, a specific NMDAR
antagonist, for 6 min led to a rapid reduction in the fre-
quency of mEPSCs of VGIuT2 neurons in paclitaxel-treated
mice (5.897 =0.769Hz vs 4.380 £0.560 Hz, p=0.0003,
F(1.598,44.73) = 10.40; n =16 neurons) but had no effect in ve-
hicle-treated mice (Fig. 1A,B). These results indicate that
presynaptic NMDARs in VGIuT2 neurons in the spinal
dorsal horn are tonically activated by paclitaxel treatment.

By contrast, neither the frequency nor amplitude of baseline
mEPSCs of VGAT neurons differed significantly between pacli-
taxel-treated (n =16 neurons) and vehicle-treated mice (n=15
neurons, Fig. 1C,D). In vehicle-treated mice, the baseline fre-
quency of mEPSCs was much higher in VGIuT2 than in VGAT
neurons (2.712 = 0.496 Hz vs 0.915 = 0.153 Hz, p=0.0166,
W s,36.36) = 6.869, Brown-Forsythe and Welch ANOVA),
whereas the baseline amplitude of mEPSCs was significantly
smaller in VGIuT2 than in VGAT neurons (13.04 = 0.502 pA vs
17.36 = 1.011 pA, p=0.0051, W s 3726 = 6.954, Brown-Forsythe
and Welch ANOVA). Furthermore, bath application of 50 um
AP5 had no effect on the frequency or amplitude of mEPSCs in
VGAT neurons in vehicle- and paclitaxel-treated mice (Fig. 1C,
D). These data suggest that paclitaxel treatment induces tonic
activation of presynaptic NMDARs, which predominantly drives
glutamatergic input to VGluT2-expressing excitatory neurons in
the spinal dorsal horn.

Treatment with paclitaxel increases NMDAR activity at
primary afferent central terminals that form synapses with
spinal VGIuT2 neurons

NMDARs are expressed at primary afferent terminals in the spi-
nal superficial dorsal horn (Liu et al., 1994). In chemotherapy-
induced neuropathic pain, presynaptic NMDARs at primary
afferent central terminals are tonically activated (Xie et al., 2016,
2017b). To determine specifically whether the paclitaxel-induced
increase in NMDAR activity occurs at primary afferents that syn-
apse with VGIuT2 or VGAT neurons in the spinal dorsal horn,
we recorded EPSCs of tdTomato-tagged neurons in lamina II that
were monosynaptically evoked from the dorsal root, which reflect
glutamate release elicited from primary afferent terminals. The base-
line amplitude of evoked EPSCs was significantly larger in VGIuT2
neurons in paclitaxel-treated (n=15 neurons) than in vehicle-
treated mice (n=14 neurons) (536.6 = 26.87 pA vs 366.2 * 14.56
PA, p<0.0001, F(; 7 =32.41; Fig. 2A). Bath application of 50 um
APS5 for 6 min rapidly reversed the increased amplitude of monosy-
naptic EPSCs of VGIuT2 neurons in paclitaxel-treated mice but had
no such effect in vehicle-treated mice (Fig. 24).

In addition, we recorded the PPR of monosynaptically evoked
EPSCs, a measure of the probability of glutamate release from
presynaptic terminals, in spinal lamina II neurons. The baseline
PPR of evoked EPSCs was significantly lower in VGIuT2 neurons
in paclitaxel-treated (n= 15 neurons) than in vehicle-treated mice
(n =14 neurons) (0.649 * 0.044 vs 0.875 = 0.064, p =0.0228,
F,27)=3.977; Fig. 2B). In VGIuT2 neurons from paclitaxel-
treated mice (n =15 neurons), bath application of 50 um AP5
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for 6 min significantly inhibited the first evoked EPSCs more
than the second evoked EPSCs, resulting in an increase in
the PPR of evoked EPSCs (0.649 = 0.044 vs 0.817 = 0.039,
p <0.0001, F(; 637,44.2) = 3.081; Fig. 2B). However, AP5 appli-
cation had no effect on the PPR of evoked EPSCs in VGIuT2
neurons from vehicle-treated mice (n =14 neurons; Fig. 2B).
These data suggest that paclitaxel treatment augments pre-
synaptic NMDAR activity at primary afferent terminals that
form synapses with spinal VGIuT2 neurons.

By contrast, the baseline amplitude of evoked EPSCs in
VGAT neurons did not differ significantly between pacli-
taxel-treated (n=14 neurons) and vehicle-treated mice
(n=13 neurons, Fig. 2C). Bath application of AP5 had no
effect on the amplitude of evoked EPSCs in these VGAT
neurons in both vehicle- and paclitaxel-treated mice (Fig.
2C). The baseline amplitude of evoked EPSCs was much higher
in VGAT neurons than in VGluT2 neurons (423.2 + 13.24 pA vs
366.2 = 14.56 pA, p=0.0372, W (s 3494y =6.132, Brown-Forsythe
and Welch ANOVA) in vehicle-treated animals. In addition,
treatment with AP5 had no effect on the PPR of VGAT neurons
from either vehicle-treated (n =13 neurons) or paclitaxel-treated
mice (n=14 neurons; Fig. 2D). Together, these results suggest
that paclitaxel treatment potentiates the activity of presynaptic
NMDARs at the primary afferent-VGluT2 neuron synapses in
the spinal dorsal horn.

Traumatic nerve injury potentiates presynaptic NMDAR
activity in spinal VGluT2 dorsal horn neurons

Traumatic nerve injury increases presynaptic NMDARs in the
spinal cord (Yan et al, 2013; L. Li et al, 2016; J. Chen et al,
2018). We next determined whether traumatic nerve injury-aug-
mented presynaptic NMDAR activity occurs in a cell type-specific
manner in the spinal dorsal horn. VGluT2"*:tdTomato™/1°*
and VGAT®™":tdTomato™* were subjected to SNI or sham
surgery, and spinal cord slices were obtained from these mice
2weeks after surgery. Whole-cell recordings were performed in
tdTomato-tagged VGIuT2 or VGAT neurons in lamina II in spi-
nal cord slices. In mice subjected to SNI, the baseline frequency of
mEPSCs (n=14 neurons) was significantly larger than that of the
sham control (n=16 neurons) in VGIuT2 neurons (7.503 * 1.242
Hz vs 3328 + 0516 Hz, p=0.0187, Fq s =6.774; Fig. 3A,B). Bath
application of 50 um AP5 for 6 min had no effect on either the fre-
quency or amplitude of mEPSCs of VGIuT2 neurons from sham
control mice (1 =16 neurons) but decreased the augmented mEPSC
frequency in VGIuT2 neurons from SNI mice (7.503 = 1.242 Hz vs
5.281 * 0.985 Hz, p=0.0094, F(; 87725.16) = 10.22, n =14 neurons; Fig.
3A,B).

The baseline frequency of mEPSCs was much greater in
VGIuT2 neurons than in VGAT neurons (3.328 = 0.516 Hz vs
1.455 + 1.114 Hz, p=0.0186, W s.42.15)=5.301, Brown-Forsythe
and Welch ANOVA), whereas the mEPSC amplitude in VGIuT2
neurons was significantly smaller than that in VGAT neurons
(1425 = 0.726 pA vs 17.02 = 0.568 pA, p=0.0186, W s43.10)=
5.404, Brown-Forsythe and Welch ANOVA) from sham-treated
animals. However, in VGAT-expressing lamina II neurons, the
baseline frequency and amplitude of mEPSCs did not differ
between sham control (n = 17 neurons) and SNI (n = 13 neurons)
mice (Fig. 3C,D). In addition, bath application of AP5 had no
effect on the frequency or amplitude of mEPSCs in VGAT neu-
rons in both groups of mice (Fig. 3C,D). These findings suggest
that traumatic nerve injury preferentially potentiates presynaptic
NMDAR activity in VGluT2-expressing excitatory neurons in
the spinal dorsal horn.
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Figure 1.  Padlitaxel treatment augments presynaptic NMDAR activity in spinal VGIuT2, but not VGAT, neurons. A, Representative recording traces and cumulative probability plots show the effect
of bath application of 50 um APS on mEPSCs of spinal lamina Il VGIuT2 neurons from vehicle-treated and paclitaxel-treated mice. B, Mean data show the effect of AP5 on the frequency and ampli-
tude of mEPSCs of lamina Il VGIuT2 neurons from vehicle- (n = 14 neurons from 3 mice) and paclitaxel-treated mice (n =16 neurons from 3 mice). Two-way ANOVA showed that there was a signif-
icant main effect for paclitaxel treatment (p = 0.0055, F; 55 =8.961) and AP5 treatment (p =0.0003, F(; 5054473 = 10.40) as well as a significant interaction between the paclitaxel and AP5
treatment (p << 0.0001, 5 = 14.35). €, Original recording traces and cumulative probability plots show the effect of bath application of 50 zum AP5 on mEPSCs of lamina Il VGAT neurons from ve-
hicle-treated and paditaxel-treated mice. D, Summary data show the effect of APS on the frequency and amplitude of mEPSCs of lamina Il VGAT neurons from vehicle-treated (n = 15 neurons from
3 mice) and paclitaxel-treated mice (n = 16 neurons from 3 mice). Data are mean = SEM. *p << 0.01; ***p << 0.001; two-way ANOVA followed by Tukey's post hoc test.
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Figure 2.  Paclitaxel treatment increases activity of presynaptic NMDARs at primary afferent central terminals that form synapses with VGIuT2 neurons. A, B, Representative recording traces
and summary data show the effect of 50 zm AP5 on the amplitude of evoked monosynaptic EPSCs (4) and PPR (B) in spinal dorsal horn VGIuT2 neurons from vehicle-treated (n = 14 neurons
from 3 mice) and paclitaxel-treated mice (n =15 neurons from 3 mice). Two-way ANOVA showed that there was a significant main effect for paclitaxel treatment (p << 0.0001, F(; 7 = 32.41
in A, p=0.0228, f1 ;7 =3.977 in B) and AP5 treatment (p << 0.0001, F1 549,41.82 = 33.74 in A, p << 0.0001, F(1637,442) = 3.081 in B) as well as a significant interaction between the paclitaxel
and AP5 treatment (p << 0.0001, Fp 54 = 12.12 in A, p=0.0076, F(54y=5.355 in B). C, D, Original recording traces and mean data show the effect of 50 m APS on the amplitude of evoked
monosynaptic EPSCs (€) and PPR of evoked EPSCs (D) in spinal dorsal horn VGAT neurons from vehicle-treated (n = 13 neurons from 3 mice) and paclitaxel-treated mice (n = 14 neurons from
3 mice). Data are mean == SEM. *p < 0.05; #p < 0.001; ***p < 0.001; two-way ANOVA followed by Tukey’s post hoc test.

Traumatic nerve injury augments NMDAR activity at that synapse with VGIuT2 or VGAT neurons in the spinal dorsal
primary afferent central terminals that form synapses with horn, we recorded EPSCs in tdTomato-tagged VGIuT2 or VGAT
spinal VGIuT2 neurons neurons in lamina II monosynaptically evoked from the dorsal

To determine specifically whether nerve trauma-induced presyn-  root. The baseline amplitude of evoked EPSCs in VGIuT2 neurons
aptic NMDAR activity occurs at primary afferent central terminals ~ was much larger in SNI mice (n=14 neurons) than in sham
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Figure 3.

Amplitude (pA)

Traumatic nerve injury augments the activity of presynaptic NMDARS in spinal VGIuT2, but not VGAT, neurons. 4, Original recording traces and cumulative probability plots show

the effect of bath application of 50 zem AP5 on mEPSCs of lamina Il VGIuT2 neurons from sham control and nerve-injured mice. B, Summary data show the effect of AP5 on the frequency and
amplitude of mEPSCs of lamina Il VGIuT2 neurons from sham control (n = 16 neurons from 3 mice) and nerve-injured mice (n = 14 neurons from 3 mice). Two-way ANOVA showed that there
was a significant main effect for nerve injury (p=0.0187, F(; 5 = 6.774) and AP5 treatment (p = 0.0094, F( g77.25.16) = 10.22) as well as a significant interaction between the injury and AP5
treatment (p = 0.0013, F(y 56 =7.507). C, Representative recording traces and cumulative probability plots show the effect of bath application of 50 zum AP5 on mEPSCs of lamina Il VGAT neu-
rons from sham control and nerve-injured mice. D, Mean data show the effect of AP5 on the frequency and amplitude of mEPSCs of lamina Il VGAT neurons from sham control (n = 17 neurons
from 3 mice) and nerve-injured mice (n =13 neurons from 3 mice). Data are mean * SEM. *p << 0.05; **p < 0.01; two-way ANOVA followed by Tukey's post hoc test.
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Traumatic nerve injury increases NMDAR activity at primary afferent central terminals that form synapses with spinal VGIuT2 neurons. 4, B, Original recording traces and summary

data show the effect of 50 um AP5 on the amplitude of evoked monosynaptic EPSCs (A) and PPR of evoked EPSCs (B) in spinal lamina Il VGIuT2 neurons from sham control (n =16 neurons
from 3 mice) and nerve-injured mice (n = 14 neurons from 3 mice). Two-way ANOVA showed that there was a significant main effect for nerve injury (p =0.0041, F(; 55 =4.322 in A,
p=0.0174, F125,=3.534 in B) and AP5 treatment (p << 0.0001, F1 05,5053 =43.73 in A, p << 0.0001, F1.92553.91 = 25.49 in B) as well as a significant interaction between the injury and
AP5 treatment (p << 0.0001, Fiy56=34.30 in A, p < 0.0001, F5,55)=13.11 in B). C, D, Representative recording traces and mean data show the effect of 50 wm APS on the amplitude of
evoked monosynaptic EPSCs (€) and PPR (D) in spinal lamina Il VGAT neurons from sham control (n = 16 neurons from 3 mice) and nerve-injured mice (n = 16 neurons from 3 mice). Data are
mean == SEM. p < 0.05; #p << 0.01; ***p < 0.001; two-way ANOVA followed by Tukey's post hoc test.

control mice (n=16 neurons) (463.9 * 23.44 pA vs 358.5 = 17.49
PA, p=0.0041, F(; 55y = 4.322; Fig. 4A). Bath application of 50 um
AP5 for 6 min completely reversed the increased amplitude of
evoked EPSCs in VGIuT2 neurons from SNI mice (Fig. 4A).

In VGIuT2 neurons, SNI significantly increased the first
evoked EPSCs more than the second evoked EPSCs, resulting in
the reduced baseline PPR (n =14 neurons in SNI mice, n=16
neurons in sham control mice; 0.619 = 0.027 vs 0.816 = 0.058,
p=0.0174, F(; 55y =3.534; Fig. 4B). Moreover, bath application of
AP5 significantly increased the PPR of evoked EPSCs in VGIuT2

neurons from SNI mice (n=14 neurons; 0.619 = 0.027 vs
0.903 = 0.046, p < 0.0001, F(; 925,53.91) = 25.49; Fig. 4B). However,
AP5 application had no effect on the PPR of evoked EPSCs in
VGIuT2 neurons from sham control mice (n=16 neurons).
These results suggest that traumatic nerve injury potentiates pre-
synaptic NMDAR activity at the primary afferent-VGIluT2 neu-
ron synapses in the spinal dorsal horn.

In sham-treated animals, the baseline amplitude of evoked
monosynaptic EPSCs was significantly higher in VGAT neurons
than in VGIuT2 neurons (417.2 £ 11.16 pA vs 358.5 = 17.49 pA,
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p=0.0434, W (54,66 =2.762, Brown-Forsythe and Welch
ANOVA). However, the baseline amplitude of evoked EPSCs
in VGAT neurons did not differ significantly between SNI
(n=16 neurons) and sham control mice (n=16 neurons, Fig.
4C). Furthermore, bath application of AP5 had no effect on the
amplitude of evoked EPSCs in VGAT neurons in sham control
or SNI mice (Fig. 4C). In addition, AP5 had no effect on the
PPR of evoked EPSCs in VGAT neurons from sham control
mice (n=16 neurons) or SNI mice (n=16 neurons, Fig. 4D).
Together, these data indicate that traumatic nerve injury selec-
tively increases the activity of NMDARSs at primary afferent ter-
minals that form synapses with VGluT2-expressing dorsal horn
neurons.

NMDARs in primary sensory neurons are required for
chemotherapy-induced chronic pain

Paclitaxel treatment increases presynaptic, but not postsynaptic,
NMDAR activity in the spinal dorsal horn (S. R. Chen et al,,
2014c; Xie et al., 2016; Y. Chen et al., 2019). However, the role of
presynaptic NMDARs expressed in primary sensory neurons in
the development of chemotherapy-induced chronic pain has
not been explicitly demonstrated. To this end, we generated
Grinl-cKO mice that genetically ablated GIuN1, an obligatory
subunit of NMDARSs, from primary sensory neurons by cross-
ing Grin"°* mice to Avil" mice, as described previously
(Huang et al., 2020). Baseline tactile, mechanical, or thermal
paw withdrawal thresholds did not differ significantly between
the Grinl-cKO and WT mice, which are consistent with previ-
ous studies (Huang et al,, 2020; G. F. Zhang et al, 2021).
Repeated treatment with paclitaxel in WT mice resulted in a
large reduction in tactile, pressure, and heat withdrawal thresh-
olds, which lasted for at least 2 weeks after the last drug treat-
ment (n=8 mice, Fig. 5A). In Grinl-cKO mice, however,
treatment with paclitaxel failed to significantly reduce tactile,
pressure, or thermal withdrawal thresholds (n=8 mice, Fig.
5A). Treatment with vehicle had no effect on tactile, pressure,
or thermal thresholds in WT and Grinl-cKO mice (n =8 mice
per group, Fig. 5A). These findings indicate that NMDARs in
primary sensory neurons are essential for the development of
paclitaxel-induced chronic pain.

NMDARs in primary sensory neurons play a minor role in
traumatic nerve injury-induced mechanical and thermal
hypersensitivity

Traumatic nerve injury increases the activity of both presynaptic
and postsynaptic NMDARs at the spinal cord level (Yan et al.,
2013; L. Li et al., 2016; J. Chen et al., 2018). We used Grinl-cKO
mice to determine the relative importance of NMDARs in pri-
mary sensory neurons in nerve injury-induced mechanical and
thermal hypersensitivity. SNI in WT mice showed markedly
lower paw withdrawal thresholds in response to tactile, pressure,
and thermal stimuli, lasting for at least 30d (n=12 mice per
group, Fig. 5B). Strikingly, in Grinl-cKO mice, SNI still caused a
large reduction in tactile, pressure, and thermal withdrawal
thresholds. Compared with WT mice, the reduction in tactile,
pressure, and thermal thresholds was only slightly attenuated in
Grinl-cKO mice (n =12 mice per group, Fig. 5B).

Traumatic nerve injury, but not paclitaxel treatment, recapit-
ulates developmental reprogramming of the DRG at the neonatal
stage (Garriga et al., 2018). Also, constitutively ablating Grinl
may affect the development of DRG neurons. Therefore, we gen-
erated Avil“FRT " Grin"¥/°* mice and used tamoxifen to
induce cKO of GluN1 in primary sensory neurons in adult mice,
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referred to as Grinl-icKO mice, to validate the nerve injury effect
on mechanical and thermal hypersensitivity observed in Grinl-
cKO mice. The baseline tactile, pressure, and thermal withdrawal
thresholds did not differ significantly between littermate WT
control and Grinl-icKO mice after tamoxifen treatment (n=12
mice per group, Fig. 5B). We performed SNI or sham surgery in
Grinl-icKO mice 3 weeks after tamoxifen injection. However,
similar to Grinl-cKO mice subjected to SNI, Grinl-icKO mice
also showed a large and persistent reduction in tactile, pressure,
and thermal withdrawal thresholds after SNI (n =12 mice,
Fig. 5B). Western blotting analysis showed that the GluN1
protein level in the DRG, but not dorsal spinal cord, was largely
reduced in Grinl-icKO mice compared with that in WT mice
(p<<0.0001, f(14)=7.431, n=8 mice per group; Fig. 5C). Cre
expression driven by the Avil promoter occurs in 84%-87% of
DRG neurons in Avil““*®™/* mice and Avil“™" mice (Zappia
et al., 2017), which explains the incomplete elimination of GluN1
proteins in the DRG in Grinl-icKO mice. Together, these data
indicate that NMDARs in primary sensory neurons do not play a
major role in mechanical and thermal hypersensitivity induced by
traumatic nerve injury.

Traumatic nerve injury potentiates postsynaptic NMDAR
activity in spinal VGluT2 neurons independently of
NMDARSs in primary sensory neurons

Intrathecal injection of NMDAR antagonists rapidly reverses
pain hypersensitivity induced by traumatic nerve injury (Yamamoto
and Yaksh, 1992; Chaplan et al, 1997; H. Y. Zhou et al, 2012).
Because presynaptic NMDARs expressed in DRG neurons
play only a minor role in nerve trauma-induced mechanical
and thermal hypersensitivity, we determined how traumatic
nerve injury affects the activity of spinal postsynaptic NMDARs in
VGIuT2 and VGAT neurons in the spinal dorsal horn. We
recorded NMDAR currents elicited by puff application of 100 um
NMDA to tdTomato-tagged VGIuT2 and VGAT neurons in
lamina II. The amplitude of puff NMDAR currents in VGluT2
neurons was much greater in SNI (# =15 neurons) than in
sham-control mice (n=14 neurons) (376.3 = 32.01 pA vs
135.4 * 15.61 pA, p <0.0001, F(y 55 = 14.33; Fig. 6A). By con-
trast, the amplitude of puff NMDAR currents in VGAT neurons
did not differ significantly between SNI and sham control mice
(n=15 neurons per group, Fig. 6A). These results suggest that
traumatic nerve injury preferentially augments postsynaptic
NMDAR activity in VGluT2-expressing excitatory dorsal horn
neurons.

To determine whether postsynaptic NMDAR activity in spi-
nal dorsal horn neurons potentiated by nerve injury is dependent
of presynaptic NMDARs in primary sensory neurons, we
measured puff NMDAR currents in lamina II neurons in WT
and Grinl-icKO mice subjected to SNI. In WT mice, SNI sig-
nificantly increased the amplitude of puff NMDAR currents
in lamina II neurons (=14 neurons, 163.8 = 18.72 pA vs
102.7 = 7.51 pA, p=0.0141, F(; 5;)=18.00), compared with
that in sham-treated mice (# =12 neurons; Fig. 6B). Furthermore,
in Grinl-icKO mice, SNI caused a similar increase in the ampli-
tude of puff NMDAR currents in lamina II neurons (n=15
neurons in both sham and SNI groups; 165.7 = 10.94 pA vs
114.4 £ 12.00 pA, p=0.0311, F(; 52) = 18.00; Fig. 6B). These
data suggest that traumatic nerve injury augments postsy-
naptic NMDAR activity predominantly in spinal excitatory
neurons; this effect is independent of presynaptic NMDARs
in primary sensory neurons.
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Figure 5. NMDARs in primary sensory neurons are essential for chronic pain induced by paclitaxel treatment, but not by traumatic nerve injury. 4, Time course of changes
in withdrawal thresholds in response to von Frey filaments, pressure, and noxious heat stimuli in Grin7-cKO mice and their WT littermates (n =8 mice per group) after sys-
temic treatment with vehicle or paclitaxel (PTX, down arrows indicate drug treatments). Data are mean = SEM. *p < 0.05, **p << 0.01, ***p << 0.001 compared with the
baseline (day 0) within the same group (two-way ANOVA followed by Dunnett’s post hoc test). Two-way ANOVA showed that there was a significant main effect for genotype
(p < 0.0001, F3,28) = 133.6 in von Frey filaments; p << 0.0001, F3 25 = 57.63 in pressure; p << 0.0001, F(3 55y =76.11 in noxious heat) and paclitaxel treatment (p << 0.0001,
F7.368, 206.3) = 5.831 in von Frey filaments; p <<0.0001, F(7.066,197.8) = 13.84 in pressure; p = 0.0022, F(7.524 210.7y = 3.228 in noxious heat) as well as a significant interaction
between the genotype and paclitaxel treatment (p << 0.0001, F(33, 308 = 6.465 in von Frey filaments; p << 0.0001, F(33, 305) = 8.363 in pressure; p << 0.0001, F(33 305) = 4.505
in noxious heat). B, Time course of changes in withdrawal thresholds in response to von Frey filaments, pressure, and noxious heat stimuli in Grin7-cKO mice, tamoxifen-
induced Grin cKO (Grin1-ickO) mice, and their WT littermates (n =12 mice per group) after sham or SNI. Data are mean *+ SEM. *p < 0.05, *p < 0.01, **p < 0.001 com-
pared with the WT group at the same time point (two-way ANOVA followed by Tukey’s post hoc test). Two-way ANOVA showed that there was a significant main effect for
genotype (p <0.0001, F(s66)=30.12 in von Frey filaments; p <<0.0001, F(s 5 =117.0 in pressure; p <0.0001, F(s46 =55.67 in noxious heat) and nerve injury
(p <0.0001, F(7.726, 509.9) = 27.80 in von Frey filaments; p << 0.0001, F(7.636, 504.0) = 54.24 in pressure; p << 0.0001, F(5.942, 458.1) = 23.14 in noxious heat) as well as a signifi-
cant interaction between the genotype and nerve injury (p <<0.0001, Fso, 660)=5.625 in von Frey filaments; p <<0.0001, F(so, 60)=10.71 in pressure; p <<0.0001,
Fiso, 660) = 5.228 in noxious heat). C, Representative blotting images and quantification of the GluN1 protein levels in the dorsal spinal cord and DRG tissues from WT and
GrinT-icKO mice (n =28 mice per group). Data are mean = SEM. GAPDH was used as a loading control. M, Molecular weight marker. ***p <<0.001 (two-tailed Student’s ¢
test).

Traumatic nerve injury impairs GABAergic synaptic mice, the GABA reversal potential was -63.8 £2.15mV (n=18
inhibition of spinal dorsal horn neurons independently of neurons, Fig. 7A-C). SNI caused a significant depolarizing shift
NMDARSs in primary sensory neurons in the GABA reversal potential of lamina I neurons in WT mice

In contrast to chemotherapy-induced neuropathic pain (S. R.  (-52.6 =2.78 mV, n =17 neurons; p =0.0297, F(; ¢7) = 25.44; Fig.
Chen et al., 2014¢; Xie et al., 2016, 2017b), traumatic nerve injury ~ 7A-C). Furthermore, in Grinl-icKO mice, SNI caused a similar
promotes NMDAR- and calpain-mediated cleavage of K'-Cl~  depolarizing shift in the GABA reversal potential in lamina II
cotransporter-2 (KCC2) proteins to impair normal synaptic inhi-  neurons (-65.2*2.46mV in the sham group vs -48.4 = 3.52
bition in the spinal dorsal horn (H. Y. Zhou et al,, 2012; L. Liet ~ mV in the SNI group, n=18 neurons per group; p=0.0003,
al., 2016). We next determined whether nerve injury-induced  F(1 7 =25.44; Fig. 7A-C). These findings suggest that traumatic
diminishment of GABAergic synaptic inhibition results from  nerve injury diminishes GABAergic synaptic inhibition in the
postsynaptic NMDAR hyperactivity in spinal dorsal horn neu-  spinal dorsal horn independently of presynaptic NMDARs pro-
rons. In lamina II neurons recorded from sham-treated WT  duced in primary sensory neurons.
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Traumatic nerve injury increases the activity of postsynaptic NMDARs in spinal VGIuT2 neurons independently of NMDARs in primary sensory neurons. A, Representative recording

traces and mean data show currents elicited by puff application of 100 zm NMDA in lamina Il VGIuT2 neurons from sham control (n = 14 neurons from 3 mice) and nerve-injured mice (n =15
neurons from 4 mice) or lamina Il VGAT neurons from sham control (n =15 neurons from 3 mice) and nerve-injured mice (n = 15 neurons from 4 mice). B, Original recording traces and mean
data show currents elicited by puff application of 100 xm NMDA in lamina I neurons from sham control (n =12 neurons from 3 mice) and nerve-injured (n = 14 neurons from 3 mice) WT
mice or from sham control (n =15 neurons from 3 mice) and nerve-injured Grin-ickO mice (n =15 neurons from 3 mice). Data are mean = SEM. *p << 0.05; ***p << 0.001; two-way ANOVA

followed by Tukey's post hoc test.

Knockdown of NMDARs at the spinal cord level diminishes
mechanical and thermal hypersensitivity caused by traumatic
nerve injury

Because traumatic nerve injury augments postsynaptic NMDAR
activity in the spinal cord independently of presynaptic NMDARSs,
we reasoned that development of mechanical and thermal hyper-
sensitivity after traumatic nerve injury requires both presynaptic
and postsynaptic NMDARs at the spinal cord level. To test this hy-
pothesis, we intrathecally injected Cre-expressing AAV8 vectors
or GFP-expressing AAV8 control vectors in Grin " mice to
knock down GIuNT1 in both the spinal cord and DRG. In mice
injected with control vectors, SNI induced a profound and
sustained reduction in tactile, pressure, and heat withdrawal
thresholds (n =8 mice, Fig. 8A4). By contrast, GluN1 knock-
down at the spinal cord level by intrathecal injection of Cre-
expressing vectors diminished the reduction in tactile, pressure,
and heat withdrawal thresholds induced by SNI (n =11 mice,
Fig. 8A). Immunoblotting analysis showed that the GluN1
protein level in the dorsal spinal cord was much lower in
mice injected with Cre-expressing vectors than in mice
injected with control vectors (p < 0.0001, 59y =5.514, n=11
mice per group; Fig. 8B). In addition, the GluN1 protein level
in the DRG was also largely knocked down in mice injected
with Cre-expressing vectors compared with mice treated
with control vectors (p < 0.0001, ¢,y = 6.221, n =11 mice per
group; Fig. 8B). These data suggest that both presynaptic and

postsynaptic NMDARs at the spinal cord level are essential
for the full manifestation of traumatic nerve injury-induced
mechanical and thermal hypersensitivity.

Discussion

Our study provides new evidence that both chemotherapy- and
nerve injury-induced chronic pain are associated with increased
presynaptic NMDAR activity, predominantly at synapses formed
by primary afferent terminals and excitatory dorsal horn neu-
rons. In the present study, we demonstrated that both paclitaxel
treatment and traumatic nerve injury augmented presynaptic
NMDAR activity in VGIuT2, but not VGAT, neurons in the spi-
nal dorsal horn. Increased presynaptic NMDAR activity potenti-
ates neurotransmitter release from primary afferent central
terminals in both chemotherapy- and nerve injury-induced neu-
ropathic pain (Yan et al,, 2013; Xie et al., 2016). VGIuT2 neurons
in the spinal dorsal horn play a crucial role in the relay of noci-
ceptive information from primary afferent nerves in painful con-
ditions (Wang et al., 2018; Huang et al., 2022), whereas reducing
the excitability of VGAT dorsal horn neurons leads to pain
hypersensitivity (Koga et al., 2017). Sciatic nerve injury substan-
tially increases the number of FosB-immunoreactive cells that do
not express Pax2, a specific marker of inhibitory neurons, in spi-
nal laminae I-IIT (Motojima et al., 2021), suggesting that trau-
matic nerve injury predominantly activates excitatory neurons in
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Figure 7.

Nerve injury induces a depolarizing shift in spinal GABA reversal potentials independently of NMDARs expressed in primary sensory neurons. A—C, Representative traces (4), mean

current-voltage plot (B), and summary data (€) show the puff application of 100 um GABA-elicited currents recorded at different holding potentials in lamina Il neurons from sham control
(n =18 neurons from 6 mice) and nerve-injured (n = 17 neurons from 5 mice) WT mice or from sham control (n = 18 neurons from 5 mice) and nerve-injured Grin7-icKO mice (n = 18 neurons
from 5 mice). Data are mean = SEM. *p << 0.05; ***p << 0.001; two-way ANOVA followed by Tukey's post hoc test.

the spinal dorsal horn. Spinal GlyT2-expressing inhibitory
neurons receive monosynaptic input mainly from DRG neu-
rons expressing NF200 (presumably non-nociceptive neu-
rons) (Foster et al., 2015). On the other hand, little is known
about the subtypes of DRG neurons that are monosynapti-
cally connected to VGIuT2 dorsal horn neurons. Further
studies are needed to determine what subtypes of DRG neu-
rons provide monosynaptic input to spinal excitatory and in-
hibitory neurons in neuropathic pain conditions.

The observed difference in the baseline frequency of
mEPSCs between VGluT2- and VGAT-expressing dorsal
horn neurons suggests that a greater number or release
probability of glutamatergic afferent input in VGluT2 neu-
rons than in VGAT neurons. Furthermore, the difference in
the baseline amplitudes of mEPSCs and evoked EPSCs
between the two types of dorsal horn neurons suggests that
postsynaptic AMPAR activity is greater in VGAT neurons
than in VGIuT2 neurons. Recent studies reveal that a26-1,
known previously as a subunit of voltage-gated Ca®" chan-
nels, is essential for synaptic trafficking and activity of

NMDARSs in the brain and spinal cord (J. Chen et al., 2018;
Ma et al,, 2018; Y. Chen et al,, 2019; M. H. Zhou et al., 2021;
Jin et al., 2023). Traumatic nerve injury induces aberrant
sprouting of a2d-1-expressing primary afferent terminals
in the spinal lamina I/II (Yamanaka et al., 2021), which is
densely occupied by VGIuT2 neurons (S. R. Chen et al,
2022). Thus, it is likely that VGIuT2 dorsal horn neurons
preferentially form synaptic contacts with a26-1-express-
ing primary afferent terminals and that the NMDAR-medi-
ated sensory input from a26-1-expressing DRG neurons to
spinal excitatory neurons is selectively potentiated by both
chemotherapy-induced peripheral neuropathy and trau-
matic nerve injury.

Our study also reveals that traumatic nerve injury increases
postsynaptic NMDAR activity in spinal excitatory dorsal horn
neurons independently of presynaptic NMDARs. Traumatic nerve
injury potentiates both presynaptic and postsynaptic NMDAR ac-
tivity via @28 -1 in the spinal dorsal horn. Protein kinase C (PKC)
is important for increased presynaptic NMDAR activity in the spi-
nal cord after nerve injury (Yan et al, 2013). PKC-mediated
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Figure 8.  NMDARs at the spinal level mediate traumatic nerve injury-induced chronic pain. A, Time course of changes in withdrawal thresholds in response to von Frey filaments, pressure,

and noxious heat stimuli in Grin7™™ mice subjected to sham or SNI surgery after intrathecal injection of control vectors (1= 8 mice) or Cre-expressing vectors (7= 11 mice). **p < 0.01,
**%p < 0,001 compared with the baseline (day 0) within the same group; *p < 0.01, #*p << 0.001 compared with the control vector group at the same time point (two-way ANOVA followed
by Tukey's post hoc test). Two-way ANOVA showed that there was a significant main effect for the Cre-expressing vector (p << 0.0001, F(334)=41.90 in von Frey filaments; p << 0.0001,
Fi334y=76.47 in pressure; p << 0.0001, f3 34 = 91.20 in noxious heat) and nerve injury (p =0.0007, F(7.157,2433)=3.717 in von Frey filaments; p << 0.0001, F(g 23, 279.9) = 12.26 in pressure;
p < 0.0007, Fg 55, 291.8=5.668 in noxious heat) as well as a significant interaction between the Cre-expressing vector and nerve injury (p << 0.0001, F4s, 510)=3.312 in von Frey filaments;
p << 0.0007, Figs, 510) = 5.128 in pressure; p << 0.0001, Fs, 510) = 2.260 in noxious heat). B, Original gel images and quantification of GluN1 and GAPDH protein levels in the dorsal spinal cord
and DRGs from Grin7™“™* mice injected with control vectors or Cre-expressing vectors (1= 11 mice per group). Data are mean == SEM. GAPDH was used as a loading control. M, Molecular
weight marker; Ctr, control vectors; Cre, Cre-expressing vectors. ***p << 0.001 (two-tailed Student’s ¢ test).

NMDAR phosphorylation, including GluN2A Ser929 and
GIuN2B Ser1413, promotes the a26-1-NMDAR interaction
and synaptic trafficking (M. H. Zhou et al., 2021). Furthermore,
casein kinase-2 plays a major role in nerve injury-induced
potentiation of postsynaptic NMDAR activity in the spinal dor-
sal horn (S. R. Chen et al., 2014b). Additionally, sciatic nerve
injury decreases the expression of calcineurin, a Ca**/calmodu-
lin-dependent serine-threonine phosphatase, in the DRG and
spinal cord (Miletic et al., 2011), and reduced calcineurin activ-
ity could also increase the phosphorylation and activity of
NMDARSs in the spinal dorsal horn (Huang et al.,, 2020). Of
note, the expression level of @26-1 in the DRG and spinal cord
is upregulated after nerve ligation (Luo et al., 2001; Zhang et al.,
2022), and a26-1-bound NMDARs are required for the tonic
activation of NMDARs in nerve injury-induced neuropathic
pain (J. Chen et al,, 2018). Thus, the increased activity of presyn-
aptic and postsynaptic NMDARs by nerve injury likely results
from elevated NMDAR phosphorylation levels and their cou-
pling to the a28-1 protein. Because a28-1 is mainly expressed
in excitatory neurons (Cole et al., 2005), this may explain our
finding that nerve injury preferentially augments postsynaptic
NMDAR activity in VGluT2-expressing excitatory neurons in
the spinal dorsal horn. In addition to chemotherapy-induced
neuropathy, which selectively increases presynaptic NMDAR ac-
tivity in the spinal cord (Xie et al., 2016, 2017b), we found in the
present study that traumatic nerve injury potentiated postsynap-
tic NMDAR activity in mice in which NMDARs were ablated

from DRG neurons. Together, these findings indicate that changes
in presynaptic and postsynaptic NMDAR activity are not interde-
pendent in neuropathic pain conditions.

Another major finding of our study is that presynaptic
NMDARs have a divergent role in the development of pain
hypersensitivity caused by traumatic nerve injury and
chemotherapy. In mice that lacked GluN1 in primary sen-
sory neurons, paclitaxel treatment largely failed to result in
pain hypersensitivity, indicating that NMDARs produced
by primary sensory neurons have a pivotal role in chemo-
therapy-induced neuropathic pain. Chemotherapy-induced
pain hypersensitivity is associated with abnormal afferent
nerve discharges (Xiao and Bennett, 2008), which may aug-
ment PKC activity and subsequent NMDAR phosphoryla-
tion in the DRG (Xie et al., 2016, 2017b). Furthermore,
paclitaxel treatment increases presynaptic mGluR5 activity
in the spinal cord, which is an upstream signaling of PKC
(Xie et al., 2017b). In addition, because calcineurin consti-
tutively restrains phosphorylation and activity of NMDARs
(Tong et al., 1995; J. J. Zhou et al., 2022), diminished calci-
neurin activity in the DRG by paclitaxel treatment may fur-
ther potentiate NMDAR activity (Nie et al., 2018). a26-1 is
a phospho-binding protein and preferentially interacts with
phosphorylated NMDARs (M. H. Zhou et al., 2021). The C-
terminus of a26-1 physically interacts with NMDARs to
promote the synaptic trafficking of a26-1-bound NMDARs
in the spinal cord (J. Chen et al., 2018; Y. Chen et al., 2019).
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Schematic shows the potential roles of presynaptic and postsynaptic NMDARSs in synaptic plasticity induced by chemotherapy and traumatic nerve injury. Under normal conditions,

NMDARs are minimally active at presynaptic and postsynaptic sites. Paclitaxel treatment induces NMDAR phosphorylation and its physical interaction with 26-1 at the primary afferent central
terminals, leading to increased synaptic trafficking and activity of @26 -1-bound NMDARs and presynaptic glutamate release onto VGIuT2-expressing excitatory neurons in the spinal dorsal
horn. By comparison, traumatic nerve injury increases the phosphorylation of NMDARs at both primary afferent central terminals and VGIuT2 neurons in the spinal dorsal horn. These phospho-
rylated NMDARs interact with o265 -1 and traffic to both presynaptic and postsynaptic sites in the spinal cord. Traumatic nerve injury also causes NMDAR- and calpain-mediated KCC2 proteoly-

sis to impair synaptic inhibition in spinal VGIuT2 neurons.

Importantly, paclitaxel treatment increases the expression
of @26-1 in the DRG and the a26-1-NMDAR interaction
to potentiate presynaptic NMDAR activity (Y. Chen et al.,
2019). By contrast, treatment with paclitaxel or bortezomib
does not affect postsynaptic NMDAR activity in the spinal dor-
sal horn (S. R. Chen et al,, 2014c; Xie et al., 2017b). Collectively,
these findings support the notion that NMDARs in primary
sensory neurons are essential for the development of chemo-
therapy-induced chronic pain.

We found unexpectedly that, although traumatic nerve
injury similarly increased presynaptic NMDAR activity in spi-
nal VGIuT2 neurons, it still induced profound and persistent
pain hypersensitivity in both GrinI-cKO and Grinl-icKO mice
in which GluN1 in primary sensory neurons was genetically
ablated. We showed that nerve trauma augmented postsynaptic
NMDAR activity in VGIuT2, but not VGAT, dorsal horn neu-
rons. Thus, in addition to presynaptic NMDARs, postsynaptic
NMDAR hyperactivity in excitatory dorsal horn neurons might
play a dominant role in chronic pain caused by traumatic nerve
injury. Consistent with this hypothesis, we found that knock-
down of NMDARSs at the spinal cord level via intrathecal injection
of Cre-expressing viral vectors in Grinl-floxed mice diminished
SNI-induced pain hypersensitivity. Therefore, both NMDARs at
primary afferent central terminals and in excitatory dorsal horn

neurons are required for the full manifestation of chronic pain af-
ter nerve trauma.

Additionally, we showed in this study that traumatic nerve
injury impaired GABAergic synaptic inhibition in the spinal dor-
sal horn independently of presynaptic NMDARs. Nerve injury-
induced NMDAR hyperactivity diminishes KCC2-dependent
GABAergic/glycinergic synaptic inhibition via Ca®* and calpain-
mediated proteolysis at the spinal cord level (H. Y. Zhou et al,,
2012; L. Li et al, 2016). By contrast, treatment with paclitaxel
does not affect the KCC2 protein levels in the spinal dorsal horn
(S. R. Chen et al, 2014c). We found that the GABA reversal
potential of dorsal horn neurons shifted by nerve injury is simi-
lar in WT and Grin1-cKO mice, suggesting that increased post-
synaptic NMDAR activity impairs normal synaptic inhibition
independently of NMDARs produced by primary sensory neu-
rons. Voltage-gated Na™ channels at nerve axons are important
for the ectopic bursting discharge after traumatic nerve injury
(Matzner and Devor, 1994; Omana-Zapata et al., 1997). In the
absence of presynaptic NMDARs, traumatic nerve injury-
induced high-frequency, bursting discharges (Pan et al., 1999;
S. R. Chen et al., 2002; Devor, 2009) may induce a neuronal ac-
tivity-dependent increase in casein kinase-2 activity and poten-
tiate NMDAR phosphorylation and its interaction with @26-1
to augment postsynaptic NMDAR activity in spinal excitatory
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neurons. In addition, traumatic nerve injury reduces glutamate
transporter activity (Sung et al., 2003; Napier et al.,, 2012),
which may increase ambient glutamate concentrations to cause
persistent stimulation of postsynaptic NMDARs in the spinal
cord. Therefore, postsynaptic NMDAR hyperactivity and the
ensuing synaptic disinhibition in spinal excitatory neurons
likely play a dominant role in the development of chronic pain
after traumatic nerve injury.

In conclusion, our study demonstrates, for the first time,
that chemotherapy- and traumatic nerve injury-induced pre-
synaptic NMDAR hyperactivity occurs predominantly in
VGluT2-expressing excitatory neurons in the spinal dorsal
horn. However, although presynaptic NMDARs are essential
for chemotherapy-induced chronic pain, increased postsy-
naptic NMDAR activity, via diminishing synaptic inhibition,
in VGluT2 dorsal horn neurons likely plays a major role in
the development of chronic pain after traumatic nerve injury
(Fig. 9). This new information advances our mechanistic
understanding of the molecular and cellular basis of central
sensitization, illustrating how presynaptic and postsynaptic
NMDARs are engaged in the spinal nociceptive circuitry in
different neuropathic pain conditions. Our findings also sug-
gest that NMDARs expressed in primary sensory neurons
and spinal excitatory neurons could be targeted, respectively,
for managing chemotherapy- and traumatic nerve injury-
induced neuropathic pain.
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