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Abstract
The dominant view in the field of pain is that peripheral neuropathic pain is driven by microglia in the somatosensory processing
region of the spinal dorsal horn. Here, to the contrary, we discovered a form of neuropathic pain that is independent of microglia.
Mice in which the nucleus pulposus (NP) of the intervertebral disc was apposed to the sciatic nerve developed a constellation of
neuropathic pain behaviours: hypersensitivity tomechanical, cold, and heat stimuli. However, NP application caused no activation of
spinal microglia nor was pain hypersensitivity reversed by microglial inhibition. Rather, NP-induced pain hypersensitivity was
dependent on cells within the NP which recruited macrophages to the adjacent nerve. Eliminating macrophages systemically or
locally prevented NP-induced pain hypersensitivity. Pain hypersensitivity was also prevented by genetically disrupting the
neurotrophin brain-derived neurotrophic factor selectively in macrophages. Moreover, the behavioural phenotypes as well as the
molecular mechanisms of NP-induced pain hypersensitivity were not different between males and females. Our findings reveal a
previously unappreciated mechanism for by which a discrete peripheral nerve lesion may produce pain hypersensitivity, which may
help to explain the limited success of microglial inhibitors on neuropathic pain in human clinical trials.
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1. Introduction

Chronic pain is a pervasive and often devastating problem that
continues to plague modern societies. Indeed, nearly 1 in 5
individuals of the general population report chronic pain.9,13,23,29,85

The enormity of theproblemof chronic pain is comparablewith that
of other major public-health issues, such as cancer, heart disease,
and obesity, that imposes an immense personal burden on
patients as well as an enormous cost on societies globally. This
persistent problem is especially important for neuropathic pain, the
most debilitating and most poorly treated form of chronic pain,
which affects up to 10% of the population.13,64,78

Neuropathic pain arises as a direct consequence of a lesion or
disease of the somatosensory nervous system.53 The most
common type of neuropathic pain arises from damage or injury to
peripheral nerves—peripheral neuropathic pain. Such pathological

pain manifests as hypersensitivity to mechanical, heat, and cold
stimuli. A hallmark of pain-producing peripheral nerve injury (PNI) is
microgliosis—proliferation, morphological changes, and activation
of microglia—in the spinal dorsal horn ipsilateral to the side of the
injury. Such microgliosis in the dorsal horn was for a long period of
time considered to be an epiphenomenon of PNI.75 Increasingly,
microglia are implicated in numerous physiological and pathological
conditions throughout the central nervous system.62 For peripheral
neuropathic pain, a large body of evidence has accumulated over
the past 2 decades indicating that microglia in the spinal cord dorsal
horn are not innocent bystanders, rather these cells are critical
cellularmediators of pain hypersensitivity caused by PNI.12,28,34,45,65

Microglia are implicated in diverse kinds of preclinical models of
neuropathic pain such as traumatic nerve injury in spared nerve
injury (SNI),18 spinal nerve ligation,31 and chronic constriction
injury (CCI)4 models as well as in the streptozotocin model of
diabetic neuropathy81 and in experimental autoimmune neuri-
tis.87 One might wonder therefore whether as a general rule
peripheral neuropathic pain depends on the activation of micro-
glia in the spinal dorsal horn. Here, we induced nerve damage by
applying material from the intervertebral discs, the nucleus
pulposus (NP), to the sciatic nerve which produced profound
hypersensitivity to mechanical, heat, and cold stimuli—the
constellation of behavioural changes characteristic of neuro-
pathic pain. Applying NP had no effect on number or morphology
of microglia in the spinal dorsal horn. Moreover, suppressing
microglia function either pharmacologically or genetically had no
effect on NP-induced pain hypersensitivity. Rather, we found that
pain hypersensitivity induced by NP was driven by peripheral
macrophages, which infiltrated around the sciatic nerve where
the NP was applied, and by the macrophage mediator brain-
derived neurotrophic factor (BDNF). Thus, we conclude that the
activation ofmicroglia in the spinal dorsal horn is not a generalized
requirement for peripheral neuropathic pain hypersensitivity.
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2. Methods

2.1. Animals

C57BL/6 mice (20-25 g, 6-7 weeks) of both sexes were acquired
from The Jackson Laboratory for all behavioral studies. For cell
type–specific BDNF knock out experiments, we used CX3CR1-
specific BDNF transgenic mice expressing tamoxifen-inducible Cre
recombinase (CreER) regulated by the endogenous CX3CR1
promoter in microglia (CX3CR1

CreER x Bdnffl/fl; 25-30 g, 7-10 weeks;
both sexes).51 The transgene encoding CreER is followed by an
IRES-eYFP reporter allowing cells expressing CreER to be visual-
ized.51 CX3CR1

CreER mice were a generous gift of Dr Wenbiao Gan,
NewYorkUniversitySchool ofMedicine.HeterozygousCX3CR1

CreER

mice (mixed background) were crossed with mice possessing floxed
Bdnf coding region (Bdnftm3Jae/J; The Jackson Laboratory, Cat.
#00439) to create experimental mice with heterozygous CreER and
homozygous floxed Bdnf. CreER null mice were used as controls.
Tg(act-EGFP)Y01Osb strain (Cat. # 006567) acquired from The
Jackson Laboratory was used as the donor for NP. Mice (5 animals
per cage) were housed in polycarbonate cages on a 14:10 hours
light:dark cycle (lights on at 06:00 hours) in a temperature-controlled
environment with ad libitum access to food and water. Simple
randomization was used to allocate animals to treatments.
Experimenters were blinded to genotype and drug treatments. In all
studies, both the control and experimental groupswere assessed on
the same day, and experiments were replicated on different days to
generate results. All experiments were approved by the Hospital for
Sick Children’s Animal CareCommittee (#46756) and adhered to the
Canadian Council on Animal Care (CCAC) guidelines.

2.2. Surgical procedures for nucleus pulposus application

Under 2.5% isoflurane, the sciatic nerve was exposed by blunt
dissection through the biceps femorismuscle. Nucleus pulposus,
the inner core material of intervertebral discs, was collected from
the tail of littermates of the recipient mice to avoid rejection,
followed by placing on the exposed common sciatic nerve. In
sham operated animals, the sciatic nerve was exposed without
the application of NP material.

2.3. Nucleus pulposus irradiation

Nucleus pulposus was harvested from the tail of C57BL/6 mice
and placed into PBS. The harvested NP was subsequently
exposed to a lethal dose (20 Gy) at a dose rate of 1.0 Gy/min for
20 minutes of g-irradiation using a 137Cs GammaCell-40
Irradiator. The irradiated NP was rinsed in PBS before applying
to sciatic nerve.

2.4. Tamoxifen

Tamoxifen (Sigma) was prepared in corn oil (Sigma) and given to
adult mice by oral gavage to induce Cre-mediated recombination in
microglia. Animals received 2 doses of 10mg of tamoxifen in 0.5mL
corn oil 48 hours apart and 5% glucose subcutaneously daily
throughout tamoxifen treatment.51 Vehicle controls received corn oil.

2.5. Macrophage depletion by clodronate liposomes

C57BL/6 mice received clodronate liposomes (0.2 mL, 5 mg/mL)
or PBS (phosphate buffer saline 1X) liposomes, with 2 in-
traperitoneal injections 48 hours apart. Efficacy of clodronate
liposome depletion was confirmed by macrophage expression
(F4/80, 1:2000) in the spleen and nerve 7 days after treatment. In

another experiment, 10 mL of clodronate liposomes (5 mg/mL)
was applied directly on the sciatic nerve.

2.6. Macrophage migratory inhibition by selenium

C57BL/6 mice received a total 5 intraperitoneal injections of
selenium (0.2 mL, 200mg/mL) or PBS 48 hours apart, except the
third injection which is 24 hours apart from the second injection
before the NP surgery.

2.7. Sciatic nerve applications

Twenty percent of Pluronic F-127 (Invitrogen) in 10%DMSOand2%
chitosan (Sigma) in 70 mM HCl mixed with 100 mM b-glycer-
ophosphate (Sigma) and heated to 40˚C. Y1036 (Calbiochem) was
dissolved in PBS to a final concentration of 50 mM. Ten microliter
was applied directly on the sciatic nerve for all the compounds.

2.8. Minocycline administration

Minocycline (100mg, Sigma) was dissolved in distilled water. Intra-
thecal injections between the L5 and L6 vertebrae were performed
under brief 2.5% isoflurane. Five microliter was administered.

2.9. Behaviour testing

2.9.1. Von Frey testing

The ascending method was used to estimate absolute with-
drawal thresholds using nylon monofilaments (Stoelting Touch
Test). Animals were habituated in Plexiglas cubicles on a
perforated metal floor (Ugo Basile) for 1 hour before testing.
Starting with the lowest von Frey filament (0.008 g), filaments
were applied to the plantar surface of the hind paw until
withdrawal threshold was reached. A positive response was
considered when there was withdrawal, shake, or lick of the hind
paw observed after the application of the filament.

2.9.2. Hargreaves test

Thermal hyperalgesia was assessed by the Hargreaves test.30 In
brief, animals were habituated in Plexiglas cubicles on a glass
surface. The time (second) for the hind paw to withdraw from a
radiant heat stimulus projected to the plantar surface was
measured. Three measurements on both ipsilateral and contra-
lateral sides were collected.

2.9.3. Acetone drop test

For cold assessment, 50 mL of acetone was applied to the
midplantar surface of the hind paw and animal response was
monitored for 20 seconds immediately after acetone application.
The time (second) that the animal spent nursing in response to the
coolingeffect, includingwithdraw, flick, stamp,or lick,was recorded.
Three measurements were collected on both ipsilateral and
contralateral sides, with each acetone application 5 minutes apart.

2.9.4. Rotarod

The rotarod was set with a starting speed of 4 rpm and constant
accelerationwithin 30seconds toa topspeedof 40 rpm.Theanimals
were placed on the rotating beam, facing away from the direction of
rotation, and the time (second) that animals spent on thebeambefore
falling off was recorded. Three measurements were collected.
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2.9.5. Dynamic weight bearing

The dynamicweight-bearing apparatus (Bioseb, Vitrolles, France)
consists of a Plexiglas chamber with a camera attached on the
top and a pressure sensitive mat placed at the bottom. The
animals were kept in the chamber where they can move freely.
Over a 5-minute test period, hind limb weight bearing was
continuously monitored through the sensor pad and a video
recording was made and used during analysis to recognize the
orientation of the animal. Hind paw weight distribution was
calculated using Bioseb software (version 1.4.2.92), and a
percentage weight borne by the ipsilateral paw was calculated
using the following formula: %weight on ipsilateral paw5 (weight
borne by the ipsilateral paw/weight borne by the ipsilateral paw1
weight borne by the contralateral paw).

2.10. Isolation of peritoneal macrophages

Fresh thioglycollate broth (3%, Sigma) was prepared in distilled
water and autoclaved. C57BL/6 mice received thioglycollate
broth intraperitoneally 72 hours before euthanasia. Peritoneal
macrophages were harvested by peritoneal lavage with cold
PBS. For in vitro experiment, macrophages were enriched and
maintained (37˚C, 5%CO2) using Roswell Park Memorial Institute
(RPMI)-1640 (Invitrogen) media supplemented with 10% fetal
bovine serum (Wisent) and 1% penicillin and streptomycin
(Wisent) overnight before stimulation.

2.11. Nucleus pulposus isolation and cell culture

Nucleus pulposus was harvested from the tail of C57BL/6 mice.
Annulus fibrosis surrounding the NP tissue was carefully removed
during dissection. The NP tissue was rinsed in PBS before
culturing for in vitro studies.

The isolated NPs were cultured and maintained for 3 weeks to
allow NP cells to expand in a monolayer until confluency in
Dulbecco’s Modified Eagle Medium (DMEM) media (Wisent)
supplemented with 10% fetal bovine serum (Wisent) and 1%
penicillin and streptomycin (Wisent). All cell cultures were
maintained at 37˚C under 5% CO2. The culture medium was
changed at a 3-day interval.

To stimulate macrophages, control media or NP cell-
conditioned media (NPCM) were used 48 hours after culture
media replacement. Media were filtered and applied to macro-
phages for 48 hours before RNA extraction for quantitative
polymerase chain reaction (qPCR).

2.12. Migration assay

Boyden chamber (Fisher Scientific), consisting of an upper
transwell insert separated from a bottom chamber by a
polycarbonate membrane, was used to assess migration. Six
hundred microliter of NP-conditioned media (NPCM), media
conditioned without NP cells (RPMI media alone), or fresh RPMI
media were added to the lower chamber and stabilized at 37˚C for
15minutes. One hundredmicroliter of THP1monocytes (500,000
cells) were subsequently added to the upper transwell followed by
cell counting of the migratory THP1 cells in the bottom chamber
after 3 hours of incubation at 37˚C, 5% CO2.

2.13. RNA extraction and qPCR (macrophage)

RNAwas extracted fromperitoneal macrophages byRNAMini Kit
(Life Technologies) according to the manufacturer’s instructions.

cDNA was synthesized using the SuperScript VILO cDNA kit (Life
Technologies). 2000 ng per reaction was used for RT-qPCR
using predesigned Taqman probes (Life Technologies) to quantify
Bdnf (#Mm04230607) and Gapdh (#Mm99999915). qPCR was
performed for 40 cycles (95˚C for 1 second and 60˚C for 20
seconds), and relative quantities of mRNAswere calculated using
the comparative DDCt method after normalizing against the
housekeeping gene Gapdh.

2.14. Immunohistochemistry

Mice were transcardially perfused with PBS followed by 10%
formalin. Sciatic nerve, L4 to L5 DRG, and L4/5 lumbar spinal
cords were harvested and postfixed in 10% formalin followed by
30% sucrose solution. Tissues were cryosectioned (sciatic nerve
and DRG at 12 mm and spinal cord at 35 mm) for staining. After 3
PBS washes, sections were blocked with 10% normal donkey
serum and 0.3% Triton-X in PBS for 1 hour and incubated
overnight with primary antibodies against F4/80 (Bio-Rad, 1:
1000), ATF3 (Novus Biologicals, 1:1000), Iba1 (Wako, 1:2000),
and NeuN (Millipore, 1:1000). Sections were subsequently
washed 3 times with PBS and then incubated with secondary
antibodies (Jackson ImmunoResearch Labs, 1:1000) in PBS for 2
hours. Sections were washed and mounted onto Superfrost
slides (Fisher Scientific) for imaging on Zeiss Epifluorescence
Microscope and PerkinElmer Volocity software. Unstained sciatic
nerve was imaged on Leica Fluorescence Stereomicroscope for
gross anatomy of the nerve.

2.15. Histochemical image analysis and quantification

Serial sections of entire L4/5 DRGs from 4 to 7 animals were cut
(14 mm) and placed on Superfrost microslides. For quantitative
analysis, 4 to 7 sections from each DRGwere used for ATF-3 and
NeuN immunoreactive quantification. The number of NeuN1 and
ATF31 neurons was counted in the L4/5 DRGs for sham, NP,
SNI, and CCI animals.

F4/80 immunofluorescence intensity in sciatic nerves was
quantified by PerkinElmer Volocity software (version 6.5.1). Each
group consisted of 4 to 9 mice, and 5 to 10 sections per mouse
were quantified. F4/80 immunofluorescence intensity across
sections with background subtracted was averaged to produce a
final intensity for each animal.

Transverse sections (14 mm) of sciatic nerve were prepared
from 4 mice per group, and the diameter of the sciatic nerve was
measured using PerkinElmer Volocity software (version 6.5.1).
Three measurements were collected and averaged across
sections to produce a final average diameter for each animal.

2.16. Isolation of peripheral blood cells and flow cytometry

Generation of single-cell suspension from central nervous system
(CNS) cells was performed as previously described.51 To prepare a
single-cell suspension from peripheral blood, CX3CR1

CreER/1:
BDNFfl/flmice were transcardially perfused and blood was collected
from atrium and placed into DPBS with heparin (1 mL/mL). Single-
cell suspensionwas then prepared byRBC lysis buffer (eBioscience)
according to the manufacturer’s instructions. Single-
suspended lymphocytes were washed and stained with CD11b
(BD Biosciences). Cells were sorted based on CX3CR1-YFP and
CD11b by Beckman Coulter MoFlo or BD Cell AtriaII.

To assess recombination, DNA was extracted from the sorted
cells (YFP2/CD11b2 or YFP1/CD11b1) from both sexes by
GeneJET Genomic DNA Purification Kit (Thermo Fisher). Twenty-
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five ng per reaction was used for PCR using BDNF primers
(forward primer: CAGCGTGTGCAGAGATCATTA and reverse
primer: GAACCTCTTTCGAGGGACCTA; IDT) to assess the
floxed Bdnf allele at 1381bp or for the recombined allele at
121bp. PCR was performed for 35 cycles (95˚C for 15 seconds,
60˚C for 15 seconds, and 72˚C for 10 seconds), and images were
taken on Gel Doc EZ and Image Lab software (version 5.0).

2.17. Statistical analysis

Statistical analysis was performed using GraphPad Software
(8.0). All data were tested for normality using the Shapiro–Wilk
test. One-way analysis of variance (ANOVA) or the Kruskal–Wallis
test was performed when comparisons were made across more
than 2 groups. Two-way ANOVA (post hoc Bonferroni) was used
to test differences between 2 or more groups across different
days. The t test was performed to test differences between 2
groups. Statistical significance refers to *P, 0.05, ** P, 0.01, ***
P, 0.001, and ****P , 0.0001; ns.0.05. Data are presented as
mean 6 SEM.

3. Results

3.1. Nucleus pulposus applied to the sciatic nerve causes
pain hypersensitivity

Hypersensitivity to mechanical, cold, and heat stimuli are cardinal
signs of neuropathic pain.61,73 Therefore, we assessed the
effects of NP applied to the sciatic nerve (Fig. 1A) on responses to
each of these forms of peripheral stimulation. In all experiments,
the genetic background of the donormousewas the same as that
of the recipient mice. (1) Mechanical: We found that mechanical
withdrawal threshold of the ipsilateral hind paw in animals with NP
applied to the sciatic nerve was significantly less than the
withdrawal threshold of sham-operated animals (Fig. 1B).
Applying NP caused a statistically significant decrease in
withdrawal threshold beginning on day 1 after NP application
and persisting to day 7; withdrawal thresholds recovered to levels
indistinguishable from the sham controls by day 15. After
recovery, a second application of NP could again cause
mechanical hypersensitivity (data not illustrated). No differences
were observed in mechanosensitivity of the contralateral hind
paw between NP-exposed vs sham-operated animals (Fig. 1B).
(2)Cold: To assess responses to cold stimuli, we applied acetone
to the plantar surface of the hind paw on day 5 postsurgery. We
found that the duration of nocifensive behaviours—licking,
shaking, or hind paw withdrawal—evoked by applying acetone
to the ipsilateral hind paw was significantly longer in NP-exposed
animals as compared with sham controls (Fig. 1C). By contrast,
NP exposure had no effect on the duration of nocifensive
behaviours to acetone applied to the contralateral hind paw as
compared with sham controls. (3) Heat: To assess sensitivity to
heat a focal radiant heat, stimulus was applied to the plantar
surface of the hind paw, andwe found that the withdrawal latency
of the ipsilateral hind paw in NP-exposed animals was
significantly shorter than that in sham controls (Fig. 1D).
However, the heat withdrawal latency of the contralateral hind
paw was not different in NP-exposed vs sham-operated animals.
Thus, applying NP to sciatic nerve in mice causes mechanical,
cold, and heat hypersensitivity of the ipsilateral, but not
contralateral, hind paw.

In addition to pain hypersensitivity, motor dysfunction is often
associated with peripheral neuropathic pain.61 Therefore, we
examined the effect of applying NP to the sciatic nerve on motor

function using 2 tests—rotarod and dynamic weight bearing
(Supplementary Fig. 1A and Supplementary Fig. 1B, respectively,
available at http://links.lww.com/PAIN/B614). In the rotarod test,
the latency to fall of the NP-exposed animals was shorter than
that of the sham controls (Supplementary Fig. 1A, http://links.
lww.com/PAIN/B614). Similarly, the NP-exposed animals
showed a significant deficit in dynamic weight bearing compared
with sham-operated controls (Supplementary Fig. 1B, http://
links.lww.com/PAIN/B614). Together, these data indicate that
applying NP to the sciatic nerve induces a constellation of
behavioural alterations which are absent in sham animals and
which phenocopy those in neuropathic pain.

To determine whether the behavioural changes induced by NP
were due to exposure of the sciatic nerve to a space-filling mass,
we replaced the NP with 2 biologically inert materials—chitosan
or poloxamer—matched in volume to that of the NP. The
mechanical withdrawal thresholds of chitosan-exposed and of
poloxamer-exposed animals were not significantly different from
the withdrawal thresholds of sham-operated controls (Fig. 1E).
Moreover, the withdrawal thresholds of the NP-exposed animals
were significantly less than those of either the chitosan-exposed
or poloxamer-exposed animals. Rotarod and cold testing
showed no significant difference between space-filling controls
and sham (Supplementary Fig. 2A and supplementary Fig. 2B,
available at http://links.lww.com/PAIN/B614). Thus, we conclude
that the pain hypersensitivity phenotype caused by applying NP
was not due to a nonspecific effect of application of a space-filling
mass adjacent to the sciatic nerve.

Moreover, to determine whether the behavioural changes
induced by NP were due to placing this material in the hind limb
per se, we examined the effect of applying NP into the
neighbouring biceps femoris muscle. In animals in which NP
was applied into the biceps femoris, we found that the
mechanical withdrawal threshold was not different from that in
sham-operated animals but was significantly different from that in
animals in which NP was applied directly to the sciatic nerve (Fig.
1F). These findings indicate that placing NP into the hind limb is
not sufficient to causemechanical hypersensitivity, but rather, the
hypersensitivity requires applying NP directly to the sciatic nerve.

3.2. Nucleus pulposus–induced pain hypersensitivity is not
dependent on spinal microglia

A long-recognized hallmark of pain hypersensitivity induced by
traumatic PNI is proliferation of microglia and morphological
changes of these cells, microgliosis, in the dorsal horn of spinal
cord ipsilateral to the injury, and the hypersensitivity is reversed by
pharmacological and genetic interventions that suppress micro-
glia function and signaling.2,3,74 By contrast, in this study, we
found that applying NP to the sciatic nerve produced neither
microgliosis nor morphological changes in dorsal horn microglia
(Fig. 2A). As a positive control, SNI produced a readily observable
increase in microglia number in the ipsilateral spinal cord (Fig.
2A). Furthermore, NP-induced mechanical hypersensitivity was
unaffected by intrathecal administration of minocycline (Fig. 2B),
which inhibits microglia function, at a dose (100 mg) known to
reliably and reproducibly reverse SNI-induced mechanical
hypersensitivity.70 These findings provide evidence that NP-
induced pain hypersensitivity is independent of microglia.

We examined this possibility by an additional approach with
mice in which BDNF was deleted from microglia because
microglial BDNF has been shown to be required for PNI-
induced pain hypersensitivity.14,70 We used CX3CR1

CreER/1:
BDNFfl/fl mice in which BDNF is deleted in CX3CR1-expressing
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cells by treating animalswith tamoxifen.We took advantage of the
difference in turnover rates between central and peripheral
CX3CR1-expressing cells51 and administered NP after a 2-
month recovery posttamoxifen so as to allow repopulation of
BDNF expression in the circulating cells (Supplementary Fig. 3,
available at http://links.lww.com/PAIN/B614) without restoring
BDNF in microglia (microglial BDNF KOmice). In microglial BDNF

KOmice NP-inducedmechanical hypersensitivity, themagnitude
of which was not different from that in nontamoxifen treated
CX3CR1

CreER/1:BDNFfl/fl mice which had received vehicle (Fig.
2C). As a positive control for microglial BDNF-dependent pain,70

mechanical hypersensitivity induced by SNI was significantly
reduced in microglial BDNF KO mice than that of mice of the
same genotype not receiving tamoxifen (Supplementary Fig. 4,

Figure 1. Characterization of NP-induced pain hypersensitivity. (A) Schematic diagram of NP application to the sciatic nerve of a mouse. (B) Paw withdrawal
threshold from von Frey filaments on the ipsilateral and contralateral side before (BL) and for 15 days after surgery in animals with NP applied to sciatic nerve (n5
36) or sham controls (n5 23). ****P, 0.0001 comparing NP ipsilateral and sham ipsilateral with two-way repeated-measures ANOVA (Bonferroni post hoc test).
(C) Cold sensitivity, measured bywithdrawal duration (in seconds) using the acetone test, in the ipsilateral and contralateral paws of NP-exposedmice (n5 28) and
sham controls (n 5 28) at day 5. **P , 0.01 and ****P , 0.0001; ns.0.05 by 1-way ANOVA with the Bonferroni multiple comparisons post hoc test. (D) Heat
hyperalgesia measured by withdrawal latency (in seconds) to nociceptive heat stimulation in the ipsilateral and contralateral paws of NP-exposed mice and sham
controls (n5 19 per group) at day 5. (E) Withdrawal threshold from von Frey filaments in ipsilateral paws of sham controls (n5 9) and animals receiving space-filling
controls, chitosan and poloxamer (n5 7 per group), or NP (n5 11) at day 5. (F) Withdrawal threshold from von Frey filaments in ipsilateral paws of sham controls (n
5 8) and animals receiving NP applied into the neighboring biceps femoris muscle (n 5 6) or on sciatic nerve (n 5 8) at day 5. Comparisons were made by the
Kruskal–Wallis test with the Dunnmultiple comparisons test (D–F). Data aremean6SEM; *P, 0.05, **P, 0.01, ***P, 0.001, ****P, 0.0001; ns.0.05. ANOVA,
analysis of variance; NP, nucleus pulposus.
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Figure 2. NP-induced pain hypersensitivity is not dependent on spinal microglia. (A) Iba1 staining of transverse sections of the lumbar spinal cord 7 days after
sham, NP, or SNI surgery. Scale bar, 500mm. (B) Withdrawal threshold from von Frey filaments before surgery (BL), 3 days after surgery, (preinjection; D3), and 15
to 120 minutes postinjection of minocycline (100 mg) intrathecal injection (n5 4). n5 7 for vehicle. (C) Withdrawal threshold from von Frey filaments in microglial
BDNF KOmale mice (n5 5) and in control male mice not receiving tamoxifen (n5 4) before and 1, 4, and 7 days post-NP surgery. Corn oil served as vehicle. (D)
Stereoscopic view of ipsilateral sciatic nerve after NP placement (upper) and contralateral sciatic nerve (lower) from same animal. Scale bar, 360 mm. (E)
Quantification of the average cross-sectional diameter of sciatic nerve fromNP-exposed animals (n5 4) and sham controls (n5 4) in transverse sections. ns.0.05
by the t test. (F) ATF3 staining of L4/L5 DRG neurons 7 days after sham, NP, SNI, or CCI surgery. Scale bar, 90 mm. All numerical data are mean 6 SEM. NP,
nucleus pulposus; SNI, spared nerve injury.
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available at http://links.lww.com/PAIN/B614). From these find-
ings, we conclude that pain hypersensitivity induced by NP is
independent of dorsal horn microglia.

3.3. Nucleus pulposus application does not induce sensory
neuron transcriptional reprogramming

Given the lack of involvement of dorsal horn microglia, we
investigated the mechanism of NP-induced pain hypersensitivity
further. Because pain hypersensitivity can be the result of
compression injury to peripheral nerves,4 we examined the
possibility that applying NPmay cause compression of the sciatic
nerve. However, we found no visual evidence that NP applied to
the nerve causes nerve compression (Fig. 2D). Furthermore, the
average cross-sectional diameter of the sciatic nerve in the region
of the nerve adjacent to the NP was not different than that of a
corresponding region of the nerve in sham controls (Fig. 2E). By
contrast, overly constricting the sciatic nerve with a tight
ligature—the chronic constriction injury (CCI) model—produced
readily observable swelling around the site of the injury
(Supplementary Fig. 5, available at http://links.lww.com/PAIN/
B614).

With peripheral nerve compression or transection, the injury
to the nerve causes robust changes in gene and protein
expression in the soma of primary sensory neurons in the dorsal
root ganglia (DRG).42,49,77 Among the most well-characterized
of these is a dramatic increase in the expression of activating
transcription factor 3 (ATF3)32,39 which drives transcriptional
reprogramming and is necessary for axonal regeneration and
functional recovery.54 Applying NP to the sciatic nerve pro-
duced only a minimal increase in the number of L4-L5 DRG
neurons expressing ATF3 (Fig. 2F), whereas CCI or SNI each
caused more than a 40-fold increase in the proportion of ATF31

neurons vs sham controls (Fig. 2F and supplementary Table 1,
available at http://links.lww.com/PAIN/B614). Together, our
findings indicate that applying NP to the sciatic nerve does not
produce indicia of nerve compression injury or of nerve
transection.

3.4. Pain hypersensitivity is dependent on macrophages at
the site of nucleus pulposus application

As our findings above indicate that pain hypersensitivity requires
NP to be applied directly to the sciatic nerve but does not produce
nerve compression, we wondered whether a localized cellular
neuro-immune mechanism may drive the hypersensitivity. We
first examined possible involvement of macrophages. We found
that the sciatic nerve exposed to NP showed dramatically more
cells immunoreactive for the macrophage marker F4/8019 than
did the sciatic nerve in sham controls (Fig. 3A). The intensity of
F4/80 immunofluorescence in the sciatic nerve was significantly
increased adjacent to the NP as compared with that in sham
animals or in the contralateral sciatic nerve (Fig. 3B). Neither
chitosan nor poloxamer caused an increase in F4/80 immuno-
fluorescence (Supplementary Fig. 6, available at http://links.lww.
com/PAIN/B614). By 2 weeks after applying NP, a time at which
the mechanical hypersensitivity had recovered (Fig. 1B), the F4/
80 immunofluorescence had returned to a level indistinguishable
from that of sham animals (Fig. 3B).

That the level of F4/80 immunofluorescence in the nerve
adjacent to the NP tracked the mechanical hypersensitivity
suggested that macrophages may be required for NP-induced
sensitization. We tested this idea by systemic depletion of
macrophages using clodronate liposomes, which depletes

circulating macrophages6 while not directly affecting other
phagocytic cells such as neutrophils.52,79 Animals received
intraperitoneal injection of clodronate liposomes or PBS lipo-
somes twice preoperatively, and their mechanical sensitivity was
measured on day 5 post-NP administration (Fig. 3C). In NP-
treated animals, the paw withdrawal threshold in animals
receiving clodronate liposomes was significantly greater than
that in animals receiving PBS liposomes (Fig. 3C). By contrast,
treating with clodronate liposomes did not prevent the mechan-
ical hypersensitivity induced by SNI (Fig. 3C), indicating that
clodronate does not generally prevent pain hypersensitivity
caused by manipulations of the sciatic nerve. We confirmed that
F4/80 immunofluorescence was greatly reduced in the spleen
and the sciatic nerve adjacent to the NP in the animals that had
received clodronate liposomes (Supplementary Fig. 7A, available
at http://links.lww.com/PAIN/B614). Thus, systemic clodronate
treatment, which depletedmacrophages, prevented NP-induced
mechanical hypersensitivity.

As an independent test of whether macrophages are necessary
in the NP-induced pain hypersensitivity, we used selenium, an
inhibitor of macrophage activation and migration.17,21 We admin-
istered selenium intraperitoneally in NP and sham animals
perioperatively (Fig. 3D). We observed no NP-induced hypersen-
sitivity in the animals treated with selenium on day 5 (Fig. 3D),
compared with vehicle control animals. Conversely, the SNI-
inducedmechanical hypersensitivity was not reversed by selenium
(Fig. 3D). Taking these findings together, we conclude that
peripheral macrophages are necessary for the pain hypersensitivity
induced by applying NP to the sciatic nerve.

Thus, systemic depletion or inhibition of macrophages
prevented the mechanical hypersensitivity caused by applying
NP to the sciatic nerve. To determine whether macrophages at
the site of NP application are required for the NP-induced
mechanical hypersensitivity, we administered clodronate lipo-
somes at the site of NP at the time of its application. Although
animals treated with NP plus vehicle (PBS) showed significant
lowering of mechanical withdrawal thresholds (Fig. 3E), the
withdrawal thresholds of animals treated with NP plus clodronate
liposomes were not significantly different from withdrawal
thresholds of sham animals (Fig. 3E). To ensure that clodronate
had acted only locally, we verified that clodronate liposomes
applied at the site of NP greatly reduced the NP-induced
accumulation of macrophages in the sciatic nerve without
affecting macrophage levels in the spleen (Supplementary Fig.
7B, available at http://links.lww.com/PAIN/B614). Taken to-
gether, we conclude that macrophages at the site of the NP
application are necessary for the NP-induced mechanical
hypersensitivity.

3.5. Pain hypersensitivity requires nucleus pulposus cells

The NP consists of a small number of cells which produce the
extensive matrix of proteoglycans, collagens, and elastin fibres
that are characteristic of depictions of the NP.55,56,72 We
assessed the possibility that the cells present within the NP
may drive pain hypersensitivity. To this end, we irradiated NP
discs with g-radiation to kill the cells within the NP after removal
from the donor and immediately before applying NP to the sciatic
nerve. Animals that received irradiated NP (irrNP) showed no
significant decrease in mechanical paw withdrawal threshold
compared with sham animals (Fig. 4A), whereas animals that
received nonirradiated NP showed a significantly lower withdrawal
threshold as compared with those receiving irrNP (Fig. 4A). In
addition, applying irrNP failed to cause macrophage accumulation
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Figure 3.Pain hypersensitivity is dependent onmacrophages at the site of NP application. (A) F4/80 staining of sciatic nerve 7 days after shamorNP surgery. Scale
bar, 40mm. (B) Quantification of F4/80 immunofluorescence intensity on sciatic nerves from sham-operated (n5 9) and NP-exposed animals 1 (n5 7) or 2 weeks
after surgery (n5 4). *P, 0.05 and **P, 0.01 by the Kruskal–Wallis test with theDunnmultiple comparisons test. (C)Withdrawal threshold from von Frey filaments
5 days after sham (n5 4), NP (n5 8), and SNI (n5 3) surgery after intraperitoneal injections of clodronate liposome (Clod; 2 mg total). ***P, 0.001 comparing NP
PBS and NP Clod by the Mann–Whitney test. (D) Withdrawal threshold from von Frey filaments 5 days after sham (n5 7), NP (n5 7), and SNI (n5 3) surgery after
intraperitoneal injections of selenium (Se; 200 mg total). **P, 0.01 comparing NP PBS and NP Se by the t test. (E) Withdrawal threshold from von Frey filaments 5
days after sham and NP (n 5 6 per group) surgery after the application of clodronate liposome (0.05 mg) local at sciatic nerve at the time of NP application.
ns.0.05, *P, 0.05 by the Kruskal–Wallis test with the Dunn multiple comparisons test. All numerical data are mean6 SEM. NP, nucleus pulposus; SNI, spared
nerve injury.
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in the sciatic nerve (Fig. 4B). These findings suggest that cells in the
NP must be alive to induce pain hypersensitivity.

As live NP cells are required, it is possible that these cells
migrate into the sciatic nerve and initiate changes that lead to pain
hypersensitivity. To examine this possibility, we harvested NP
from constitutively GFP-expressing C57BL/6mice (Tg(act-EGFP)
Y01Osb) and placed the NP (Fig. 4C, GFP) onto the sciatic nerve
of wild-type C57BL/6 animals. We found that GFP-expressing
cells were abundant in the isografted NP but absent within the
sciatic nerve of the recipient. Thus, NP cells appear to not migrate
out of NP on being placed adjacent to the sciatic nerve. As
described above, placing NP adjacent to the sciatic nerve caused
an increase in F4/80-expressing cells in the nerve and, in addition,
in the NP disc material itself (Figs. 3B and 4C). However, we
found no colocalization of F4/80 signal and GFP (Fig. 4C). These
findings suggest that NP cells do not migrate or infiltrate into the
sciatic nerve, and they do not colocalize with F4/80-expressing
cells, presumed to be macrophages, in the NP disc.

Applying NP adjacent to the sciatic nerve thus attracted
macrophages from the recipient into the NP disc material as well
as into the nerve. Hence, it is possible that NP cells secrete a
diffusible factor, or factors, that attracts these immune cells. We
addressed this possibility in vitro by determining whether NP cells
release molecules that may pass through a semipermeable
membrane and cause migration of cells. To represent potential
migrating cells, we used the monocyte/macrophage cell line,
THP1, which are widely used in such chemoattractant as-
says.11,27 We made cultures of NP cells (Fig. 4D) and found that
applying conditioned media taken from these cultures (NPCM)
caused a significant migration of THP1 cells as compared with
that caused by media conditioned without NP cells (Fig. 4E,
media alone) or by unconditioned, fresh media (Fig. 4E). To test
whether the chemoattractive capacity of the NPCM was due to
molecules that were heat-labile, we boiled NPCM at 95˚C for 10
minutes before adding to the lower chamber. In this case, boiled
NPCM still caused a significant increase in the number of
migrating THP1 cells vs boiled media alone (Fig. 4E), and the
increase in migration caused by boiled NPCM was not different
from that caused by nonboiled NPCM. Thus, NP cells release a
heat-stable factor, or factors, that attracts macrophages.

3.6. Nucleus pulposus–induced mechanical sensitization
requires brain-derived neurotrophic factor
from macrophages

A parsimonious conceptual framework to account for our findings
to this point is that living cells in the NP release a heat-stable factor
causing local accumulation of macrophages which then produce
the behavioural sensitization through acting on the sciatic nerve.
Macrophages are known to release effector molecules including
neurotrophins, such asNGFandBDNF,which are known to cause
pain hypersensitivity in peripheral tissue40 and in the spinal cord.14

To test whether neurotrophins are necessary for pain hypersen-
sitivity caused by applying NP, we locally administered Y1036, a
neurotrophin inhibitor that sequesters both NGF and BDNF,
preventing them from interacting with their cognate receptors.22

The averagewithdrawal threshold in animals receiving NP together
with Y1036 was indistinguishable from that in sham animals that
received Y1036 without NP and was significantly greater than that
in animals that received NP together with vehicle (Fig. 5A). Thus,
Y1036 prevented NP-induced pain hypersensitivity indicating that
local neurotrophin signalling is required.

To investigate the possible requirement for BDNF, we used
CX3CR1

CreER/1:BDNFfl/fl mice51 in which BDNF was deleted in

circulating macrophages on recombination elicited by treating
with tamoxifen (Fig. 5B). In CX3CR1

CreER/1:BDNFfl/fl mice given
the vehicle for tamoxifen, which produced no recombination (data
not shown), applying NP produced mechanical hypersensitivity
(Fig. 5C). By contrast, mechanical hypersensitivity was signifi-
cantly reduced in NP-exposedCX3CR1

CreER/1:BDNFfl/flmice that
had received tamoxifen 1 week before NP (Fig. 5C). As shown
above (Fig. 2C) by 8 weeks after tamoxifen treatment, a time at
which the circulating population of macrophages had recovered
fully (Supplementary Fig. 3, available at http://links.lww.com/
PAIN/B614), applying NP elicited pain hypersensitivity in
CX3CR1

CreER/1:BDNFfl/fl mice. Thus, the capacity for NP to
induce pain hypersensitivity was lost when NP was applied at the
time when BDNF was depleted from circulating macrophages,
and the NP-induced hypersensitivity returned at the time when
the peripheral circulation of BDNF-expressing macrophages had
been replenished.

As the above experiments indicate that NP-induced behav-
ioural sensitization requires BDNF in circulating peripheral
macrophages, we considered the possibility that the expression
of BDNF might be induced in macrophages by diffusible factors
from NP cells. To test this possibility, we cocultured peritoneal
macrophages with NPCM or with control media. We found using
real-time PCR analysis that Bdnf mRNA was significantly greater
in the macrophages treated with NPCM than in macrophages
treated with control media (Fig. 5D). Together, these findings
suggest that NP cells release a factor that causes the
upregulation of Bdnf gene expression in macrophages and that
BDNF from the macrophages is necessary for producing pain
hypersensitivity.

3.7. Lack of sex differences in nucleus pulposus–induced
pain hypersensitivity

A growing body of evidence indicates that there may be sex
differences in behavioural pain phenotypes and in the underlying
cellular and molecular mechanisms.41,69,70 We therefore tested
for possible male–female differences in the NP-induced pain
phenotypes or in the underlying cellular and molecular mecha-
nisms. In female mice, applying NP to the sciatic nerve produced
a significant lowering of the paw withdrawal threshold (Fig. 6A).
The lowest withdrawal threshold was on day 1, and the threshold
recovered to that in sham animals by day 15. Comparing the time
courses of mechanical hypersensitivity revealed no significant
differences between males and females (Fig. 6B). In addition, we
examined the response to acetone applied to the hind paw in
females and found that applying NP produced cold sensitization
(Supplementary Fig. 8, available at http://links.lww.com/PAIN/
B614). Thus, in the tests examined, applying NP to the sciatic
nerve induced behavioural sensitization in females that was not
phenotypically distinguishable from that induced by NP in males.

We probed the underlying mechanisms by determining
whether NP-induced pain hypersensitivity in recipient female
mice requires macrophages or BDNF. The sciatic nerve exposed
to NP showedmacrophage accumulation (Supplementary Fig. 9,
available at http://links.lww.com/PAIN/B614). For the former, we
administered clodronate liposomes to deplete macrophages
before the NP application and found that female NP-treated
animals receiving clodronate liposomes showed significantly less
mechanical sensitivity than animals receiving PBS liposomes
(Fig. 6C).

To test the requirement for neurotrophins in female mice, we
locally administered Y1036 at the site and time of NP application.
We observed no NP-induced hypersensitivity in the female
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animals treated with Y1036, compared with vehicle control
animals (Fig. 6D). Moreover, in female CX3CR1

CreER/1:BDNFfl/fl

mice, applying NP 1 week after the treatment with tamoxifen did
not produce hypersensitivity (Fig. 6E), when BDNF was depleted

in circulating macrophages (Supplementary Fig. 10, available at
http://links.lww.com/PAIN/B614), whereas NP caused hyper-
sensitivity when applied 8 weeks after tamoxifen, when the
macrophages expressing BDNF had repopulated in the

Figure 4. NP-induced mechanical hypersensitivity and macrophage migration requires NP cells. (A) Withdrawal threshold from von Frey filaments 7 days after sham
controls and animals receiving irradiated NP (irrNP) or NP (n 5 6 per group). *P , 0.05 and **P , 0.01; ns.0.05 by the Kruskal–Wallis test with the Dunn multiple
comparisons test. (B) F4/80 staining (shown in red in this figure) of sciatic nerve from animals exposed toNP or irrNP. Scale bar, 100mm. (C) GFP fluorescence (green)
and F4/80 (red) staining of sciatic nerve from C57BL/6 mouse receiving NP from GFP donor. Scale bar, 120 mm. (D) Cultured GFP-expressing NP cells. Scale bar,
120 mm. (E) Transwell migration assay using THP1 cells migrating towards NP-conditioned media (NPCM), media, fresh media, boiled NPCM, or boiled media (n5 3
per group). **P , 0.01, ***P , 0.001; ns.0.05 compared with corresponding media controls by 1-way ANOVA. All numerical data are mean6 SEM.
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circulation (Supplementary Fig. 10, available at http://links.lww.
com/PAIN/B614). Together, these results demonstrated that NP-
induced behavioural sensitization in female mice requires
macrophages and BDNF similar to their male counterparts,
indicating that there was no sex difference in the cellular and
molecular mechanisms underlying the sensitization.

4. Discussion

Here, we found that apposing NP to the sciatic nerve drives
hypersensitivity to mechanical, cold, and heat stimuli and
decreased motor coordination, a constellation of behavioural
changes indicative of peripheral neuropathic pain hypersensitiv-
ity. Although applying NP did not produce signs of compression,
it did cause accumulation of macrophages in the nerve nearby
indicating there was an immunological lesion to the nerve.
Together, the behavioural signs and the presence of this
immunological lesion demonstrate that applying NP to the sciatic
nerve meets the criteria for peripheral neuropathic pain.64

Consistent with the pain being neuropathic rather than arising
from tissue inflammation, there was hypersensitivity elicited by
stimulating the paw, which is innervated by the lesioned nerve,
but there was no direct damage to the paw itself.

The behavioural changes produced by applying NP pheno-
copy those in widely accepted models of peripheral neuropathic

pain produced by traumatic injury to the sciatic nerve or its
branches. Pain hypersensitivity evoked by traumatic PNI is well-
known to depend on microglia in the dorsal horn ipsilateral to the
side of the injury.33,68,76 However, we found that the immuno-
logical lesion caused by applying NP to the sciatic nerve
produced no change in the number or morphology of microglia
in the spinal cord nor was the NP-induced pain hypersensitivity
suppressed byminocycline or inmice inwhich BDNFwas deleted
in microglia. Rather, applying NP caused recruitment of
macrophages into the sciatic nerve and the pain hypersensitivity
was suppressed by depleting macrophages, by blocking BDNF-
trkB signaling at the site of NP application, or by deleting BDNF in
peripheral macrophages. Thus, our findings demonstrate that
pain hypersensitivity produced by a discrete lesion in a peripheral
nerve can be inducedwithout involving spinal microglia. Themost
parsimonious explanation for the totality of our findings is that
cells in the NP secrete a diffusible, heat-stable factor, or factors,
which recruits macrophages into the sciatic nerve where they
release BDNF which acts to elicit the behavioural sensitization as
illustrated in the conceptual framework in Figure 7.

Nucleus pulposus has been implicated in pain arising from
herniation of spinal discs.36,86 In experimental models of such
pain, NP is applied to the spinal dorsal roots. Placing NP in this
location may result in surgical damage to the spinal column and
may also cause damage or compression of the dorsal roots

Figure 5.NP-inducedmechanical sensitization requires BDNF frommacrophages. (A)Withdrawal threshold from von Frey filaments 5 days after sham (n5 7) and
NP (n 5 5) surgery after the application of Y1036 (50 mM) local at sciatic nerve at the time of NP application. (B) PCR analysis of the YFP2/CD11b2 or YFP1/
CD11b1 cells sorted from the blood of CX3CR1

CreER/1:BDNFfl/fl mice, in which YFP is constitutively expressed in CreER-expressing cells (see Methods), 1 or 8
weeks after tamoxifen treatment. (C) Withdrawal threshold from von Frey filaments on the CX3CR1

CreER/1:BDNFfl/fl mice 1 or 8 weeks after tamoxifen treatment
followed by NP surgery (n5 4-5 mice/condition). Corn oil served as vehicle. (D) The mRNA expression of Bdnf (normalized to Gapdh) in peritoneal macrophages
stimulated with NPCMor control media. n5 6 per group. Comparisons weremade by the Kruskal–Wallis test with the Dunnmultiple comparisons test (A andC) or
t test (D). *P , 0.05, **P , 0.01; ns.0.05. All numerical data are mean 6 SEM.
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themselves and dorsal root ganglia.35,50,60 These confounds are
obviated by the model we report here which avoids nerve
compression and damage to the spinal column, roots, or ganglia.
We anticipate, therefore, that the NP—macrophage—BDNF
mechanism we have elucidated may contribute to noncompres-
sive aspects of pain from spinal disc herniation.

That BDNF from macrophages drives NP-induced pain
hypersensitivity is consistent with previous work showing that
macrophages may synthesize and release this neurotrophin.82

Prevention of pain hypersensitivity by NP with local blockade of
neurotrophin signaling by Y1036 or by depleting macrophages
locally implies that the site of action of BDNF is within the sciatic
nerve where the NP is applied. We postulate that BDNF acts
within the nerve through its cognate receptor trkB. This receptor
is known to be expressed on axons of primary afferents,5,7,25 and
thus, activating trkB may lead to enhanced firing of primary
afferent neurons which then drive pain hypersensitivity. Alterna-
tively, or in addition, as BDNF bound to trkB is transported
anterogradely in neurons,1 it is conceivable that BDNF might be
transported transganglionically and released in the spinal dorsal
horn. Other cell types in peripheral nerves, such as Schwann

cells, express trkB7 and may indirectly mediate the actions of
macrophage-derived BDNF. Macrophages are known to release
many types of intercellular mediators in addition to
BDNF.37,38,58,66 Thus, although our findings indicate that BDNF
from macrophages is necessary for NP-induced pain hypersen-
sitivity, we do not rule out the possibility that other mediators
released by these cells may also be required. Macrophages are
known to have complex and diverse responses.43,48 Thus,
defining the response state, or states, induced by NP responsible
for producing the pain hypersensitivity will be an important next
step after our initial characterization reported here.

From our finding that lethal irradiation of the NP before
implantation prevented the development of pain hypersensitivity,
we conclude that NP cells are a necessary intermediary cell type.
Although NP cells are required, we found that they remain within
the NP matrix indicating that these cells act from a distance.
These findings together with our experiments showing that NP
attracts macrophages in vitro by releasing a heat-stable factor
imply that in vivo NP cells may release factor(s) that cause
accumulation of macrophages within the nerve. Candidate
molecules include heat-stable peptides or small proteins, gases,

Figure 6.NP-induced pain hypersensitivity in femalemice. (A) Pawwithdrawal threshold from von Frey filaments on the ipsilateral and contralateral side before (BL)
and for 15 days after surgery in female animals with NP applied to sciatic nerve (n5 25) or shamcontrols (n5 16). *P, 0.05, ***P, 0.001 comparing NP ipsilateral
and sham ipsilateral with two-way repeated-measures ANOVA with the Bonferroni multiple comparisons post hoc test. (B) Development of NP-induced
mechanical hypersensitivity in male and female mice. Withdrawal threshold on the ipsilateral hind paw normalized to their respective baselines. (C) Withdrawal
threshold from von Frey filaments 5 days after sham andNP (n5 4 per group) surgery after intraperitoneal injections of clodronate liposome in female mice (Clod; 2
mg total). (D)Withdrawal threshold from von Frey filaments 5 days after shamandNP (n5 6 per group) surgery after the application of Y1036 (50mM) local at sciatic
nerve in female mice at the time of NP application. (E) Withdrawal threshold from von Frey filaments on theCX3CR1

CreER/1:BDNFfl/fl female mice 1 (n5 7) or 8 (n5
3) weeks after tamoxifen treatment followed byNP surgery. Corn oil served as vehicle in this experiment (n5 5). Comparisonsweremade by the Kruskal–Wallis test
with the Dunn multiple comparisons test (C–E). *P , 0.05, **P , 0.01; ns.0.05. All data are mean 6 SEM. ANOVA, analysis of variance; ANOVA, analysis of
variance; NP, nucleus pulposus.

e1140 Y. Tu et al.·163 (2022) e1129–e1144 PAIN®



and lipids, classes of molecules which have been reported to be
released from NP cells.15,26,46,57 We speculate that the requisite
molecules from the NP drive transmigration of circulating
macrophages across the vascular endothelium in the nerve, a
process which may involve disrupting the blood–nerve
barrier.24,47,63

Nucleus pulposus–induced hypersensitivity to mechanical
stimulation resolved approximately 2 weeks after applying NP
to the sciatic nerve raising the question of why this behavioural
sensitization reverses. The number of macrophages in the sciatic
nerve tracked the time course of this recovery. We found that the
behavioural changes were recapitulated by reapplying NP after
recovery (not illustrated), indicating that the animals had not
become resistant, or desensitized, to signaling from the NP.
Rather, we propose that the recovery is due to loss of viable NP
cells over time and loss of signaling to attract macrophages and
that continued signaling by viable NP cells is necessary to
maintain pain hypersensitivity.

Pain hypersensitivity produced experimentally by nerve trauma
produces similar behavioural changes in males and females but
exhibits sex differences in the underlying mechanisms.41,69,70

Here, we found that the constellation of behaviour changes
produced by NP in females was not different in magnitude nor in
time course from those changes produced in males. However,
molecular interventions which prevented NP-induced hypersen-
sitivity in males also prevented hypersensitivity when tested in
females. The lack of sex difference in the mechanism is thus a
major difference between pain hypersensitivity induced by NP
and that induced by traumatic nerve injury.

Another difference between the response to traumatic nerve
injury and that to applying NP is that the former causes
transcriptional reprogramming of peripheral sensory neurons
driven by the rapid induction of the transcription factor ATF3.54

By contrast, we observed no substantive increase in ATF3
when NP was applied to the sciatic nerve. ATF3 is reported to
be induced by peripheral nerve compression49 and also by
stress loading,83 both of which also drive microgliosis in the
dorsal horn. With traumatic and compressive nerve in-
juries41,70 and with stress loading,84 hypersensitivity is re-
versed by suppressing microglia. The common link may be the
cytokine, CSF-1, which is induced in cell bodies of damaged

primary afferent neurons in the dorsal root ganglia.28 CSF-1 is
transported to the spinal cord where it is released, activating
microglial CSF-1 receptors, leading to microgliosis.28 The
upregulation of CSF-1 by nerve injury has recently been shown
to be prevented by knocking out ATF3 in primary sensory
neurons.54 Thus, a common property of microglia-dependent
hypersensitivity is ATF3-mediated transcriptional reprogram-
ing in primary sensory neurons. That NP produced no
substantive induction of ATF3 nor microgliosis strongly
supports the microglia-independence of NP-induced pain
hypersensitivity.

From our findings in the mouse, we suspect that there may be
microglia-independent forms of neuropathic pain in humans.
Clinical trials using treatments directed towards inhibiting
microglia have had only limited success,10,16,44,67,71,80 and
although there may be various explanations for lack of efficacy,
the most straightforward one is that microglia-independent
neuropathic pain is relatively common in humans. We note that
agents that inhibit microglia do not necessarily also inhibit
macrophages.20,59 Minocycline which is touted as a “microglia
inhibitor” is reported to have pleiotropic effects on macro-
phages, for example, inhibiting peritoneal macrophages but
activating alveolar macrophages.8 Thus, NP-induced pain
hypersensitivity we describe here may model a common form
of neuropathic pain in humans. Using the NP model may thus
reveal novel therapeutic targets given its distinctive mechanistic
framework. Importantly, our findings point to the importance of
developing new diagnostic tests in humans to differentiate
neuropathic pain that is microglia-dependent from that which is
microglia-independent.

In summary, we have developed a model of neuropathic pain
hypersensitivity that is not dependent on microglia in either male
or female mice. Thus, we speculate that there may be microglia-
independent forms of neuropathic pain in humans. As such, our
findings help explain the lack of efficacy of microglia inhibitors on
neuropathic pain in human clinical trials and reveal new potential
targets for developing effective analgesics.
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Figure 7. Schematic representation of the mechanism of pain hypersensitivity induced by NP. When NP is apposed to the sciatic nerve, NP cells secrete soluble
factors which recruit macrophages into the sciatic nerve where they release BDNF which leads to NP-induced behavioural sensitization. BDNF, brain-derived
neurotrophic factor; NP, nucleus pulposus.
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