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Abstract
CD137L (4-1BBL) is a costimulatory molecule whose signaling can promote monocyte/macrophage functions;
however, CD137L-mediated microglial response and its role in neuropathic pain remain unknown. We investigated
CD137L following peripheral nerve injury-induced neuropathic pain using a spinal nerve L5 transection (L5Tx) murine
model in both sexes. First, C57BL/6_CD137L knock-out (KO) mice displayed decreased mechanical and diminished
heat hypersensitivity compared to wild-type (WT) controls, beginning on day 3 to up to day 35 post-L5Tx. Purified
anti-mouse CD137L neutralizing monoclonal antibody (0.1 or 0.5 �g) was also used to identify CD137L’s window of
action in BALB/c mice. Anti-CD137L antibody was intrathecally administered either from day 0 (before surgery) to day
7 (early treatment), or from day 6 to 13 post-L5Tx (late treatment), and nociceptive thresholds were assessed before
surgery to up to day 35 post-surgery. Early treatment with anti-CD137L reduced L5Tx-induced mechanical but not
heat hypersensitivity, while later treatment did not alter either sensitivity. Pro- versus anti-inflammatory responses
within the lumbar spinal cord following L5Tx were further evaluated via quantitative real-time PCR (qRT-PCR) and
immunohistochemistry (IHC) in time-course studies. Following L5Tx, female CD137L KO mice did not show increased
iNOS mRNA and had reduced numbers of IL-1�� cells compared to WT. At 21 d post-surgery, CD137L KO mice
had higher total numbers of arginase (Arg)-1� cells and Arg-1� microglia. Altogether, results indicate that spinal cord
CD137L contributes to the development of peripheral nerve injury-induced neuropathic pain, which may be in part
mediated through CD137L’s modulation of the pro- and anti-inflammatory balance within the spinal cord.
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Introduction
Neuropathic pain results from a lesion or disease of the

somatosensory nervous system due to an insult to either

the peripheral or central nervous system (IASP Taxonomy
Working Group, 2011). Within the nervous system, this
damage disrupts homeostasis resulting in an assortment
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Significance Statement

To our knowledge, this is the first study investigating the role of CD137L in the development of neuropathic
pain. Our results indicate a contributory role of CD137L in the development of peripheral nerve injury-induced
sensory hypersensitivity and its modulatory effects on the balance between pro- and anti-inflammatory re-
sponses within the spinal cord and microglia. Further investigation of CD137L’s pro-nociceptive effects may
result in novel drug targets for neuropathic pain treatment.
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of immune responses, including leukocyte migration,
phagocytosis, cytokine release, and dysregulation of in-
flammation (Tsuda et al., 2005; Calvo and Bennett, 2012;
Jin and Yamashita, 2016; Inoue and Tsuda, 2018). It is
estimated that 7–8% of the general population suffer from
a neuropathic pain disorder. Daily functioning for these
individuals is severely impaired, making investigation of
treatment options critical (IASP Taxonomy Working
Group, 2011).

Microglia, the resident macrophages in the CNS, are
active modulators of neuropathic pain (Scholz and Woolf,
2007; Calvo and Bennett, 2012). Microglia infiltrate the
area of injury, proliferate, secrete various cytokines and
chemokines, and under certain conditions present anti-
gens during the development of peripheral nerve injury-
induced neuropathic pain (DeLeo and Yezierski, 2001;
Milligan and Watkins, 2009; Tsuda, 2016). Microglia are
also shown to be involved in healing and nerve regener-
ation at the site of injury (Kigerl et al., 2009; Jin and
Yamashita, 2016). These distinctive functions are in part
dependent on the activation status of microglia. During
classical activation (resulting in a pro-inflammatory state),
microglia remove cellular debris via phagocytosis and en-
hance inflammation by releasing pro-inflammatory cyto-
kines, such as tumor necrosis factor (TNF)-�, interleukin-1�
(IL-1�), IL-6, as well as by up-regulating pro-inflammatory
factors such as inducible nitric oxide synthase (iNOS). In
alternative activation (resulting in an anti-inflammatory state),
protective cytokines such as transforming growth factor
(TGF)-�, IL-1 receptor antagonist (IL-1ra), IL-4, and IL-10 are
released and anti-inflammatory factors such as arginase-1
(Arg-1) are up-regulated by microglia to aid in reduction of
inflammation; allowing for the repair of tissues and nerves
(Cherry et al., 2014; Jin and Yamashita, 2016). Therefore,
microglia are critical in both the development and restorative
processes associated with peripheral nerve injury. Similar to
microglia, astrocytes have been identified to also express
both pro- and anti-inflammatory phenotypes depending on
the type of stimulation used (Jang et al., 2013) and pro-
inflammatory microglia could induce the development of
pro-inflammatory astrocytes (Liddelow et al., 2017). Thus,
both microglia and astrocytes contribute to the pro- versus
anti-inflammatory status within the CNS.

CD137L is a T-cell costimulatory molecule and a mem-
ber of the tumor necrosis receptor family. CD137L is
expressed by T cells, monocytes, natural killer cells, den-
dritic cells and regulatory T cells (Thum et al., 2009).
Neuronal and astrocytic expression of CD137L mRNA has
also been shown in human brain cell culture (Reali et al.,

2003). Previous work examining CD137L has primarily
focused on the periphery showing CD137L’s involvement
in various immune cell functions, such as activation, mi-
gration, cell proliferation, and secretion of cytokines and
chemokines (for review, see Thum et al., 2009; Wang
et al., 2009; Shao and Schwarz, 2011). The broad and
diverse functions of CD137L are a result of its expression
on multiple cell types (monocytes/macrophages, dendritic
cells, natural killer cells, and B cells) and bidirectional
signaling on engaging the CD137 receptor (Schwarz,
2005; Thum et al., 2009; Wang et al., 2009; Shao and
Schwarz, 2011). Although CD137L is also expressed by
CNS microglia (Yeo et al., 2012), the role of CD137L in
regulating microglial function is unknown. One study
found that mice lacking CD137L had reduced microglial
activation compared to wild-type (WT) controls in a mu-
rine model of multiple sclerosis, suggesting CD137L
could have an important role in modulating CNS trauma or
disease (Yeo et al., 2012).

To further characterize the neuroimmunological function
of CD137L, we examined the involvement of CD137L in a
murine neuropathic pain model known as spinal nerve L5
transection (L5Tx). Nociceptive thresholds were assessed in
both C57BL/6_CD137L knock-out (KO) mice, and WT
BALB/c mice treated with a CD137L neutralizing antibody to
determine CD137L’s role in the development of neuropathic
pain-like behaviors. L5Tx-induced changes in pro- versus
anti-inflammatory balance within the spinal cord and microglia
were assessed by examining the expression of pro- versus
anti-inflammatory markers using quantitative real-time PCR
(qRT-PCR) and immunohistochemistry (IHC).

Materials and Methods
Mice

Adult male and female BALB/c mice were purchased
from Charles River Laboratories (National Cancer Insti-
tute, Frederick, MD) and used in the experiment examin-
ing the effects of a CD137L neutralizing antibody. This
strain of mice was selected because extensive studies
regarding spinal cord inflammation and microglial re-
sponses following L5Tx, the chosen neuropathic pain
model, have been performed with BALB/c mice (Cao and
DeLeo, 2008; Cao et al., 2009, 2012; Malon et al., 2015;
Cao and Malon, 2018). However, CD137L KO mice were
only available on C57BL/6 (B6) background as CD137L
KO mice on the B6 background (C57BL/6_CD137L KO
mice) were originally generated by Amgen (DeBenedette
et al., 1999). With Amgen’s approval, breeding pairs were
obtained from Dr. Mick Croft at the La Jolla Institute for
Allergy and Immunology and the breeding colonies were
maintained in our animal facility. Adult male and female
KO offspring were used in the current study. Adult male
and female B6 mice purchased from the Charles River
Laboratories (National Cancer Institute) served as WT
controls. All purchased mice were allowed at least one
week to acclimate to the animal facility before experimen-
tal testing. Mice were 8–10 weeks of age at the beginning
of each experiment. Within this age range, BALB/c male
mice weighed between 18 and 26 g and female mice
weighed between 16 and 21 g; for B6 mice, males
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weighed between 23 and 25 g and females weighed
between 17 and 20 g; and for B6_CD137L KO mice, males
weighed between 22 and 26 g and females weighed
between 17 and 20 g. Mice were group-housed and given
ad libitum access to food and water except during behav-
ioral testing. Equal numbers of male and female mice
were used in all experiments. The vivarium was main-
tained on a 12/12 h light/dark cycle at 21 � 2°C. Mice
used in this study were treated in accordance with the
Guide for the Care and Use of Laboratory Animals (Na-
tional Research Council, 2011) and all animal-related pro-
cedures were approved by the University of New
England’s Institutional Animal Care and Use Committee.
Additionally, all procedures conducted in the following
experiments were in accordance with the code of ethics
endorsed by the American Pain Society (American Pain
Society, 2018).

Spinal nerve L5 transection surgery (L5Tx)
Mice were anesthetized using isoflurane (4% induction

and 2% maintenance in 100% O2) and an incision (1–2
cm) above the L4-S1 section was made. Muscle tissue
was separated and retracted from the left superior artic-
ular processes and the transverse process. Tissue on the
L6 transverse process was cleared and the L4 and L5

spinal nerves were exposed. Following gentle separation
of the L5 from the L4 spinal nerve, a small segment (�1
mm) of the L5 spinal nerve was cut (distal to the dorsal
root ganglia) and removed to prevent reconnection. Sham
surgery was similar except for separation and transection
of the L5 spinal nerve. The wound was irrigated with sterile
saline before closure. A 6-0 silk suture (catalog #639G;
Ethicon) was used to close the fascia and a 5-0 vicryl
suture (for B6 mice; catalog #J421; Ethicon) or a 3-0
polyester suture (for BALB/c mice; catalog #3186-41;
Covidien) was used for the skin.

Nociceptive threshold tests and antibody intrathecal
injections

For behavioral experiments, baseline nociceptive
threshold was measured three consecutive days before
surgery (day 0) and at days 1, 3, 7, 10, 14, 17, 21, 28, and
35 post-surgery. Mechanical sensitivity was measured
with von Frey filaments (Stoelting) using the up-down
method (Chaplan et al., 1994). The 50% paw withdrawal
threshold was determined and recorded for each mouse.
The latency to withdraw from a radiant heat light source
was measured three times using the Hargreaves method
via a Plantar Analgesia Meter (IITC Life Science Inc.) and
the average of three assessments was used to represent
each mouse’s heat sensitivity. Hargreaves time-course
data were normalized to day 0 due to a larger degree of
variability within groups (see below, Statistical analysis).
The individual performing the behavioral tests were
blinded to the treatment groups at the time of testing.

To determine CD137L’s window of action relative to the
development of neuropathic pain-like behaviors, BALB/c
mice were intrathecally injected daily with a CD137L neu-
tralizing monoclonal antibody (clone: TKS-1, catalog
#107108; BioLegend Inc.), starting on day 0 (immediately
before surgery) through day 7 post-surgery (early regi-

men), or from day 6 through day 13 post-surgery (late
regimen). Intrathecal injection was performed as previ-
ously described (Yu et al., 1996; Malon et al., 2015). Two
anti-CD137L doses, 0.1 or 0.5 �g, were tested in both
regimens. Each dose was given in 5 �l of PBS. Controls
for both early and late CD137L antibody regimens in-
cluded mice that did not receive any injections as well as
mice injected with 5 �l of sterile PBS. Experiments for
each anti-CD137L treatment regimen (early vs late) were
conducted in separate cohorts and not simultaneously
because a larger number of individual groups were
needed to ensure inclusion of all proper controls. Within
each cohort (early or late), mice were randomly assigned
to one of four treatment groups (no injection, PBS, 0.1 or
0.5 �g anti-CD137L). Baseline nociceptive threshold tests
were performed both before surgery (day 0), and on days
1, 3, 7, 10, 14, 17, 21, 28, and 35 post-surgery. If behav-
ioral tests were conducted on the same day of injection,
the injection was given following the behavioral tests on
that day. To confirm that the observed early administra-
tion effects were CD137L-specific, an IgG2a � isotype
control (RTK2758, catalog #400544; BioLegend Inc.) was
administered (0.5-�g RTK2758 in 5 �l of PBS) to BALB/c
mice in a later set of experiments.

qRT-PCR
Gene expression of pro-inflammatory (IL-1� and iNOS)

versus anti-inflammatory (IL-1ra and Arg-1) markers in the
lumbar spinal cord were assessed using qRT-PCR. To
determine which cell types were more likely to be respon-
sible for the release/production of these mediators, mRNA
expression of a microglia marker (CD11b), and an astro-
cyte marker (glial fibrillary acidic protein; GFAP), were also
measured in this region. The lumbar spinal cord from
sham and L5Tx mice was harvested on post-surgical days
1, 3, 7, 10, 14, 17, and 21, as well as from day 0 (naïve)
mice. Tissues were flash frozen using dry ice and stored at
-80°C until RNA isolation was performed. Total RNA from
each lumbar spinal cord was extracted using the RNeasy
Lipid Tissue kit (QIAGEN). cDNA was synthesized using
Quanta qScript Supermix (Quanta Bio). qRT-PCR was
performed using Quanta PerfeCTa SYBR Green FastMix
ROX (Quanta Bio) with 0.5 �l of cDNA and appropriate
primer sets at a total volume of 20 �l per reaction using
the StepOnePlus Real-Time PCR System thermal cycler
(Applied Biosystems). Gene expression was normalized to
GAPDH and analyzed using the ��CT method. All primers
used in the current study are summarized in Table 1.

IHC and confocal microscopy
Cellular expression of pro- versus anti-inflammatory

markers at the protein level in the lumbar spinal cord
sham and L5Tx mice were examined on post-surgical
days 1, 3, 7, 14, and 21, as well as from day 0 (naïve) using
IHC and confocal microscopy. Mice were anesthetized
with Avertin (250 mg/kg, i.p.), a solution of 2,2,2 tribromo-
ethanol (catalog #T48402; Sigma Aldrich) and 2-methyl-
2-butanol (catalog #152463; Sigma Aldrich), and then
transcardially perfused with PBS (pH 7.4, �100 ml/
mouse). The spinal cord was dissected under a surgical
microscope and three lumbar regions (L4, L5, and L6) were
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harvested then post-fixed in 4% formaldehyde/PBS at
4°C for 24 h. Segments were cryo-protected in 30%
sucrose/PBS at 4°C for 48 h and then embedded in OTC
(Sakura Finetek) on cork blocks for cryostat sectioning. L5
spinal cord sections (14 �m thick) were mounted on
Superfrost/Plus slides (Fisher Scientific) and stored at
-80°C until IHC was performed. During IHC, tissue was
initially blocked using 2% normal donkey serum (Jackson
ImmunoResearch) for 1 h followed by an additional blocking
step using Protein Block Serum-free (Dako), in all cases
except for tissue stained with anti-iNOS. To examine colo-
calization of pro- or anti-inflammatory markers in microglia,
samples were incubated overnight at 4°C in a cocktail con-
taining CD11b, the primary antibody against microglia, along
with a primary antibody for one of the following pro- or
anti-inflammatory markers: IL-1�, IL-1ra, iNOS, and Arg-1.
Following three PBS/1%BSA/0.2% Tween 20 washes, tis-
sue was incubated for 1 h at 23°C with the fluorescent
tagged secondary antibody. Table 2 contains detailed infor-
mation on primary and secondary antibodies used. Tissue
was mounted using Fluoromount-G (catalog #17984-25;
Electron Microscopy Sciences) containing 4=,6-diamidino-2-
phenylindole dihydrochloride (DAPI; catalog #D9542; Sigma
Aldrich) and then stored at �20°C until imaging. Slides were
imaged using a confocal microscope (Leica TCS SP5; Leica
Microsystems) and Leica Application Suite Advanced Fluo-
rescence software (Leica Microsystems Inc.). Specifically,
images consisted of the ipsilateral and contralateral sides of
the lumbar dorsal horn. Images were analyzed using FIJI, an
image processing software from National Institutes of Health
(Schindelin et al., 2012). Representative images are shown in
Figure 6.

Statistical analysis
All experiments conducted used an experimental de-

sign with stratified random assignment based on the fac-

tors of genotype and sex that cannot be randomly
assigned. All statistical analyses were conducted using
IBM SPSS Statistics 21.0 (IBM Corporation) and Sigma
Plot 10.0 (Systat Software, Inc.) was used to create fig-
ures. Outlier analysis was conducted using the Grubb’s
test (GraphPad Software, Inc.), apart from the IHC data
due to the small sample size (n � 4). All data are pre-
sented as mean � SEM, and p � 0.05 was considered
statistically significant. In instances where the p value was
equal to 0.000, p � 0.001 was reported. Statistical results
are shown in Table 3.

The 50% paw withdrawal threshold was calculated us-
ing the formula previously described in (Chaplan et al.,
1994). As the existing individual variability did not mask
the overall group differences, these results are presented
as raw data for easy comparisons with previously pub-
lished studies (Figs. 1A, 2). A larger degree of variability
was observed on the Hargreaves test, therefore, to clearly
display groups differences in withdrawal latencies, data
were normalized to an individual’s baseline response by
calculating the percentage change from baseline (per-
centage change from baseline � [response at time point/
response at baseline]�100; Figs. 1B,3). All relative mRNA
expression data were calculated using the -2��C

T method
(Livak and Schmittgen, 2001) and used for data analysis
(Figs. 4, 5). For IHC analysis, the number of cells express-
ing each inflammatory marker was used for data analysis
(Figs. 7–9). Percentage of colocalization between CD11b
and each inflammatory marker was calculated as number
of positive cells/total number of CD11b� cells and used in
data analysis (Figs. 8, 9).

For the CD137L KO behavioral experiment, threshold
values (von Frey) and percentage change from baseline
(Hargreaves) were analyzed using a four-way repeated
measures (RM) ANOVA: day (10 levels, repeated), geno-
type (two levels), surgery (two levels), and sex (two levels).

Table 1. Forward and reverse primers used for qRT-PCR

Gene Forward primer (5’-3’) Reverse primer (5’-3’) References
IL-1� TCCAGGATGAGGACATGAGCAC GAACGTCACACACCAGCAGGTTA Zhao et al. (2009)
IL-1ra CCAGCTCATTGCTGGGTACT TTCTCAGAGCGGATGAAGGT Jang et al. (2013)
iNOS TGGTGGTGACAAGCACATTTG CATTGGAAGTGAAGCGTTTCG Christophi et al. (2009)
Arg-1 TTTCTCAAAAGGACAGCCTC GTGAGCATCCACCCAAATG IDT PrimeTime
GFAP GCATCTCCACAGTCTTTACCA AACCGCATCACCATTCCTG IDT PrimeTime
CD11b TGTCCAGATTGAAGCCATGA CCACAGTTCACACTTCTTTCAG IDT PrimeTime
GAPDH ACCACCATGGAGAAGGC GGCATGGACTGTGGTCATGA IDT PrimeTime

Table 2. Antibodies used for IHC

Name Origin Clonality Dilution Vendor Catalog number
Primary antibodies
CD11b [clone M1/70] Rat Monoclonal 1:250 Affymetrix eBioscience 14-0112
IL-1� Rabbit Polyclonal 1:500 Abcam ab9722
IL-1ra [clone EPR6483] Rabbit Monoclonal 1:1000 Abcam ab124962
iNOS Rabbit Polyclonal 1:1000 Abcam ab15323
Arg-1 Goat Polyclonal 1:1000 Abcam ab60176
Secondary antibodies
Donkey-anti-rat Cy3 Donkey Polyclonal 1:500 Jackson ImmunoResearch 712-165-153
Donkey-anti-rabbit AF488 Donkey Polyclonal 1:500 Jackson ImmunoResearch 711-545-152
Donkey-anti-goat AF488 Donkey Polyclonal 1:500 Jackson ImmunoResearch 705-545-003
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As no sex differences were detected, data were collapsed
across this variable and a three-way RM ANOVA (day 	
genotype 	 surgery) was conducted with all other vari-
ables. Follow-up analyses were conducted using two-way
RM ANOVA (if effect of genotype and/or surgery were found)
or two-way ANOVA (if effect of day was found) with Bonfer-
roni post hoc comparisons across days. A one-way ANOVA
was used to analyze differences between groups before
surgery (day 0).

For the anti-CD137L antibody experiment, threshold
values (von Frey) and percentage change from baseline
(Hargreaves) were analyzed using a four-way RM ANOVA:
day (10 levels, repeated), regimen (two levels), sex (two

levels) and treatment group (five levels). Due to differ-
ences in regimen, early and late treatment data were
analyzed separately using a three-way RM ANOVA: day 	
treatment group 	 sex. When sex differences were de-
tected, follow-up analyses were conducted for each sex
using two-way RM ANOVA (day 	 treatment group) to
examine across treatment groups at different time points
post-surgery with Bonferroni post hoc comparisons
across days. A one-way ANOVA was used to analyze
differences between groups before surgery (day 0).

Relative expression (qRT-PCR) data were analyzed us-
ing a four-way ANOVA: day (six levels), genotype (two
levels), surgery (three levels) and sex (two levels). When

Table 3. Statistical table

Figure Statistical test N Statistical significance
1A Four-way RM ANOVA N � 12 mice/group Fday 	 surgery(6.40,255.89) � 3.801, p � 0.001

Fgenotype 	 surgery(1,40) � 15.173, p � 0.001
1B Four-way RM ANOVA N � 12 mice/group Fday 	 genotype 	 surgery(5.99,233.65) � 2.138, p � 0.050
2A–D Four-way RM ANOVA N � 6–8 mice/group Fregimen 	 sex 	 treatment group(3,62) � 4.181, p � 0.009
3A–D Four-way RM ANOVA N � 6 mice/group Fsex 	 treatment group(4,62) � 2.888, p � 0.029
4A,B Four-way ANOVA N � 6 mice/group Fsurgery(1,202) � 7.72, p � 0.006

Fsex(1,202) � 34.811, p � 0.001
4C,D Four-way ANOVA N � 6 mice/group Fgenotype(1,253) � 7.882, p � 0.005

Fday 	 sex(4,253) � 2.555, p � 0.040
4E,F Four-way ANOVA N � 6 mice/group Fday 	 genotype 	 sex(4,196) � 2.507, p � 0.043

Fsurgery(1,196) � 17.211, p � 0.001
4G,H Four-way ANOVA N � 6 mice/group Fday(4,205) � 2.550, p � 0.040
5A,B Four-way ANOVA N � 6 mice/group n.s., all ps 
 0.05
5C,D Four-way ANOVA N � 6 mice/group Fday 	 genotype 	 surgery 	 sex(4,206) � 2.607, p � 0.037
7A,B Four-way ANOVA N � 4 mice/group Fday 	 surgery 	 side(4,148) � 18.667, p � 0.000

Fday 	 genotype 	 side(4,148) � 2.786, p � 0.029
8A,B Four-way ANOVA N � 4 mice/group Fgenotype 	 surgery(1,144) � 4.202, p � 0.042

Fday 	 genotype 	 side(4,144) � 2.438, p � 0.050
8C,D NA N � 4 mice/group Minimal colocalization; statistical analysis not possible
8E,F Four-way ANOVA N � 4 mice/group Fday 	 surgery(4,142) � 3.022, p � 0.020
8G NA N � 4 mice/group Minimal colocalization; statistical analysis not possible
9A,B Four-way ANOVA N � 4 mice/group Fday(4,146) � 10.969, p � 0.001
9C,D Four-way ANOVA N � 4 mice/group Fside(1,146) � 11.778, p � 0.001
9E,F Four-way ANOVA N � 4 mice/group Fday 	 genotype 	 surgery(1,140) � 2.795, p � 0.028
9G,H Four-way ANOVA N � 4 mice/group Fday 	 genotype 	 surgery 	 side(4,140) � 3.136, p � 0.017

Figure 1. Decreased mechanical and heat hypersensitivity was observed in L5Tx CD137L KO mice. Mechanical (A) and heat (B)
sensitivities in CD137L KO (gray) and WT (black) mice following a sham (open circles/dashed line) or L5Tx (triangles/solid line) surgery
are shown. Data show mean � SEM of 12 mice/group. For Hargreaves data, individual baseline responding was set to 100% within
each group. Equal numbers of male and female mice were used in this experiment. Due to a lack of sex differences, results shown
are collapsed across sex; �p � 0.05, significantly different from corresponding baseline level on day 0; #p � 0.05, significantly
different from the L5Tx WT group at the same time point.
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sex differences were detected, follow-up analyses were
conducted for each sex using a three-way ANOVA (day 	
genotype 	 surgery). Follow-up analyses were conducted
using two-way RM ANOVA (if effect of genotype and/or
surgery were found) or two-way ANOVA (if effect of day
was found). Cell counts and percentage colocalization
(IHC data) were also analyzed using a four-way ANOVA:
day (six levels), genotype (two levels), surgery (three lev-
els) and side of dorsal horn (two levels). When side of
dorsal horn differences were detected, follow-up analyses
were conducted on each side using a three-way ANOVA:
day 	 genotype 	 surgery. Follow-up analyses were
conducted using two-way RM ANOVA (if effect of geno-
type and/or surgery were found) or two-way ANOVA (if
effect of day was found). A one-way ANOVA was used to
analyze differences between groups before surgery
(day 0).

Results
Mice lacking CD137L show reduced L5Tx-induced
mechanical and heat hypersensitivity

To examine the role of CD137L in neuropathic pain
following peripheral nerve injury, hypersensitivity to both
mechanical and heat stimuli was examined in CD137L KO
and B6 WT mice following either a sham or L5Tx surgery.
No sex differences were detected on either test; therefore,
results shown are collapsed across sex. Baseline re-
sponding in WT and CD137L KO mice was similar on both

assays (mechanical: Fgenotype(1,46) � 0.903, p � 0.347,
one-way ANOVA on day 0; heat: Fgenotype(1,46) � 2.112,
p � 0.153, one-way ANOVA on day 0). Figure 1A shows
that sham mice of both genotypes displayed mechanical
hypersensitivity on post-surgery day 1, which returned to
basal levels by day 3. Following L5Tx, mechanical hyper-
sensitivity was apparent in WT mice on day 1 and re-
mained until day 35 when the experiment was terminated
(Fday 	 surgery(6.40,255.89) � 3.801, p � 0.001, four-way RM
ANOVA; Fig. 1A). L5Tx-induced mechanical hypersensi-
tivity in CD137L KO mice occurred on day 1; however, on
day 3, this was significantly reduced compared to WT
(F

genotype 	 surgery(1,40)
� 15.173, p � 0.001, four-way RM

ANOVA; Fig. 1A). CD137L KO mice continued to show a
gradual reduction of mechanical hypersensitivity, reach-
ing sham levels by day 28 post-L5Tx.

Following sham surgery, no change in heat hypersen-
sitivity was observed in either genotype (Fig. 1B). WT mice
who underwent L5Tx did show heat hypersensitivity be-
ginning on day 3, and this persisted until day 35. How-
ever, L5Tx did not produce heat hypersensitivity in
CD137L KO mice, and responding remained at near sham
levels throughout testing (Fday 	 genotype 	 surgery(5.99,233.65)

� 2.138, p � 0.050, four-way RM ANOVA; Fig. 1B).
Together with mechanical hypersensitivity data, these re-
sults suggest that CD137L is involved in the development
of L5Tx-induced hypersensitivity, and CD137L’s involve-

Figure 2. Early administration of anti-CD137L antibody reversed L5Tx-induced mechanical hypersensitivity in both male and female
mice. Mechanical hypersensitivity following early (days 0–7; A, B) or late (days 6–13; C, D) intrathecal administration of 0.1 �g/�l
(slanted white bars) and 0.5 �g/�l (light gray bars) anti-CD137L antibody (�-CD137L; horizontal white bars) to male (A, C) and female
(B, D) BALB/c mice is shown. Data show mean � SEM of six to eight mice/group; �p � 0.05, day 0 significantly different from
corresponding group at all other time points tested; #p � 0.05, significantly different from no injection and PBS controls groups at
the same time point; §p � 0.05, significantly different from all other groups at the same time point; @p � 0.05, significantly different
from isotype control at the same time point; bp � 0.05; significantly different from PBS-treated group at same time point.
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ment in the initiation and/or maintenance of L5Tx-induced
hypersensitivity may be stimulus dependent.

Early administration of anti-CD137L antibody
reduces L5Tx-induced hypersensitivity

A neutralizing CD137L antibody (anti-CD137L antibody)
was administered at different time periods: days 0–7
(early administration) and days 6–13 (late administration)
following L5Tx to characterize CD137L’s window of ac-
tion following peripheral nerve injury. Given that sex dif-
ferences in the effects of CD137L antibody were
observed, data are shown according to sex [mechanical:
Fregimen 	 sex 	 treatment group(3,62) � 4.181, p � 0.009, four-
way RM ANOVA (Fig. 2A–D); heat: Fsex 	 treatment group(4,62)

� 2.888, p � 0.029, four-way RM ANOVA (Fig. 3A–D)]. No
differences in baseline responding on von Frey (mechan-
ical: Ftreatment group(4107) � 1.18, p � 0.352, one-way
ANOVA on day 0; Fig. 2A–D) or Hargreaves (heat: Ftreatment

group(4107) � 2.385, p � 0.056, one-way ANOVA on day 0;
Fig. 3A–D) were observed between groups regardless of
antibody treatment.

L5Tx-induced mechanical hypersensitivity was appar-
ent in both sexes on day 1, regardless of the antibody
regimen and lasted throughout the test period (Fig. 2A–D).
Early administration of anti-CD137L antibody (both 0.1 �g
and 0.5 �g/5 �l) significantly reduced mechanical hyper-
sensitivity, beginning post-surgery day 3 and lasting until
the end of the experiment (day 35; early: Fday(3.048,67.051) �
278.240, p � 0.001; Ftreatment group(4,22) � 17.749, p �

0.001; Fday 	 treatment group(12.191,67.051) � 2.725, p � 0.004,
three-way RM ANOVA; Fig. 2A,B), while late administra-
tion of the antibody did not significantly alter mechanical
hypersensitivity in either sex (late: Fday(1.340,53.581) �
500.07, p � 0.001; Ftreatment group(3,40) � 0.382, p � 0.766;
Fday 	 treatment group(4.019,53.581) � 0.302, p � 0.876, three-
way RM ANOVA; Fig. 2C,D). As the early (but not late)
administration of the neutralizing antibody reduced me-
chanical hypersensitivity, we also tested an isotype con-
trol antibody during that treatment period to confirm that
the observed effects were specific to CD137L blocking.
Treatment with the isotype control produced similar re-
sults to the no injection and PBS-treated control groups
(all Bonferroni post hoc ps 
 0.05) and did not alter
mechanical hypersensitivity (Fig. 2A,B).

Sex also influenced the dose-dependent effects of early
administration of anti-CD137L antibody (early: Fsex 	 treat-

ment group(4,22) � 3.643, p � 0.020, three-way RM ANOVA;
Fig. 2A,B). Following early administration, females treated
with either dose of anti-CD137L antibody displayed re-
duced mechanical hypersensitivity with a slightly reduced
effectiveness on day 17 (early female: Fday 	 treatment

group(12.006,33.016) � 2.476, p � 0.020, two-way RM
ANOVA; Fig. 2B). In males, the 0.1 �g anti-CD137L anti-
body dose appeared to be more effective than the 0.5 �g
anti-CD137L antibody dose (early male: Ftreatment group(4,11)

� 14.684, p � 0.001, two-way RM ANOVA; Fig. 2A).
Following late administration regimen, females did show
greater mechanical hypersensitivity overall compared to

Figure 3. Early administration of anti-CD137L antibody reversed heat hypersensitivity only in males. Heat hypersensitivity following
early (days 0–7; A, B) or late (days 6–13; C, D) intrathecal administration of 0.1 �g/�l (slanted white bars) and 0.5 �g/�l (light gray
bars) anti-CD137L antibody (�-CD137L; horizontal white bars) to male (A, C) and female (B, D) BALB/c mice is shown. Within each
group, individual baseline responding was set as 100%. Data show mean � SEM of six mice/group; �p � 0.05, day 0 significantly
different from corresponding group at day 3 to day 35; ap � 0.05, significantly different from no injection control group at same time
point; @p � 0.05, significantly different from isotype control at same time point; &p � 0.05, significantly difference between 0.1 and
0.5 �g/�l anti-CD137L antibody at same time point.
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males (late: Fsex(1,40) � 9.334, p � 0.004, three-way RM
ANOVA; Fig. 2C,D). No other significant group differences
were detected.

Although L5Tx-induced heat hypersensitivity was
observed in most groups, timing of the anti-CD137L an-
tibody treatment did not significantly alter heat hypersen-
sitivity (Fregimen(1,62) � 1.503, p � 0.225, four-way RM
ANOVA; Fig. 3A–D). L5Tx-induced heat hypersensitivity in
CD137L KO and WT mice began on post-surgery day 3

and lasted throughout the test period (early:
Fday(4.443,97.749) � 36.256, p � 0.001, three-way RM
ANOVA; Fig. 3C,D; late: Fday(5.002,200.876) � 42.559, p �
0.001, three-way RM ANOVA; Fig. 3A,B). Interestingly, the
lower dose of anti-CD137L antibody did produce a
slightly greater effect in males compared to females (Fsex

	 treatment group(4,62) � 2.888, p � 0.029, four-way RM
ANOVA; Fig. 3A,B). In males, early administration of 0.1�g
anti-CD137L antibody reduced heat hypersensitivity com-

Figure 4. L5Tx-induced changes in mRNA expression of inflammatory markers in CD137L KO and WT mice. Figure shows the relative
mRNA expression of IL-1� (A, B), iNOS (C, D), IL-1ra (E, F), and Arg-1 (G, H) in the lumbar spinal cord of male (left panels) and female
(right panels) CD137L KO (black bars) and WT (light gray bars) mice following sham (open hatched bars for WT; open slanted bars
for CD137L KO) and L5Tx (closed bars). Naïve (day 0, no surgery) mice are represented by open bars in corresponding genotype color.
Data show mean � SEM of six mice/group; �p � 0.05, significantly different from the corresponding naïve group; �p � 0.05,
significantly different from the corresponding sham group at the same time point; §p � 0.05, significantly different from all other
groups at same time point.
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pared to the no injection controls on days 17 and 21 (early
males: Ftreatment group(4,11) � 4.764, p � 0.018, two-way RM
ANOVA; Fig. 3A). No significant effect of treatment group
was detected in females following early administration
(early females: Ftreatment group(4,11) � 0.805, p � 0.402;
two-way RM ANOVA; Fig. 3B). As observed with mechan-
ical hypersensitivity, response from the isotype control
was similar to the no injection and PBS control groups (all
Bonferroni post hoc ps � 0.05; Fig. 3A,B) and did not
significantly alter heat hypersensitivity. Following late ad-
ministration, 0.1�g of anti-CD137L antibody reduced
overall heat hypersensitivity compared to the no injection
group (late: Ftreatment group(3,40) � 4.126, p � 0.012, three-
way RM ANOVA; Fig. 3C,D); however, this effect was
primarily due to a difference between 0.1 �g and 0.5 �g
anti-CD137L antibody in males on day 7 (late males:
F

treatment group(3,20) � 4.005, p � 0.022, two-way RM ANOVA;

Fig. 3C). These results indicate spinal cord CD137L con-
tributes to L5Tx-induced mechanical hypersensitivity and
its window of action is early following peripheral nerve
injury.

Given the contribution of CD137L in L5Tx-induce be-
havioral hypersensitivity, we attempted to confirm if the
cellular source of CD137L is predominantly microglia by
evaluating the regulation of CD137L by L5Tx. Due to the
technical and resource limitations associated with detect-
ing CD137L at protein levels, the expression of CD137L
mRNA following L5Tx in B6 WT mice was examined in the
entire lumbar region of the spinal cord and no significant

changes in CD137L mRNA were detected (data not
shown).

CD137L modulation of L5Tx-induced changes in
gene expressions of glial markers, and pro- and
anti-inflammatory markers in the lumbar spinal cord

To determine the role of CD137L in the production of
both pro- and anti-inflammatory factors following periph-
eral nerve injury, mRNA expression levels of glial cells,
cytokines and enzymes in the lumbar spinal cord were
examined using qRT-PCR. Transcripts of two pro-
inflammatory markers (IL-1� and iNOS) and correspond-
ing anti-inflammatory makers (IL-1ra and Arg-1) were
measured. Sex differences in the expression of some of
the markers (IL-1�, iNOS, IL-1ra) were found, therefore, all
data are presented according to sex for ease of visual
interpretation.

Pro-inflammatory markers
Levels of IL-1� mRNA expression were increased fol-

lowing L5Tx in both genotypes compared to naïve (day 0)
and sham surgical groups (Fsurgery(1202) � 7.72, p � 0.006,
four-way ANOVA; Fig. 4A,B). Levels were not different
between genotypes and no other significant interactions
were observed (all ps 
 0.05, four-way ANOVA). Females
had significantly lower IL-1� expression levels compared
to males, regardless of genotype (Fsex(1202) � 34.811, p �
0.001, four-way ANOVA; Fig. 4B). Overall levels of iNOS
mRNA expression were lower in CD137L KO mice com-
pared to WT (Fgenotype(1253) � 7.882, p � 0.005, four-way

Figure 5. L5Tx-induced changes in mRNA expression of GFAP and CD11b in CD137L KO and WT mice. Figure shows the relative
mRNA expression of the astrocytic marker, GFAP (A, B) and the microglial marker, CD11b (C, D) in the lumbar spinal cord of male
(left panels) and female (right panels) CD137L KO (black bars) and WT (light gray bars) mice following sham (open hatched bars for
WT; open slanted bars for CD137L KO) and L5Tx (closed bars). Naïve (day 0, no surgery) mice are represented by open bars in
corresponding genotype color. Data show mean � SEM of six mice/group; �p � 0.05, significantly different from the corresponding
naïve group; �p � 0.05, significantly different from the corresponding sham group at the same time point; §p � 0.05, significantly
different from all other groups at same time point.
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ANOVA; Fig. 4C,D). Expression of iNOS varied over time
depending on sex (Fday 	 sex(4253) � 2.555, p � 0.040,
four-way ANOVA; Fig. 4C,D). On post-surgery day 7,
iNOS expression was highest in L5Tx WT females only
(females: Fgenotype(1102) � 7.570, p � 0.007, three-way
ANOVA; Fig. 4D), while no significant genotype differ-
ences were detected in males (males: Fgenotype(1108) �
1.804, p � 0.182, three-way ANOVA; Fig. 4C).

Anti-inflammatory markers
Expression of the anti-inflammatory cytokine IL-1ra was

elevated following L5Tx surgery in both genotypes (Fsur-

gery(1196) � 17.211, p � 0.001, four-way ANOVA; Fig.
4E,F). Genotype-dependent differences in IL-1ra mRNA
expression following surgery were found in females but
not males (Fday 	 genotype 	 sex(4196) � 2.507, p � 0.043,
four-way ANOVA; Fig. 4E,F). Particularly, on post-surgery
day 21, IL-1ra expression in L5Tx females was elevated in
WT mice compared to all other groups, while no signifi-
cant changes in IL-1ra expression were observed in
CD137L KO females (females: Fday 	 genotype(4,97) � 3.008,
p � 0.022, two-way ANOVA; Fig. 4F). Although IL-1ra
expression levels in L5Tx males were significantly ele-
vated compared to naïve controls (day 0) but not sham
mice, no significant genotype differences were found
(males: Fsurgery(1,99) � 8.177, p � 0.005; Fgenotype(1,99) �
1.679, p � 0.198, three-way ANOVA; Fig. 4E). Also, while,
expression levels of Arg-1 increased on post-surgery day
1 (Fda(4205) � 2.550, p � 0.040, four-way ANOVA; Fig.
4G,H), no differences between sex, genotypes or surgery
groups were detected (all ps 
 0.05, four-way ANOVA).
These results indicate that loss of CD137L was associ-
ated with sex-dependent, transient changes in selected
pro- and anti-inflammatory markers following L5Tx within
the lumbar spinal cord, thus making examination of these
markers at the cellular level critical.

To determine the cell type(s) that most likely contrib-
uted to the pro- and anti-inflammatory responses within
the lumbar spinal cord, markers for astrocytes and micro-
glia were also examined using qRT-PCR. The relative
expression of GFAP, an astrocyte marker, did not change
following L5Tx in either genotype and sex did not appear
to influence GFAP gene expression (all ps 
 0.05, four-
way ANOVA; Fig. 5A,B). Expression of the microglia
marker, CD11b, varied among genotypes in a sex depen-
dent manner (Fday 	 genotype 	 surgery 	 sex(4206) � 2.607, p �
0.037, four-way ANOVA; Fig. 5C,D). In males, expression
of the microglia marker CD11b was increased in both WT
and CD137L KO mice that underwent L5Tx as well as in
WT shams on post-surgery day 3 (males: Fgenotype 	 sur-

gery(1104) � 4.498, p � 0.036, three-way ANOVA; Fig. 5C).
This increase was also observed on day 7 post-surgery in
both genotypes of L5Tx mice (Fig. 5C). Similar to males,
CD11b expression was elevated in female L5Tx mice with
peak levels at day 3 (females: Fsurgery(1102) � 6.599, p �
0.012, three-way ANOVA; Fig. 5D); however, there were
no significant differences between the CD137L KO and
WT mice (females: Fgenotype(1102) �1.781, p � 0.185, three-
way ANOVA). Together, these results indicate that micro-
glia are likely responsible for changes observed in
inflammatory markers; therefore, microglial expression of

these four markers using IHC was investigated further
(see the next section).

CD137L modulation of L5Tx-induced changes in
microglial expression of pro- and anti-inflammatory
markers in the L5 segment of the spinal cord

To determine the cellular changes of pro- versus anti-
inflammatory markers, the dorsal horn of the L5 segment
was examined via IHC. Representative images of individ-
ual staining of each marker and colocalization of CD11b
and each marker are shown in Figure 6. Due to the small
sample size (n � 2), sex differences were not examined
and data from both sexes were pooled together for anal-
ysis (n � 4). In naïve mice (day 0), the number of CD11b�

cells were not significantly different between genotype,
sex, or side (ipsilateral vs contralateral dorsal horn; all
ps 
 0.05, one-way ANOVA on day 0; Fig. 7A,B). Expres-
sion of CD11b protein was greater in the ipsilateral dorsal
horn and varied over time depending on surgical condition
(Fday 	 surgery 	 side(4148) � 18.667, p � 0.000, four-way
ANOVA; Fig. 7A,B) and genotype (Fday 	 genotype 	 side(4148)

� 2.786, p � 0.029, four-way ANOVA). Beginning on
post-surgery day 3, both CD137L KO and WT mice that
underwent L5Tx showed an increase in CD11b� cells in
the ipsilateral side of the L5 dorsal horn compared to
sham controls (ipsilateral: Fday 	 surgery(4,74) � 25.102, p �
0.001, three-way ANOVA; Fig. 7A). This increase in
CD11b� cells peaked at post-L5Tx day 7 and was signif-
icantly less in CD137L KO mice compared to WT mice
(ipsilateral: Fday 	 genotype(4,74) � 5.466, p � 0.001, three-
way ANOVA; Fig. 7A). The contralateral side of the L5
dorsal horn did not show any changes in the number of
CD11b� cells over time or among groups (all ps 
 0.05,
three-way ANOVA; Fig. 7B).

IL-1� expression
In naïve mice (day 0), the number of cells expressing the

pro-inflammatory marker IL-1� appeared to be greater in
CD137L KO mice compared to WT mice, reaching statistical
significance in the contralateral dorsal horn (contralateral:
Fgenotype(1,14) � 8.067, p � 0.013, one-way ANOVA on day 0;
Fig. 8B), but not in the ipsilateral dorsal horn (ipsilateral:
Fgenotype(1,14) � 1.406, p � 0.256, one-way ANOVA on day 0;
Fig. 8A). Overall, IL-1�� cell counts were lower in L5Tx
CD137L KO compared to naïve and sham for both geno-
types (Fgenotype 	 surgery(1144) � 4.202, p � 0.042, four-way
ANOVA; Fig. 8A,B). Changes in IL-1�� cells did vary across
time points in a genotype- and side-dependent manner (Fday

	 genotype 	 side(4144) � 2.438, p � 0.050, four-way ANOVA;
Fig. 8A,B). In the ipsilateral dorsal horn, there was a dramatic
decrease in the number of IL-1�� cells in L5Tx CD137L KO
mice compared to naïve (day 0) and sham mice (both geno-
types), despite CD137L KO mice showing a higher IL-1��

cell count on post-surgery day 1 (ipsilateral: Fday 	 geno-

type(4,72) � 5.790, p � 0.001, three-way ANOVA; Fig. 8A). In
the contralateral dorsal horn, CD137L KO IL-1�� cell counts
were lower than WT on post-surgery days 7 and 14 (con-
tralateral: Fday 	 genotype(4,72) � 4.815, p � 0.002, three-way

ANOVA; Fig. 8B). Microglia expression of IL-1� was minimal
and therefore, accurate data analysis was not possible, but
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data are shown for comparisons among other markers (Fig.
8C,D).

iNOS expression
In naïve mice (day 0), cell counts of the pro-

inflammatory enzyme iNOS was higher in CD137L KO
mice compared to WT, reaching statistical significance in
the right dorsal horn (contralateral: Fgenotype(1,14) � 6.592,
p � 0.022, one-way ANOVA on day 0; Fig. 8F), but not in
the ipsilateral dorsal horn (ipsilateral: Fgenotype(1,14) �
4.135, p � 0.061, one-way ANOVA on day 0; Fig. 8E).
Both genotypes showed an L5Tx-induced increase in the
numbers of iNOS� cells in both sides of the dorsal horn on
post-surgery day 1 (Fday 	 surgery(4142) � 3.022, p � 0.020,
four-way ANOVA; Figs. 8E,F); however, this increase was
transient and returned to naïve levels by day 7. Similar to
IL-1�, the percentage of iNOS and CD11b colocalization
was minimal (especially in the ipsilateral dorsal horn),

therefore, no accurate statistical analysis was possible
(Fig. 8G,H).

IL-1ra expression
In naïve mice, the number of IL-1ra� cells was lower in

CD137L KO mice compared to WT mice in both sides of
the dorsal horn (ipsilateral: Fgenotype(1,14) � 20.199, p �
0.001, one-way ANOVA on day 0; contralateral: Fgeno-

type(1,14) � 79.794, p � 0.000, one-way ANOVA on day 0;
Fig. 9A,B). Following surgery, expression of IL-1ra� cells
increased on post-surgery day 1 in both genotypes and
remained elevated until post-surgery day 21, with a slight
decrease on day 14 (Fday(4146) � 10.969, p � 0.001,
four-way ANOVA; Fig. 9A,B). Neither genotype nor surgi-
cal condition significantly influenced IL-1ra� cell counts
post-surgery on either side (all ps 
 0.05, four-way
ANOVA). Overall, percentage colocalization of IL-1ra and
CD11b was greater in the ipsilateral compared to the

Figure 6. Microglia expressing pro-/anti-inflammatory markers. Representative confocal immunofluorescent microscopy of CD11b
(red) and pro-/anti-inflammatory markers (green) within the lumbar spinal cord are shown (images are from a WT B6 mouse on day
1 post-L5Tx surgery). Merged panels show colocalization of CD11b with the corresponding inflammatory marker. Scale bar: 40 �m.
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contralateral dorsal horn (Fside(1146) � 11.778, p � 0.001,
four-way ANOVA; Fig. 9C,D). In the ipsilateral dorsal horn,
L5Tx (both genotypes) produced an increase in percent-
age of IL-1ra and CD11b colocalization compared to
sham and naïve (day 0) mice (ipsilateral: Fsurgery(1,73) �
4.085, p � 0.047, three-way ANOVA; Fig. 9C), while per-
centage colocalization was lower in both L5Tx genotypes
in the contralateral dorsal horn (contralateral: Fsurgery(1,73)

� 6.176, p � 0.015, three-way ANOVA; Fig. 9D). Although
naïve CD137L KO mice had lower microglia expression of
IL-1ra compared to WT, by day 21 post-surgery sham
CD137L KO mice had significantly higher percentage co-
localization of IL-1ra and CD11b compared to B6 sham
controls in both sides of dorsal horns (Fig. 9C,D).

Arg-1 expression
In naïve (day 0) mice, lower Arg-1� cell counts were

found in CD137L KO compared to WT mice in both sides
of the dorsal horn (ipsilateral: Fgenotype(1,12) � 5.875, p �
0.032, one-way ANOVA on day 0; contralateral: Fgeno-

type(1,12) � 28.084, p � 0.001, one-way ANOVA on day 0;
Fig. 9E,F). The cell count for Arg-1� cells did change
following surgery in a genotype- and surgical condition-
dependent manner (Fday 	 genotype 	 surgery(1140) � 2.795,
p � 0.028, four-way ANOVA; Fig. 9E,F). CD137L KO mice
had higher Arg-1� cell counts compared to WTs on post-
surgery days 3 and 21 in the ipsilateral dorsal horn (ipsi-
lateral: Fday 	 genotype(4,70) � 6.140, p � 0.001, three-way
ANOVA; Fig. 9E), while similar genotype-dependent dif-
ferences were observed on days 14 and 21 post-surgery
in the contralateral dorsal horn (contralateral: Fday 	 geno-

type(4,70) � 3.200, p � 0.018, three-way ANOVA; Fig. 9F). In
the ipsilateral dorsal horn, percentage colocalization of
Arg-1 and CD11b was greater than observed in the con-
tralateral dorsal horn; however, this was also genotype-
and surgery dependent (Fday 	 genotype 	 surgery 	 side(4140) �
3.136, p � 0.017, four-way ANOVA; Fig. 9G,H). Specifi-
cally, colocalization of Arg-1 and CD11b in the ipsilateral

dorsal horn was significantly increased in L5Tx CD137L
KO mice on day 21 post-surgery, whereas colocalization
of Arg-1 and CD11b in WT remained low over time (ipsi-
lateral: Fday 	 genotype 	 surgery(4,70) � 3.459, p � 0.012,
three-way ANOVA; Fig. 9G). The contralateral dorsal horn
did not show any significant changes in percentage colo-
calization of Arg-1 and CD11b (all ps 
 0.05, three-way
ANOVA). Altogether, the IHC results suggest an involve-
ment of CD137L in regulating the total numbers of IL-1b�

(pro-inflammatory) and Arg-1� (anti-inflammatory) cells to
potentially promote an anti-inflammatory environment
within the lumbar spinal cord. Thus, CD137L’s effects on
microglia may be promoting an anti-inflammatory micro-
glial phenotype.

Discussion
The current study demonstrates that CD137L plays a

role in the development and maintenance of sensory hy-
persensitivity resulting from peripheral nerve injury using
both BALB/c mice treated with different doses of a
CD137L neutralizing antibody and B6_CD137L KO mice.
When expression of pro- and anti-inflammatory markers
were examined in the lumbar spinal cord in CD137L KO
and B6 control mice, CD137L KO mice did not show an
increase in iNOS at RNA level similar to L5Tx WT (females
at day 7). Furthermore, CD137L KO mice had reduced
numbers of IL-1�� cells, yet displayed an increase in
number of Arg-1� cells and Arg-1� microglia on post-
surgery day 21 compared to WT.

Although the lack of CD137L expression or CD137L sig-
naling resulted in reduced sensory hypersensitivity following
peripheral nerve injury, our study revealed the differential
regulation of mechanical verses heat sensitivities. Differential
responses to mechanical and thermal stimulation when
measured within the same mouse has been shown by our
lab and others (Hughes and Barr, 1988; Paqueron et al.,
2003; Wakley et al., 2014; Malon and Cao, 2016) and is likely

Figure 7. L5Tx-induced changes in the total numbers of CD11b� cells within the dorsal horn region of the lumbar spinal cord in
CD137L KO and WT mice. Total numbers of CD11b� cells in the ipsilateral (A) and contralateral (B) dorsal horn of the L5 segment
of the spinal cord of CD137L KO (black bars) and WT (light gray bars) mice following sham (open hatched bars for WT; open slanted
bars for CD137L KO) and L5Tx (closed bars) are shown. Naïve (day 0, no surgery) mice are represented by open bars in corresponding
genotype color. Data show mean � SEM of four mice/group; �p � 0.05, significantly different from the corresponding naïve group;
�p � 0.05, significantly different from the corresponding sham group at the same time point; #p � 0.05, significantly different from
the corresponding WT group at the same time point.
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Figure 8. L5Tx-induced changes in cellular expression of IL-1�, iNOS and microglial colocalization in CD137L KO and WT mice. The
number of IL-1�� (A, B) and iNOS� (E, F) cells in the ipsilateral (A, E) and contralateral (B, F) dorsal horn of the L5 segment of the
spinal cord of CD137L KO (black bars) and WT (light gray bars) mice following sham (open hatched bars for WT; open slanted bars
for CD137L KO) and L5Tx (closed bars) are shown. Naïve (day 0, no surgery) mice are represented by open bars in corresponding
genotype color. Percentage of microglia expressing IL-1� (C, D) and iNOS (G, H) in the ipsilateral (C, G) and contralateral (D, H) dorsal
horn in the L5 segment of the spinal cord of CD137L KO (black bars) and WT (light gray bars) mice following sham (open hatched bars
for WT; open slanted bars for CD137L KO) and L5Tx (closed bars) are also shown. Naïve (day 0, no surgery) mice are represented
by open bars in corresponding genotype color. Data show mean � SEM of four mice/group; �p � 0.05, significantly different from
the corresponding naïve group; �p � 0.05, significantly different from the corresponding sham group at the same time point; #p �
0.05, significantly different from the corresponding WT group at the same time point.
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Figure 9. L5Tx-induced changes in cellular expression of IL-1ra, Arg-1, and microglial colocalization in CD137L KO and WT mice.
Total numbers of IL-1ra� (A, B) and Arg-1� (E, F) cells in the ipsilateral (A, E) and contralateral (B, F) dorsal horn of the L5 segment
of the spinal cord of CD137L KO (black bars) and WT (light gray bars) mice following sham (open hatched bars for WT; open slanted
bars for CD137L KO) and L5Tx (closed bars) are shown. Naïve (day 0, no surgery) mice are represented by open bars in corresponding
genotype color. The percentage of microglia expressing IL-1ra (C, D) and Arg-1 (G, H) cells in the ipsilateral (C, G) and contralateral
(D, H) dorsal horn of the L5 segment of the spinal cord of CD137L KO (black bars) and WT (light gray bars) mice following sham (open
hatched bars for WT; open slanted bars for CD137L KO) and L5Tx (closed bars) are also shown. Naïve (day 0, no surgery) mice are
represented by open bars in corresponding genotype color. Data show mean � SEM of four mice/group; �p � 0.05, significantly
different from the corresponding naïve group; �p � 0.05, significantly different from the corresponding sham group at the same time
point; #p � 0.05, significantly different from the corresponding WT group at the same time point; §p � 0.05, significantly different from
all other groups at the same time point; $p � 0.05, significantly different from all other time points except day 14.
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due to differences in nociceptive signal transduction. For
example, the transient receptor potential vanilloid type 1
(TRPV1) has been implicated in thermotransduction, where
TRPV1 KO mice do not show a response to thermal stimuli
(Caterina et al., 2000). Conversely, the mechanism of
mechanotransduction has several potential candidates still
under investigation. For example, mice that lack TREK2, a
hyperpolarizing background K� channel, have reduced me-
chanical thresholds (measured by von Frey) compared to
WT controls (Pereira et al., 2014). Another possible candi-
date is the Piezo2 channel, shown to be important for me-
chanically induced currents in cultured sensory neurons
(Coste et al., 2010) and in mechanical nociception in rodents
and humans (Maksimovic et al., 2014; Ranade et al., 2014;
Woo et al., 2014; Chesler et al., 2016; Anderson et al., 2017).
Future studies are needed to determine whether CD137L
has differential effects on these channels, thus helping to
elucidate the underlying mechanisms regarding CD137L’s
pro-nociceptive effects.

In contrast to the complete inhibition of L5Tx-induced
heat hypersensitivity in CD137L KO mice, L5Tx mice
treated with CD137L neutralizing antibody showed re-
duced mechanical hypersensitivity but not heat hypersen-
sitivity. It is possible that the effects of neutralizing
antibody treatment were limited by antibody concentra-
tions, as 0.5 �g/5 �l was the highest dose commercially
available. Additionally, genotype differences (BALB/c vs
B6) and inherent differences due to complete gene deple-
tion may also contribute to the differential responses
observed between CD137L KO mice and mice treated
with a neutralizing antibody. Although the CD137L KO
mice were not on our chosen background (BALB/c), the
use of B6 mice extends this study of L5Tx to the B6
background and allows for future comparisons between
mouse strains. Replicate findings of the role of CD137L
observed in mice from each background could make
CD137L a more attractive drug target for neuropathic
pain.

As this was our first attempt to identify CD137L’s win-
dow of action, we wanted to include ranges that were
distinct yet broad and without any gaps in between. Al-
though the two time periods examined (days 0–7 vs days
6–13) did overlap, the late treatment did not show
changes and therefore it is unlikely that days 6–7 signifi-
cantly contributed to the changes observed with the early
treatment. In future studies, particularly when designing
related therapeutic strategies, we will further narrow down
the treatment windows to identify specific times that
CD137L plays its pro-nociceptive role. Nevertheless, our
results indicate that localized blocking of CD137L within
the spinal cord during the early stage (as opposed to the
later stage) of neuropathic pain development appears to
be critical in the overall reduction of pain-like behaviors. In
our study, mice treated with anti-CD137L before and
for the first 7 d after injury demonstrated reduced me-
chanical hypersensitivity, whereas mice treated at a later
time period (post-injury day 6–13) did not benefit from
treatment. During the early period, after peripheral nerve-
injury, activation of microglia causes a release of pro-
inflammatory cytokines at the injury site which contributes

to the development of inflammation and subsequent hy-
persensitivity (Gehrmann et al., 1991; DeLeo et al., 1996;
Colburn et al., 1997; Sorkin et al., 1997; Coyle, 1998;
Reeve et al., 2000; Abbadie et al., 2003; White et al., 2005;
Beggs and Salter, 2007; Kawasaki et al., 2008; Gao et al.,
2009; Calvo and Bennett, 2012; Cao et al., 2012). Previ-
ous work in bone marrow-derived macrophages has
shown that IL-1� is released when CD137L signaling
occurs (Kim et al., 2009). Furthermore, CD137L is ex-
pressed on the surface of most leukocytes and function
as a costimulatory factor in various immune functions
(Shao and Schwarz, 2011). As microglia are the dominant
leukocytes in the CNS, we suspect that CD137L will
mostly be expressed by microglia. Thus, it is possible that
microglia-expressing CD137L modulate microglial re-
sponses and their associated cytokine release early after
injury, followed by a cascade of subsequent cytokine
responses and production of inflammatory mediators.
This in turn affects the maintenance of pain-like behaviors
later on. Previous work in our lab found a similar phenom-
enon with another microglia-expressing costimulatory
molecule and a pro-inflammatory mediator, CD40 (Cao
et al., 2012). In this study, L5Tx-induced hypersensitivity
was reduced after spinal cord microglial expressing CD40
was blocked early on (days -1–7) following surgery; how-
ever, blocking during the maintenance phase (days 6–14)
did not alter mechanical hypersensitivity. Thus, future
studies are needed to verify that the effects observed in
current study are specifically associated with microglia-
expressed CD137L. Future studies can also identify
CD137L-downstream targets which can help develop
new strategies in treating existing neuropathic pain fol-
lowing nerve injury.

Examination of both pro- and anti-inflammatory mark-
ers in the lumbar spinal cord via qRT-PCR and IHC was
done to determine whether behavioral differences be-
tween mice that lack CD137L compared to mice with
competent CD137L were related to differential lumbar
spinal cord inflammatory responses exhibited by these
mice. Transient changes in pro- and anti-inflammatory
markers were observed in mice lacking CD137L com-
pared to WT mice. Specifically, following L5Tx, CD137L
KO mice had decreased IL-1�� cell counts and increased
total Arg-1� cell counts (days 3 and 21). Others have
shown that CD137L signaling in vitro results in an in-
creased release of pro-inflammatory cytokines such as
TNF, IL-1, IL-6, and IL-12 (Yeo et al., 2012), and in vivo
work has shown that absence of CD137L can disrupt
pro-inflammatory cytokine involvement in persistent in-
flammatory state (Kang et al., 2007). Further, administra-
tion of pro-inflammatory cytokines (e.g., IL-1�, IL-6,
TNF-�) promotes sensory hypersensitivity, yet anti-
inflammatory cytokines (e.g., IL-10 and IL-4) exhibit op-
posite effects (Ferreira et al., 1988; DeLeo et al., 1996;
Reeve et al., 2000; Sung et al., 2004; Milligan et al., 2005;
Ledeboer et al., 2007; Sun et al., 2016). Together with
previous work, our results suggest that CD137L plays a
pro-nociceptive role in part by promoting a dominant
pro-inflammatory state within the lumbar spinal cord re-
gion. Depletion or blocking CD137L could facilitate a shift

New Research 15 of 19

September/October 2018, 5(5) e0218-18.2018 eNeuro.org



toward anti-inflammatory environment that is likely to
contribute to the reduction of pain-like behaviors. Further
investigation examining CD137L-modulated changes in
other pro- and anti-inflammatory cytokines in the spinal
cord could help to elucidate the connection.

Given that spinal cord expression of GFAP was not
genotype dependent (WT vs CD137L KO mice) or surgical
condition dependent (L5Tx vs sham mice), colocalization
between the microglial marker, CD11b and other pro- and
anti-inflammatory cytokines was examined. Although in-
clusion of CD137L colocalization with these markers
would have provided a direct link between CD137L and
microglia, no specific antibody for CD137L is available at
this time. As expected, the L5Tx-induced increase of
microglia was significantly reduced in CD137L KO mice at
day 7 post-injury. In a study using a murine model of
experimental autoimmune encephalomyelitis, expression
of Iba-1 was also significantly reduced in CD137L KO
mice (Yeo et al., 2012), suggesting an important role for
CD137L in microglial response to disruption of the CNS.
Activated microglia have at least two distinct phenotypes
which result in the release of different inflammatory mark-
ers. The first, classical activation of microglia, results in
further release of pro-inflammatory cytokines such as
IL-1� (Clark et al., 2013; Orihuela et al., 2016). The sec-
ond, alternative activation of microglia, results in the pro-
duction of anti-inflammatory mediators (e.g., IL-1ra and
Arg-1) aimed at reducing inflammation, restoring homeo-
stasis, and promoting wound healing (Munder, 2009;
Loane and Byrnes, 2010; Orihuela et al., 2016). To our
surprise, microglial expression of IL-1� and iNOS was
minimal following L5Tx, suggesting that other cells such
as astrocytes may be more critical for the generation and
release of these pro-inflammatory markers, despite a lack
of an increase in spinal cord GFAP mRNA expression. In
our study, microglial expression of Arg-1 was increased
on day 21 in CD137L KO mice compared to WT mice.
Considering that the critical action time for CD137L is
early after injury, early modulation of the pro-inflammatory
state due to the depletion of CD137L may result in an
up-regulation of microglia with anti-inflammatory pheno-
type, possibly contributing to the reduced behavioral hy-
persensitivity during the maintenance stage following
L5Tx. To identify the pro- versus anti-inflammatory phe-
notypes of microglia in CD137L KO versus WT mice, two
sets of well-defined markers were used: IL-1� versus
IL-1ra, and iNOS versus Arg-1. Microglial expression of
Arg-1 was increased on day 21 in L5Tx CD137L KO mice
compared to WT mice; however, this result does not
describe the full picture of the multi-faceted microglial
phenotypes present following peripheral injury. For exam-
ple, Arg-1 and IL-1ra along with multiple mediators, such
as IL-10 and TNF-�, have been associated with an anti-
inflammatory phenotype of microglia (Franco and
Fernández-Suárez, 2015). Because each of these media-
tors have their own unique kinetic expression, L5Tx-
induced microglial phenotypical changes are gradual.
Therefore, it is likely that anti-inflammatory microglia
emerged before an increase expression of Arg-1 was
detected, which could affect the behavioral outcome be-

fore day 21. Further, the changes in behavioral hypersen-
sitivity are likely mediated by a gradual reduction of a
pro-inflammatory environment (such as the observed re-
duction of IL-1� � cells in the present study) and the
induction of an anti-inflammatory environment over time
following peripheral nerve injury (see previous discussion
regarding pro- vs anti-inflammatory cytokines and behav-
ioral hypersensitivity).

The role of CD137L in regulating microglial cytokine
expression is part of our on-going investigation. While
CD137 is the only known receptor for CD137L, both
CD137 dependent and independent pathways have been
found to be involved in macrophage activation. CD137 is
expressed primarily by activated CD4� T lymphocytes
and CD137-CD137L ligation (the CD137-dependent path-
way) can lead to monocyte/macrophage activation. Addi-
tionally, this pathway results in pro-inflammatory mediator
production (Shao and Schwarz, 2011) and secretion of
IL-2 and IL-4 by CD4� T cell (Cannons et al., 2001).
Macrophage CD137L can also be activated through a
unique CD137-independent/TLR4-dependent manner
that facilitates a late-phase, sustained production of TNF�
by macrophages (Kang et al., 2007). CD137-dependent
activation of microglia has been reported to be involved in
the development of experimental autoimmune encepha-
lomyelitis (Tanga et al., 2005; Cao and DeLeo, 2008; Yeo
et al., 2012), yet CD137-independent, CD137L-mediated
activation of microglia has not been investigated. Since
both infiltrating CD4 T lymphocytes and microglial TLR4
have been shown to contribute to the development of
L5Tx-induced neuropathic pain-like behaviors, our future
studies will determine the involvement of both CD137-
dependent and CD137-independent pathways (Tanga
et al., 2005; Cao and DeLeo, 2008; Yeo et al., 2012).

Although not a central focus of the current investiga-
tion, sex differences were observed in selected studies.
Most significantly, we observed higher levels of IL-1�
mRNA expression in males across all groups in addition to
day- and genotype-dependent sex differences in IL-1ra
mRNA expression. Lower IL-1� expression along with
other pro-inflammatory mediators have been found in
females (Santos-Galindo et al., 2011; Loram et al., 2012;
Kuzawi �nska et al., 2014) and some work suggests that
ovarian hormones suppress the release of IL-1� and
iNOS, thereby reducing inflammation at the site of injury
(Drew and Chavis, 2000; Houdeau et al., 2007). Further,
when treated with the either dose of the neutralizing
CD137L antibody (days 0–7), females demonstrated a
reduction in mechanical hypersensitivity, whereas only
the 0.1-�g dose of anti-CD137L reduced hypersensitivity
in males. It could be that changes in the hormone levels
enhanced CD137L’s effects on hypersensitivity. To date,
interactions between CD137L and sex hormones have not
been examined. Recent studies have shown that in males,
microglia mediate sensory hypersensitivity, whereas T
cells are believed to play a greater role in females (Sorge
et al., 2015; Mapplebeck et al., 2016; Taves et al., 2016).
CD137 can be expressed by microglia, thus regulating mi-
croglial activation. In addition, microglia-expressing CD137L
can serve as a costimulatory molecule that interact with
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infiltrating T cells via CD137-CD137L pathway following pe-
riphery nerve injury. Thus, CD137L has the potential to mod-
ulate pain-like behaviors in both males and females.
Although we did not observe sex differences in the CD137L
KO versus WT behavioral experiment (Fig. 1A,B) nor in the
Arg-1 (Fig. 4G,H) or GFAP (Fig. 5A,B) mRNA expression, this
could be because these experiments were underpowered
when testing for the factor of sex (power ranged from 0.054
to 0.136). Although the power for these experiments were
much lower than that of the experiments that yielded statis-
tically significant sex differences (power ranged from 0.705
to 1.000), the group size was identical (e.g., the same num-
ber of mice were used for all mRNA analyses). Therefore,
while our results suggest that the outcome measurements of
behavioral sensitivity, Arg-1, and GFAP mRNA are less likely
to show sex differences compared to other outcome mea-
surements, they are not confirmatory. It is possible that
increasing the sample size may have revealed more sex
differences. However, it is well documented that estrous
cycle variability can mask true sex differences, and therefore
to fully investigate sex differences females should be mea-
sured during each estrous stage (Becker et al., 2005). Since
identifying sex-dependent changes was not our primary
focus of the present study, more focused studies will be
conducted to determine sex differences thoroughly in the
future. Further characterization of the underlying mecha-
nisms mediating CD137L’s pro-nociceptive effects will help
to understand CD137L-associated sex differences.

In summary, the absence of CD137L resulted in a re-
duction of peripheral nerve injury-induced pain-like be-
haviors. Our data indicate that the window of action for
CD137L is early after injury. We propose that CD137L
promotes a pro-inflammatory environment immediately
after injury in the lumbar spinal cord, which in turn sup-
presses the beneficial anti-inflammatory responses later
on, thus facilitating the maintenance of neuropathic pain.
Therefore, CD137L or downstream responses could be
viable drug targets for management of neuropathic pain.
Additional characterization of CD137L’s role in modulat-
ing pain-related behavior during the maintenance phase
could provide beneficial insight for the development of
therapeutic interventions.
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