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ARTICLE INFO ABSTRACT

Keywords: Brain-derived neurotrophic factor (BDNF) signaling through its cognate receptor, TrkB, is a well-known pro-
BDNF moter of synaptic plasticity at nociceptive synapses in the dorsal horn of the spinal cord. Existing evidence
Hyperalgesic priming suggests that BDNF/TrkB signaling in neuropathic pain is sex dependent. We tested the hypothesis that the

TrdeAff effects of BDNF/TrkB signaling in hyperalgesic priming might also be sexually dimorphic. Using the incision
Ing Herences postsurgical pain model in male mice, we show that BDNF sequestration with TrkB-Fc administered at the time

of surgery blocks the initiation and maintenance of hyperalgesic priming. However, when BDNF signaling was
blocked prior to the precipitation of hyperalgesic priming with prostaglandin E, (PGE,), priming was not re-
versed. This result is in contrast to our findings in male mice with interleukin-6 (IL6) as the priming stimulus
where TrkB-Fc was effective in reversing the maintenance of hyperalgesic priming. Furthermore, in IL6-induced
hyperalgesic priming, the BDNF sequestering agent, TrkB-fc, was effective in reversing the maintenance of
hyperalgesic priming in male mice; however, when this experiment was conducted in female mice, we did not
observe any effect of TrkB-fc. This markedly sexual dimorphic effect in mice is consistent with recent studies
showing a similar effect in neuropathic pain models. We tested whether the sexual dimorphic role for BDNF was
consistent across species. Importantly, we find that this sexual dimorphism does not occur in rats where TrkB-fc
reverses hyperalgesic priming fully in both sexes. Finally, to determine the source of BDNF in hyperalgesic
priming in mice, we used transgenic mice (Cx3cr1™ER x Bdnf™* mice) with BDNF eliminated from microglia.
From these experiments we conclude that BDNF from microglia does not contribute to hyperalgesic priming and
that the key source of BDNF for hyperalgesic priming is likely nociceptors in the dorsal root ganglion. These
experiments demonstrate the importance of testing mechanistic hypotheses in both sexes in multiple species to
gain insight into complex biology underlying chronic pain.

1. Introduction

BDNF is an important neurotrophin and neurotransmitter for many
nociceptive functions (Nijs et al., 2015). It is involved in the maturation
of a subset of sensory neurons and, in the adult, is a critical regulator of
plasticity in nociceptive synapses (Kandasamy and Price, 2015; Price
and Inyang, 2015). BDNF is expressed by many nociceptors in the
dorsal root ganglion (DRG) and its expression is markedly increased by
inflammation or injury (Kerr et al., 1999; Mannion et al., 1999;
Thompson et al., 1999). BDNF is also expressed in microglial cells in the
spinal cord and it can be released downstream of ATP signaling acting

on purinergic receptors (P2XR) expressed by these central nervous
system immune cells (Coull et al., 2005; Malcangio, 2017). TrkB is the
cognate receptor for BDNF and is expressed in some DRG neurons as
well as many dorsal horn neurons. BDNF acts via TrkB to promote sy-
naptic plasticity in the dorsal horn (Kerr et al., 1999). This effect can be
mediated by both presynaptic (Chen et al., 2014) and postsynaptic re-
ceptors (Kerr et al., 1999). BDNF from microglia is released in neuro-
pathic pain conditions and acts via TrkB expressed in dorsal horn
neurons to decrease expression of a potassium/chloride cotransporter
called KCC2 that controls intracellular chloride concentrations in these
neurons (Coull et al., 2005). The result of this signaling cascade is
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decreased GABAergic and glycinergic inhibitory efficacy and altered
sensory gating resulting in mechanical allodynia (Price and Prescott,
2015). In inflammatory and some neuropathic pain conditions, BDNF
from nociceptors in the DRG is critical for the full expression of pain
hypersensitivity (Zhao et al., 2006; Sikandar et al., 2018). Inflammation
or other transient injuries can establish a form of pain plasticity called
hyperalgesic priming (Reichling and Levine, 2009; Kandasamy and
Price, 2015). The initial insult, e.g. exposure to an inflammagen,
“primes” the nociceptive system to respond to a previously subthres-
hold stimulus with a long-lasting pain hypersensitivity. This form of
pain plasticity depends on BDNF for its establishment (Asiedu et al.,
2011; Melemedjian et al., 2013) and was recently shown to also depend
on BDNF from nociceptors (Sikandar et al., 2018).

It has recently been demonstrated that the actions of microglial
purinergic receptor (P2XR) and p38 mitogen activated protein kinases
(MAPK) signaling in neuropathic pain are sex specific in mice and rats
(Sorge et al., 2015; Taves et al., 2016; Mapplebeck et al., 2018). This
suggests that many aspects of microglial signaling may play a critical
role in regulating chronic pain in males, but a lesser role in females. In
line with demonstrations in neuropathic pain models, we have recently
shown that microglial mechanisms like P2XR and p38 also contribute to
hyperalgesic priming in male, but not female, mice (Paige et al., 2018).
There is less clarity on whether BDNF effects are sexually dimorphic,
and if they are, if those mechanisms are conserved in multiple species.
This is an important gap in knowledge because BDNF signaling is a
potential target for reversal of chronic pain states ranging from in-
flammatory (Li et al., 2008) to neuropathic (Coull et al., 2005) and even
including migraine pain (Burgos-Vega et al., 2016). Our hypothesis in
designing the experiments described here was that BDNF would play a
sexual dimorphic role in the maintenance of hyperalgesic priming in
mice and rats. Our findings support this hypothesis in mice, but not in
rats.

2. Methods and materials
2.1. Chemicals

Recombinant human IL6 and TrkB-fc were purchased from R & D
systems (Minneapolis, Minnesota). PGE, was obtained from Cayman
Chemicals (Ann Arbor, Michigan). ANA-12 was purchased from
Maybridge (Altrincham, United Kingdom). All other chemicals were
purchased from Fisher Scientific (Hampton, New Hampshire).

2.2. Animals

The Institutional Animal Care and Use Committees at The University
of Arizona and The University of Texas at Dallas approved all use of
animal procedures. Mice and rats were housed in a 12-h light-dark cycle
with lights on at 7:00 AM. Food and water were available ad libitium in
their home cages. Figs. 1-3 show data from male ICR (CD-1) mice that
were purchased from Harlan while Fig. 4 shows data from C57BL/6J
male and female mice bred at University of Texas at Dallas. Fig. 5 shows
data from male and female Sprague-Dawley rats that were purchased
from Harlan. Fig. 6 shows data from Bdnf™™ (Jax mice: Bdnftm3Jae/J,
stock number 004339) and Cx3cr1““*R (Jax mice: B6.129P2(Cg)-
Cx3crl-Cretm21(ere/ERDLI yyoan ], stock number 21160) crossed with
Bdnf™"™ mice gifted to us by Michael Salter lab (Sorge et al., 2015),
that were bred and raised at The University of Texas at Dallas to pro-
duce experimental animals. For mice bred in house, they were weaned
between 3 and 4 weeks old and ear clipped to verify genotypes (sup-
plemental Fig. 1A-C). All mice weighed between 20 and 25g at the
time of experimental use. Two doses of 10 mg tamoxifen in 0.5 ml corn
oil was administered through gavage 48 h apart to both male and fe-
male Cx3cr1®ER and Cx3cr1¢FR-Bdnf™"™ mice 1 month prior to be-
havioral testing (Sorge et al., 2015) to generate mice lacking BDNF in
microglia: Cx3cr1“*®R-Bdnf~/~ and mice treated with tamoxifen but
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without a loss of microglial BDNF: Cx3cr1™ER.Bdnf */*.
2.3. Behavior

Male and female mice and rats were habituated for approximately 1
hr to acrylic behavior boxes prior to beginning the experimental testing
on any given day. Hindpaw mechanical thresholds were determined by
using the up-down method as described in (Chaplan et al., 1994) using
calibrated von Frey filaments (Stoelting Company, Wood Dale, IL). The
experimenters were blinded to the genotype and/or treatment of the
animals.

2.4. Plantar incision surgery and priming injections

A mouse model of incisional pain was used for this study (Banik
et al., 2006). Surgeries were done as previously described in (Tillu
et al., 2012). Animals received intrathecal or intraperitoneal injections
of TrkB-fc or ANA-12 (Cazorla et al., 2011), respectively, or vehicle at
times indicated after incision or IL6 treatment. Animals were allowed to
recover for 24 h and then paw withdrawal thresholds were measured at
24, 48 and 72 h and again at 5, 7, 9, 11, and 13 days post-surgery. For
hyperalgesic priming experiments, the animals received an intraplantar
injection of IL6 (0.1 ng/25 pL (Melemedjian et al., 2010)) or a plantar
incision followed by PGE, (100 ng/25 pL (Asiedu et al., 2011)) given at
the same site 7-9 days later for IL6 or 14 days following plantar inci-
sion. The paw withdrawal thresholds were again measured following
the PGE, injection.

2.5. Statistics

All data are displayed as mean * standard error of the mean
(SEM), with individual samples represented within graphs to depict the
n of each group and distribution. GraphPad Prism 6 v 6.0 for Mac OS X
was used for analysis. Statistical tests and posthoc analyses are described
in each figure legend.

3. Results

Previously, we have shown that BDNF/TrkB signaling is important
in IL6-induced mechanical hypersensitivity and hyperalgesic priming
(Asiedu et al., 2011; Melemedjian et al., 2013). IL6 plays an important
role in postsurgical pain (Buvanendran et al., 2006) and spinal BDNF/
TrkB signaling contributes to incisional-evoked pain (Li et al., 2008;
Masaki et al., 2016; Ding et al., 2018; Tian et al., 2018) but its role in
hyperalgesic priming caused by incision has not been explored. To
address this gap in knowledge we gave adult, male mice plantar inci-
sion with an intrathecal injection of the BDNF sequestering agent, TrkB-
fc, given at the same time as the incision. This single dose of TrkB-fc
significantly inhibited mechanical hypersensitivity evoked by the inci-
sion (Fig. 1A) but did not influence hyperalgesic priming that was re-
vealed by intraplantar injection of PGE, 14 days after the incision, after
all mice had returned to baseline mechanical thresholds (Fig. 1B). We
then gave intrathecal TrkB-fc injections at the time of incision and also
24 hrs later. This dosing schedule led to a significant inhibition of in-
cision-evoked mechanical hypersensitivity (Fig. 1C) and also blocked
the development of hyperalgesic priming (Fig. 1D). We conducted si-
milar experiments with the small molecule TrkB antagonist, ANA-12
but with the drug given at the time of incision and then again 24 and 48
hrs later via the intraperitoneal administration route. We chose this
dosing schedule based on our previous work in other priming models
(Melemedjian et al., 2013). ANA-12 administration reduced incision-
evoked mechanical hypersensitivity (Fig. 2A) and also inhibited the
development of hyperalgesic priming (Fig. 2B).

We have previously shown that both atypical PKCs, which are
regulated by BDNF at spinal synapses, and BDNF/TrkB signaling are
critical for the maintenance of IL6-induced hyperalgesic priming
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Fig. 1. TrkB-fc blocks mechanical hypersensitivity and hyperalgesic priming induced by plantar incision. Male mice that received an intrathecal (i.t.) injection of
TrkB-fc (30ng) on the day of plantar incision surgery exhibited reduced mechanical hypersensitivity (A; two-way ANOVA; F (1, 90) = 58.57, P < 0.0001;
Bonferroni’s "p < 0.01; Dunnett’s from BL-Veh-D1-10 p < 0.0001; TrkB-Fc D1-6 p < 0.0001) but not PGE, (100 ng)-induced hyperalgesic priming (B; two-way
ANOVA; F (1, 30) = 2.753, P = 0.1075) compared to vehicle. Male mice that received two i.t. injections of TrkB-fc (30 ng) on the day of plantar incision surgery and
24 hr after also had decreased mechanical hypersensitivity (C; two-way ANOVA; F (1,90) = 95.09, P < 0.0001; Bonferroni’s p < 0.01; Dunnett’s from BL-Veh-D1-13
p < 0.01; TrkB-Fc D1-2 p < 0.05) and PGE, (100 ng)-induced hyperalgesic priming (D; two-way ANOVA; F (1, 27) = 15.27, P = 0.0006; Bonferroni’s *p < 0.05)

compared to vehicle.

(Asiedu et al., 2011; Melemedjian et al., 2013). To test this in the in-
cision model we gave male mice hindpaw incisions and waited for them
to completely recover from mechanical hypersensitivity induced by the
incision. We then gave one or two doses of intrathecal TrkB-fc or two
intraperitoneal doses of ANA-12. While TrkB-fc had a small, but sig-
nificant effect on maintenance of hyperalgesic priming only at 24h
after PGE, (Fig. 3A), we did not observe a significant effect of ANA-12
(Fig. 3B). From these experiments we conclude that in the incisional
pain model in male mice, BDNF/TrkB signaling plays a critical role in
acute mechanical hypersensitivity, reproducing similar previous studies

(Li et al., 2008; Masaki et al., 2016; Tian et al., 2018), and establishing
hyperalgesic priming but it does not play a key role in the maintenance
of hyperalgesic priming. This is different than in the IL6 model where
BDNF/TrkB signaling is crucial for establishment and maintenance of
hyperalgesic priming (Asiedu et al., 2011; Melemedjian et al., 2013).
Due to some of these differences in the effect of BDNF/TrkB sig-
naling between incisional and IL6 models we returned to the IL6 hy-
peralgesic priming model to examine potential sex differences in the
role of BDNF/TrkB signaling in this system. We were interested in
pursuing this question because BDNF from microglia plays a critical
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Fig. 2. ANA-12 blocks mechanical hypersensitivity and hyperalgesic priming induced by plantar incision. Male mice that received intraperitoneal (i.p.) injections of
ANA-12 (1 mg/kg), a TrkB antagonist, the day of plantar incision surgery, 24, and 48 h after showed reduced mechanical hypersensitivity (A; two-way ANOVA; F (1,
81) < 0.0001; Bonferroni’s p < 0.05.) and hyperalgesic priming (B; two-way ANOVA; F (1, 27) = 38.62, P < 0.0001; Bonferroni’s "p < 0.01) compared to vehicle.
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Fig. 3. TrkB-fc, but not ANA-12, reverses plantar incision-induced hyperalgesic priming. Male mice underwent plantar incision surgery and received 1 or 2 i.t.
injection (s) of TrkB-fc (30 ng) (A) or 2 i.p. injections of ANA-12 (1 mg/kg) (B) after recovering. Mice that received TrkB-fc reversed the priming effect induced by
plantar incision (A; two-way ANOVA; F (2, 42) = 2.164, P = 0.1276; Bonferroni’s p = 0.0284, “p = 0.0082). However, ANA-12 did not reverse PGE, (100 ng)-
precipitated hyperalgesic priming (B; two-way ANOVA; F (1, 30) = 2.696, P = 0.1111).
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Fig. 4. BDNF/TrkB signaling plays a sexually-dimorphic role in IL6-induced hyperalgesic priming in mice. A) Both male and female mice received an intraplantar
(i.pl.) injection of IL6 (0.1 ng) and were tested for mechanical hypersensitivity at 3, 24, 48, and 72h. IL6 induced equal levels of mechanical hypersensitivity
compared to BL in both male and female mice (A; two-way ANOVA; from BL F (4, 95) = 43.4, P < 0.0001; between sexes F (1, 95) = 4.722, P = 0.0323; Bonferroni’s
##p = 0.001). After recovering, female mice received a single i.t. injection of vehicle or TrkB-fc (30 ng) along with male mice. TrkB-fc significantly reversed IL6-
induced hyperalgesic priming in male mice, but not in female mice (B; two-way ANOVA; vs female vehicle, F (2, 54) = 26.82, P < 0.0001; vs female TrkB-fc, F (1, 33)

= 33.63, P < 0.0001; “""'p < 0.0001).

role in neuropathic pain in male but not female mice(Sorge et al.,
2015), a sexual dimorphic effect that is apparently conserved in rats
(Mapplebeck et al., 2018). We primed mice with IL6 and then ad-
ministered TrkB-fc after mice had returned to baseline. We then chal-
lenged them with PGE, into the same paw 48 hrs later. As we have
shown previously, TrkB-fc completely reversed hyperalgesic priming
maintenance in male mice(Melemedjian et al., 2013). However, the
same treatment was completely without effect in female mice (Fig. 4A
and B). We then conducted the same experiment in rats. First, male rats
recovered from mechanical hypersensitivity more rapidly than females
when challenged with IL6 (Fig. 5A) but both sexes showed robust me-
chanical hypersensitivity in response to treatment. We gave intrathecal
injections of TrkB-fc after all rats had recovered from IL6-induced
mechanical hypersensitivity and challenged them with PGE, 48 hrs
later. Male rats treated with TrkB-fc showed a complete reversal of
hyperalgesic priming (Fig. 5B). Female rats given TrkB-fc showed a
trend to reversal at 3 hrs and a complete reversal at 24 hrs after PGE,
treatment (Fig. 5B). Therefore, BDNF/TrkB signaling plays a critical
role in the maintenance of hyperalgesic priming in male, but not female
mice. In rats, the BDNF/TrkB signaling plays a critical role in the
maintenance of hyperalgesic priming in both sexes. This latter finding is
consistent with strong effects of this signaling pathway in the main-
tenance of priming in a rat model of migraine in males and females
(Burgos-Vega et al., 2016).

Finally, we sought to understand the source of BDNF in hyperalgesic
priming. A recently published paper using a nociceptor-specific
knockout strategy demonstrated that BDNF from nociceptors is a strong
contributor to hyperalgesic priming (Sikandar et al., 2018). On the
other hand, many studies have now demonstrated that microglial BDNF
is important for neuropathic pain (Coull et al., 2005; Trang et al.,
2011), at least in males (Sorge et al., 2015). To clarify the role of mi-
croglial BDNF in hyperalgesic priming in male and female mice we
obtained Cx3cr1““®R.-Bdnf~/~ and Cx3cr1““*R-Bdnf*/* mice and
challenged them with IL6 into the paw and then assessed hyperalgesic
priming with PGE, injections into the same paw. We found no effect of
microglial deletion of BDNF either in the acute mechanical hy-
persensitivity in response to IL6 (Fig. 6A) or in response to PGE,
(Fig. 6B). Given the previous findings of Sikandar et al. (Sikandar et al.,
2018) and our pharmacology data published previously (Melemedjian
et al., 2013) and here, we conclude that BDNF from nociceptors is likely
the key source of BDNF for the generation of mechanical hypersensi-
tivity in hyperalgesic priming paradigms.

4. Discussion
Hyperalgesic priming models are used to study the transition from

acute to chronic pain (Reichling and Levine, 2009; Kandasamy and
Price, 2015; Price and Inyang, 2015). We have previously used this
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Fig. 5. BDNF/TrkB signaling plays a role in IL6-induced hyperalgesic priming in both male and female rats. Male and female rats received an i.p. injection of IL6 and
were observed for mechanical hypersensitivity. A) While IL-6 (0.1 ng) induced equal amounts of mechanical hypersensitivity in both male and female rats compared
to BL at 3 hr post injection, male rats recovered faster compared to females (two-way ANOVA; from BL, F (6, 154) = 81.53, P < 0.0001; ####p < 0.0001; male vs
female rats, F (1, 154) = 8.633, P < 0.0038; Mp < 0.01). B) After rats recovered, male and female rats received either a i.t. injection of TrkB-fc (30 ng) or Vehicle.
Subsequently, PGE, was used to precipitate hyperalgesic priming. TrkB-fc was able to reverse IL6-induced priming in both male and female rats (three-way ANOVA;

s

Time x Sex X Treatment F (2, 60) = 6.429, P = 0.003; Bonferroni’s

model to identify sex differences in spinal dopamine signaling (Megat
et al., 2018) in mice. We used this model system to gain insight into
how BDNF/TrkB signaling may control this transition and whether or
not there are sexual dimorphisms in these effects in mice or rats. The
primary conclusion we reach from our experiments is that BDNF/TrkB
signaling plays a critical role in hyperalgesic priming in male mice and
rats but that its role is less clear in females, especially in mice. We
observed little effect of interfering with BDNF/TrkB signaling on hy-
peralgesic priming in female mice, but a substantial inhibition of the
maintenance of hyperalgesic priming was observed in female rats. This
finding is striking similar to previous work from our group in a rat
model of migraine pain where BDNF/TrkB is critically required for the
maintenance of priming in both male and female rats (Burgos-Vega
et al., 2016). We reach different conclusions than the work of Joseph
et al., 2003 where sex differences in rats were observed in the hyper-
algesic priming model that were dependent on PKCe activation using
carrageenan as a priming stimulus. In that work, carrageenan failed to
produce priming in female rats. However, Ferrari et al., 2016 demon-
strate that if priming stimuli act on mechanisms other than PKCe in
female rats (e.g. activation of ryanodine receptors) they induce robust
hyperalgesic priming. This suggests that IL6 may act through second
messengers downstream of PKCe bypassing the estrogen-dependent
effect originally described by Joseph et al., 2003. Whatever the me-
chanism, our hyperalgesic priming work with male and female mice

P < 0.0001).

and rats clearly shows that IL6 induces priming in both species, in both
sexes. While it is not known which species, mice or rats, better resemble
humans in terms of spinal BDNF/TrkB signaling, if the rat phenotype is
conserved in other mammals, sequestering spinal BDNF may be an
appropriate therapeutic approach for treatment of chronic pain in male
and female chronic pain patients.

We observed some differences in the magnitude of effect of BDNF/
TrkB signaling in hyperalgesic priming depending on the priming sti-
mulus. With IL6 as the priming stimulus there was a clear dependence
on BDNF/TrkB signaling for initiation and maintenance of priming in
male but not female mice. In rats the maintenance of priming was de-
pendent on BDNF/TrkB signaling in both males and females. We did not
test at earlier time points in rats because previous work in the migraine
model showed that BDNF/TrkB signaling plays a key role in initiation
in males and females (Burgos-Vega et al., 2016). With incision as the
priming stimulus we found that initiation of priming was BDNF/TrkB
dependent in male mice but that the maintenance effect was only
partial with TrkB-fc and there was no effect of ANA-12. Due to this, we
decided to focus on IL6 as the priming stimulus for our sex differences
experiments. A possible explanation for the differences in the effects of
BDNF/TrkB signaling on hyperalgesic priming is that the initiating pain
state is substantially longer lasting in the incisional model than the IL6
model. The duration of ongoing afferent discharge from the incisional
injury may engage different and/or multiple central mechanisms that
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Fig. 6. Male and female mice with BDNF eliminated from microglia show no differences in IL6-induced mechanical hypersensitivity and hyperalgesic priming. A)
Tamoxifen-injected male and female Cx3cr1“® x BDNF~/~ and Cx3cr1®® x BDNF*’/* mice received an i.pl. injection of IL6 and showed no differences in
mechanical hypersensitivity (two-way ANOVA; F(3, 115) = 1.339, P = 0.2653) or PGE, (100 ng) hyperalgesic priming (B; two-way ANOVA; F (3, 66) = 1.209,

P =0.3135).
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are critical for maintaining the primed state after that type of injury and
these may be completely independent of BDNF/TrkB signaling. Clearly,
this is an important consideration for therapeutic relevance, particu-
larly with respect to chronic post-surgical pain, which can have many
different trajectories (Werner and Kongsgaard, 2014; Houle et al., 2017;
Booth et al., 2018).

BDNF from microglia is a widely recognized mechanistic driver of
neuropathic pain (Coull et al., 2005; Trang et al., 2011). A key down-
stream target for BDNF is downregulation of the potassium/chloride
cotransporter KCC2 that regulates GABAergic inhibition in the dorsal
horn (Coull et al., 2005; Trang et al., 2011). Microglial BDNF is con-
trolled by p38 mitogen activated protein kinase signaling downstream
of the P2X4 receptor. Somewhat surprisingly, this signaling mechanism
is critical for neuropathic pain in male mice and rats but is seemingly
not involved in female mice and rats (Sorge et al., 2015; Taves et al.,
2016; Mapplebeck et al., 2018). While BDNF from microglia has re-
ceived much attention in the neuropathic pain literature, BDNF was
originally recognized as a pain signaling molecule because it is syn-
thesized by DRG neurons and released at central synapses where it
controls forms of synaptic plasticity like long-term potentiation (Kerr
et al., 1999; Mannion et al., 1999). BDNF expression in the DRG is
induced by peripheral inflammation (Mannion et al., 1999; Moy et al.,
2017; Moy et al., 2018a; Moy et al., 2018b) and inflammatory pain is
strongly reduced in mice lacking BDNF expression in nociceptors (Zhao
et al., 2006). Some forms of neuropathic pain are also reduced in mice
lacking BDNF in all sensory neurons and hyperalgesic priming induced
by carrageenan is dramatically reduced in these mice (Sikandar et al.,
2018). Because BDNF was knocked out in sensory neurons prior to
priming in those experiments, the findings of Sikander et al (Sikandar
et al., 2018) are consistent with our work wherein BDNF is required to
establish hyperalgesic priming in male mice. Unfortunately, the afore-
mentioned paper did not specify the sex of mice used for the hyper-
algesic priming model with sensory neuron BDNF knockout (Sikandar
et al.,, 2018). Here, we specifically eliminated BDNF from microglia
prior to the priming stimulus in male and female mice using the IL6
priming model. We observed no effect of microglial BDNF knockout in
this paradigm. Collectively, our new data and the published work cited
above points to nociceptive sensory neuron derived BDNF in the in-
itiation, and likely maintenance, of hyperalgesic priming in male mice
and male and female rats.

Sex differences in chronic pain mechanisms is emerging as an im-
portant area of research (Rosen et al., 2017) with profound implications
for pain therapeutics and clinical trial design (Price et al., 2018). A
major area where significant differences have been found is in the
spinal cord response to nerve injury. Both astrocytes (Gutierrez et al.,
2013) and microglial mechanisms (Sorge et al., 2015; Taves et al.,
2016; Mapplebeck et al., 2018) differ between male and female rodents
in response to nerve injury. We recently demonstrated that microglial
inhibitors that show sexual dimorphisms in neuropathic pain models
(p38 inhibitors and P2X4 blockers) also show sexual dimorphisms in
male and female mice in hyperalgesic priming (Paige et al., 2018). A
recent transcriptomic profiling of male and female mouse microglia
found major differences that are determined at birth and independent
of adult sex hormone fluctuations. These investigators discovered that
male microglia have a more inflammatory phenotype even at baseline
in the mouse brain and that this is at least partially responsible for sex
differences in response to stroke (Villa et al., 2018). While the state of
the science on sex differences in chronic pain mechanisms is far from
settled, our work suggests that some of these sex differences observed in
mice may not be represented in rats. We think that this highlights the
desperate need for greater insight into molecular changes in the ner-
vous system of humans with neuropathic or other forms of chronic pain.
For sex differences that are observed in rodent models to ultimately
have an impact on clinical translation, we must increase efforts to gain
insight into these critical questions in patient populations (Price et al.,
2018).
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Positive bands for Bdnjﬂ’”ﬂ" are at ~500bps (C). Bands in A and C were
ran in parallel from the same animals exhibiting the Cx3cr1“*R-Bdnf*’

* genotype
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ynpai.2018.10.001.

References

Asiedu, M.N., Tillu, D.V., Melemedjian, O.K., Shy, A., Sanoja, R., Bodell, B., Ghosh, S.,
Porreca, F., Price, T.J., 2011. Spinal protein kinase M zeta underlies the maintenance
mechanism of persistent nociceptive sensitization. J. Neurosci.: Off. J. Soc. Neurosci.
31, 6646-6653.

Banik, R.K., Woo, Y.C., Park, S.S., Brennan, T.J., 2006. Strain and sex influence on pain
sensitivity after plantar incision in the mouse. Anesthesiology 105, 1246-1253.

Booth, J.L., Sharpe, E.E., Houle, T.T., Harris, L., Curry, R.S., Aschenbrenner, C.A.,
Eisenach, J.C., 2018. Patterns of recovery from pain after cesarean delivery. Pain.

Burgos-Vega, C.C., Quigley, L.D., Avona, A., Price, T., Dussor, G., 2016. Dural stimulation
in rats causes brain-derived neurotrophic factor-dependent priming to subthreshold
stimuli including a migraine trigger. Pain 157, 2722-2730.

Buvanendran, A., Kroin, J.S., Berger, R.A., Hallab, N.J., Saha, C., Negrescu, C., Moric, M.,
Caicedo, M.S., Tuman, K.J., 2006. Upregulation of prostaglandin E2 and interleukins
in the central nervous system and peripheral tissue during and after surgery in hu-
mans. Anesthesiology 104, 403-410.

Cazorla, M., Premont, J., Mann, A., Girard, N., Kellendonk, C., Rognan, D., 2011.
Identification of a low-molecular weight TrkB antagonist with anxiolytic and anti-
depressant activity in mice. J. Clin. Invest. 121, 1846-1857.

Chaplan, S.R., Bach, F.W., Pogrel, J.W., Chung, J.M., Yaksh, T.L., 1994. Quantitative
assessment of tactile allodynia in the rat paw. J. Neurosci. Methods 53, 55-63.
Chen, W., Walwyn, W., Ennes, H.S., Kim, H., McRoberts, J.A., Marvizon, J.C., 2014. BDNF
released during neuropathic pain potentiates NMDA receptors in primary afferent

terminals. Eur. J. Neurosci. 39, 1439-1454.

Coull, J.A., Beggs, S., Boudreau, D., Boivin, D., Tsuda, M., Inoue, K., Gravel, C., Salter,
M.W., De Koninck, Y., 2005. BDNF from microglia causes the shift in neuronal anion
gradient underlying neuropathic pain. Nature 438, 1017-1021.

Ding, X., Liang, Y.J., Su, L., Liao, F.F., Fang, D., Tai, J., Xing, G.G., 2018. BDNF con-
tributes to the neonatal incision-induced facilitation of spinal long-term potentiation
and the exacerbation of incisional pain in adult rats. Neuropharmacology 137,
114-132.

Ferrari, L.F., Khomula, E.V., Araldi, D., Levine, J.D., 2016. Marked sexual dimorphism in
the role of the ryanodine receptor in a model of pain chronification in the rat. Sci.
Rep. 6, 31221.

Gutierrez, S., Hayashida, K., Eisenach, J.C., 2013. The puerperium alters spinal cord
plasticity following peripheral nerve injury. Neuroscience 228, 301-308.

Houle, T.T., Miller, S., Lang, J.E., Booth, J.L., Curry, R.S., Harris, L., Aschenbrenner, C.A.,
Eisenach, J.C., 2017. Day-to-day experience in resolution of pain after surgery. Pain
158, 2147-2154.

Joseph, E.K., Parada, C.A., Levine, J.D., 2003. Hyperalgesic priming in the rat demon-
strates marked sexual dimorphism. Pain 105, 143-150.

Kandasamy, R., Price, T.J., 2015. The pharmacology of nociceptor priming. Handb. Exp.
Pharmacol. 227, 15-37.

Kerr, B.J., Bradbury, E.J., Bennett, D.L., Trivedi, P.M., Dassan, P., French, J., Shelton,
D.B., McMahon, S.B., Thompson, S.W., 1999. Brain-derived neurotrophic factor
modulates nociceptive sensory inputs and NMDA-evoked responses in the rat spinal


https://doi.org/10.1016/j.ynpai.2018.10.001
https://doi.org/10.1016/j.ynpai.2018.10.001
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0005
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0005
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0005
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0005
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0010
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0010
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0015
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0015
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0020
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0020
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0020
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0025
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0025
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0025
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0025
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0030
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0030
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0030
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0035
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0035
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0040
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0040
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0040
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0045
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0045
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0045
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0050
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0050
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0050
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0050
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0055
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0055
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0055
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0060
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0060
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0065
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0065
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0065
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0070
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0070
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0075
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0075
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0080
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0080
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0080

J.K. Moy, et al.

cord. J. Neurosci. 19, 5138-5148.

Li, C.Q., Xu, J.M,, Liu, D., Zhang, J.Y., Dai, R.P., 2008. Brain derived neurotrophic factor
(BDNF) contributes to the pain hypersensitivity following surgical incision in the rats.
Molecular pain 4, 27.

Malcangio, M., 2017. Spinal mechanisms of neuropathic pain: Is there a P2X4-BDNF
controversy? Neurobiol. Pain 1, 1-5.

Mannion, R.J., Costigan, M., Decosterd, I., Amaya, F., Ma, Q.P., Holstege, J.C., Ji, R.R.,
Acheson, A., Lindsay, R.M., Wilkinson, G.A., Woolf, C.J., 1999. Neurotrophins: per-
ipherally and centrally acting modulators of tactile stimulus-induced inflammatory
pain hypersensitivity. PNAS 96, 9385-9390.

Mapplebeck, J.C.S., Dalgarno, R., Tu, Y., Moriarty, O., Beggs, S., Kwok, C.H.T., Halievski,
K., Assi, S., Mogil, J.S., Trang, T., Salter, M.W., 2018. Microglial P2X4R-evoked pain
hypersensitivity is sexually dimorphic in rats. Pain.

Masaki, E., Mizuta, K., Ohtani, N., Kido, K., 2016. Early postoperative nociceptive
threshold and production of brain-derived neurotrophic factor induced by plantar
incision are not influenced with minocycline in a rat: role of spinal microglia.
Neurosignals 24, 15-24.

Megat, S., Shiers, S., Moy, J.K., Barragan-Iglesias, P., Pradhan, G., Seal, R.P., Dussor, G.,
Price, T.J., 2018. A Critical Role for Dopamine D5 Receptors in Pain Chronicity in
Male Mice. J. Neurosci. 38, 379-397.

Melemedjian, O.K., Asiedu, M.N., Tillu, D.V., Peebles, K.A., Yan, J., Ertz, N., Dussor, G.O.,
Price, T.J., 2010. IL-6- and NGF-induced rapid control of protein synthesis and no-
ciceptive plasticity via convergent signaling to the eIF4F complex. J. Neurosci. 30,
15113-15123.

Melemedjian, O.K., Tillu, D.V., Asiedu, M.N., Mandell, E.K., Moy, J.K., Blute, V.M.,
Taylor, C.J., Ghosh, S., Price, T.J., 2013. BDNF regulates atypical PKC at spinal sy-
napses to initiate and maintain a centralized chronic pain state. Molecular pain 9, 12.

Moy, J.K., Khoutorsky, A., Asiedu, M.N., Black, B.J., Kuhn, J.L., Barragan-Iglesias, P.,
Megat, S., Burton, M.D., Burgos-Vega, C.C., Melemedjian, O.K., Boitano, S., Vagner,
J., Gkogkas, C.G., Pancrazio, J.J., Mogil, J.S., Dussor, G., Sonenberg, N., Price, T.J.,
2017. The MNK-eIF4E signaling axis contributes to injury-induced nociceptive plas-
ticity and the development of chronic pain. J. Neurosci. 37, 7481-7499.

Moy, J.K., Khoutorsky, A., Asiedu, M.N., Dussor, G., Price, T.J., 2018a. eIF4E phos-
phorylation Influences Bdnf mRNA translation in mouse dorsal root ganglion neu-
rons. Front. Cell. Neurosci. 12, 29.

Moy, J.K., Kuhn, J., Szabo-Pardi, T.A., Pradhan, G., Price, T.J., 2018b. eIF4E phosphor-
ylation regulates ongoing pain, independently of inflammation, and hyperalgesic
priming in the mouse CFA model. Neurobiol. Pain.

Nijs, J., Meeus, M., Versijpt, J., Moens, M., Bos, 1., Knaepen, K., Meeusen, R., 2015. Brain-
derived neurotrophic factor as a driving force behind neuroplasticity in neuropathic
and central sensitization pain: a new therapeutic target? Expert Opin. Ther. Targets
19, 565-576.

Paige, C., Maruthy, G.B., Mejia, G., Dussor, G., Price, T., 2018. Spinal inhibition of P2XR

Neurobiology of Pain 5 (2019) 100024

or p38 signaling disrupts hyperalgesic priming in male, but not female, mice.
Neuroscience 385, 133-142.

Price, T.J., Inyang, K.E., 2015. Commonalities between pain and memory mechanisms
and their meaning for understanding chronic pain. Prog. Mol. Biol. Transl. Sci. 131,
409-434.

Price, T.J., Prescott, S.A., 2015. Inhibitory regulation of the pain gate and how its failure
causes pathological pain. Pain 156, 789-792.

Price, T.J., Basbaum, A.I., Bresnahan, J., Chambers, J.F., De Koninck, Y., Edwards, R.R.,
Ji, R.R., Katz, J., Kavelaars, A., Levine, J.D., Porter, L., Schechter, N., Sluka, K.A.,
Terman, G.W., Wager, T.D., Yaksh, T.L., Dworkin, R.H., 2018. Transition to chronic
pain: opportunities for novel therapeutics. Nat. Rev. Neurosci.

Reichling, D.B., Levine, J.D., 2009. Critical role of nociceptor plasticity in chronic pain.
Trends Neurosci. 32, 611-618.

Rosen, S., Ham, B., Mogil, J.S., 2017. Sex differences in neuroimmunity and pain. J.
Neurosci. Res. 95, 500-508.

Sikandar, S., Minett, M.S., Millet, Q., Santana-Varela, S., Lau, J., Wood, J.N., Zhao, J.,
2018. Brain-derived neurotrophic factor derived from sensory neurons plays a critical
role in chronic pain. Brain.

Sorge, R.E., et al., 2015. Different immune cells mediate mechanical pain hypersensitivity
in male and female mice. Nat. Neurosci. 18, 1081-1083.

Taves, S., Berta, T., Liu, D.L., Gan, S., Chen, G., Kim, Y.H., Van de Ven, T., Laufer, S., Ji,
R.R., 2016. Spinal inhibition of p38 MAP kinase reduces inflammatory and neuro-
pathic pain in male but not female mice: sex-dependent microglial signaling in the
spinal cord. Brain Behav. Immun. 55, 70-81.

Thompson, S.W., Bennett, D.L., Kerr, B.J., Bradbury, E.J., McMahon, S.B., 1999. Brain-
derived neurotrophic factor is an endogenous modulator of nociceptive responses in
the spinal cord. PNAS 96, 7714-7718.

Tian, Y., et al., 2018. Targeted genotyping identifies susceptibility locus in brain-derived
neurotrophic factor gene for chronic postsurgical pain. Anesthesiology 128, 587-597.

Tillu, D.V.M.O., Asiedu, M.N., Qu, N., De Felice, M., Dussor, G., Price, T.J., 2012.
Resveratrol engages AMPK to attenuate ERK and mTOR signaling in sensory neurons
and inhibits incision-induced acute and chronic pain. Mol. Pain 8, 1744-8069.

Trang, T., Beggs, S., Salter, M.W., 2011. Brain-derived neurotrophic factor from micro-
glia: a molecular substrate for neuropathic pain. Neuron glia Biol. 7, 99-108.

Villa, A., Gelosa, P., Castiglioni, L., Cimino, M., Rizzi, N., Pepe, G., Lolli, F., Marcello, E.,
Sironi, L., Vegeto, E., Maggi, A., 2018. Sex-specific features of microglia from adult
mice. Cell Rep. 23, 3501-3511.

Werner, M.U., Kongsgaard, U.E., 2014. L. Defining persistent post-surgical pain: is an
update required? Br. J. Anaesth. 113, 1-4.

Zhao, J., Seereeram, A., Nassar, M.A., Levato, A., Pezet, S., Hathaway, G., Morenilla-
Palao, C., Stirling, C., Fitzgerald, M., McMahon, S.B., Rios, M., Wood, J.N., 2006.
Nociceptor-derived brain-derived neurotrophic factor regulates acute and in-
flammatory but not neuropathic pain. Mol. Cell. Neurosci. 31, 539-548.


http://refhub.elsevier.com/S2452-073X(18)30023-0/h0080
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0085
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0085
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0085
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0090
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0090
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0095
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0095
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0095
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0095
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0100
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0100
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0100
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0105
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0105
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0105
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0105
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0110
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0110
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0110
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0115
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0115
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0115
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0115
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0120
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0120
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0120
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0125
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0125
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0125
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0125
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0125
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0130
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0130
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0130
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0135
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0135
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0135
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0140
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0140
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0140
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0140
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0145
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0145
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0145
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0150
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0150
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0150
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0155
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0155
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0160
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0160
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0160
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0160
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0165
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0165
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0170
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0170
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0175
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0175
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0175
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0180
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0180
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0185
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0185
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0185
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0185
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0190
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0190
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0190
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0195
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0195
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0200
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0200
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0200
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0205
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0205
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0210
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0210
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0210
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0215
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0215
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0220
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0220
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0220
http://refhub.elsevier.com/S2452-073X(18)30023-0/h0220

	Temporal and sex differences in the role of BDNF/TrkB signaling in hyperalgesic priming in mice and rats
	Introduction
	Methods and materials
	Chemicals
	Animals
	Behavior
	Plantar incision surgery and priming injections
	Statistics

	Results
	Discussion
	Disclosures
	Author contributions
	Data and materials availability
	Supplementary data
	References




