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TrkB Signaling I's Required for Both the Induction and
Maintenance of Tissue and Nerve Injury-Induced
Persistent Pain

Xidao Wang,' Joseline Ratnam,?> Bende Zou,> Pamela M. England,? and Allan I. Basbaum!
Departments of Anatomy and Physiology and W. M. Keck Foundation Center for Integrative Neuroscience, and 2Department of Pharmaceutical Chemistry,
University of California, San Francisco, San Francisco, California 94158

Activation of primary afferent nociceptors produces acute, short-lived pain, and tissue or nerve injury induces long-term enhancement
of nociceptive processing, manifested as hypersensitivity to thermal and mechanical stimulation. Here we used a chemical- genetic and
pharmacological approach to study the contribution of the receptor tyrosine kinase, type 2 (TrkB) to the generation and maintenance of
injury-induced persistent pain. We performed the studies in wild-type mice and transgenic (TrkB**'°*) mice that express mutant but
fully functional TrkB receptors. By injecting a small molecule derivative of the protein kinase inhibitor protein phosphatase 1 (INM-PP1),
it is possible to produce highly selective inhibition of TrkB autophosphorylation in adult mice, without interfering with the activity of
other protein kinases. We report that oral administration of INM-PP1, at doses that blocked phosphorylation of TrkB in the spinal cord,
had no effect in behavioral tests of acute heat, mechanical, or chemical pain sensitivity. However, the same pretreatment with INM-PP1
prevented the development of tissue- or nerve injury-induced heat and mechanical hypersensitivity. Established hypersensitivity was
transiently reversed by intraperitoneal injection of INM-PP1. Although interfering with TrkB signaling altered neither acute capsaicin
nor formalin-induced pain behavior, the prolonged mechanical hypersensitivity produced by these chemical injuries was prevented by
INM-PP1 inhibition of TrkB signaling. We conclude that TrkB signaling is not only an important contributor to the induction of heat and

mechanical hypersensitivity produced by tissue or nerve injury but also to the persistence of the pain.

Introduction

That brain-derived neurotrophic factor (BDNF) contributes to
the processing of nociceptive messages was originally suggested
by a dramatic alteration in the levels of BDNF expression in the
spinal cord after tissue or nerve injury (Ernfors et al., 1993; Mi-
chael et al., 1997; Cho et al., 1998; Zhou et al., 1999; Fukuoka et
al,, 2001; Pezet et al., 2002; Merighi et al., 2008b). BDNF levels
increased in peptidergic nociceptors, and there is de novo expres-
sion in cell bodies of large-diameter afferents (Cho et al., 1998;
Mannion et al., 1999; Michael et al., 1999). Experimental manip-
ulation of either BDNF or the receptor tyrosine kinase, type 2
(TrkB), the receptor through which BDNF signals, also signifi-
cantly alters nociceptive processing. For example, genetic dele-
tion of BDNF from Nay1.8-expressing nociceptors decreased
inflammation-induced thermal hyperalgesia (Zhao et al., 2006).
Surprisingly, acute thermal pain responsiveness increased. In con-
trast, intrathecal administration of antisense directed against either
BDNF or TrkB mRNA decreased both acute heat pain and
inflammation-associated thermal hyperalgesia (Groth and Aanon-

Received Sept. 8, 2008; revised Feb. 3, 2009; accepted March 20, 2009.

This work was supported by National Institutes of Health Grants NS48499 and 14627. The TrkB "'%* mice were
kindly provided by Dr. David Ginty at Johns Hopkins School of Medicine and with permission of the Campus Common
Gateway Interface (CGl) Facility and Princeton.

Correspondence should be addressed to Allan I. Basbaum, Department of Anatomy, University of California, San
Francisco, 1550 4th Street, San Francisco, CA 94158. E-mail: allan.basbaum@ucsf.edu.

DOI:10.1523/JNEUR0SCI.4288-08.2009
Copyright © 2009 Society for Neuroscience  0270-6474/09/295508-08%15.00/0

sen, 2002), as did reduction of BDNF via intrathecal administration
of anti-BDNF antibodies or by sequestration of BDNF via intrathe-
cal TrkB—IgG (Mannion et al., 1999; Yajima et al., 2002).

With respect to the processing of mechanical pain, some stud-
ies reported no reduction of the mechanical hypersensitivity in-
duced by partial sciatic nerve ligation (Zhao et al., 2006) and no
change in capsaicin-induced secondary mechanical hyperalgesia
after sequestration of BDNF (Mannion et al., 1999). Other stud-
ies, however, found that sequestration of BDNF (Marcol et al.,
2007) or small interfering RNA-mediated reduction of microglial
BDNF synthesis significantly reduced nerve injury-induced me-
chanical allodynia (Coull et al., 2005). In contrast, intrathecal
injection of BDNF reduced the hyperalgesia produced by partial
nerve injury (Lever et al., 2003). Finally, although Kerr et al.
(1999) found little effect of reducing BDNF levels, TrkB-IgG
sequestration of BDNF decreased the hypersensitivity produced
by repeated tactile stimulation in the setting of inflammation
(Mannion et al., 1999).

These differences may reflect the locus and/or the magnitude
of the BDNF reduction produced by the various approaches. The
genetic deletion experiments (Zhao et al., 2006) indicate that
peptidergic afferents are the source of BDNF that is critical to heat
pain processing. In contrast, the locus of action after intrathecal
administration cannot be unequivocally established. BNDF levels
in primary afferents, postsynaptic neurons, and/or microglia
could be relevant. Most importantly, because TrkB is not the only
route through which BDNF signals (Huang and Reichardt, 2003;
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Fan et al., 2008), studies directed at the selective contribution of
TrkB signaling are required.

Here we used a transgenic mouse (TrkB¢'®*) that expresses a
mutated TrkB (Chen et al., 2005). By administering an antago-
nist, INM-PP1 (a small molecule derivative of the protein kinase
inhibitor protein phosphatase 1), that selectively binds to the
mutated receptor, it is possible to produce a profound and revers-
ible blockade of TrkB autophosphorylation (Wang et al., 2003;
Chen et al., 2005; Kaneko et al., 2008). Using this integrated
chemical-genetic approach, we provide evidence that TrkB sig-
naling is critical for both the induction and maintenance of the
heat and mechanical hypersensitivity produced by tissue or nerve

injury.

Materials and Methods

Generation of TrkB™1%* mice. TrkB™'** knock-in mice were generated
as described previously (Chen et al., 2005). Heterozygous TrkBF¢'**
mice were used to generate homozygous TrkB"*'®* mice. Wild-type
(WT) littermates served as controls.

Chemical synthesis of INM-PP1 and drug delivery. INM-PP1 was syn-
thesized as described previously (Wang et al., 2003) and was adminis-
tered in the drinking water (5.0 um INM-PP1). For systemic administra-
tion, we made an intraperitoneal injection of 5.0 um INM-PP1 in saline
(10 ul/g, i.p.) (Wang et al., 2003).

Western immunoblots. The following primary antibodies were used:
anti-pan Trk (C-14) polyclonal antibody (sc-139) and anti-phospho-Trk
(E6) monoclonal antibody (sc-8058) were from Santa Cruz Biotechnol-
ogy. Anti-TrkB monoclonal antibody was from BD Biosciences (catalog
#610102), and anti-TrkA polyclonal was from Upstate (catalog #06-574).
The following secondary antibodies were used: horseradish peroxidase-
conjugated anti-rabbit and anti-mouse antibodies were from Jackson
ImmunoResearch.

Immunoprecipitation and Western blots. Spinal cords were removed
quickly by hydraulic extrusion with saline containing 1.0 mm sodium
orthovanadate and flash frozen in liquid nitrogen. Cords were then ho-
mogenized in 500 ul of radioimmunoprecipitation assay (RIPA) buffer
[1% NP-40, 1% deoxycholic acid, 0.1% SDS, 20 mm HEPES, pH 7.4, 100
mum NaCl, 1 mm EGTA, 1 mMm sodium orthovanadate, 50 mm NaF, 1.0 mm
PMSEF, 20 mm b-glycerophosphate, and Complete EDTA-free protease
inhibitor cocktail (Roche)] and incubated for 30 min on ice. All subse-
quent steps were performed at 4°C. Lysates were centrifuged at 16,000 X
g for 15 min, and equal quantities of the supernatants were incubated
with TrkA antibody for 4 h, followed by Protein A/G agarose for 4 h to
preclear the samples of TrkA. Preliminary experiments showed that TrkA
was completely removed in the first round of immunoprecipitation. The
supernatant was then incubated with pan-Trk antibody overnight, fol-
lowed by addition of Protein A/G agarose for 4 h. The resultant immu-
noprecipitates were washed three times with RIPA and one time with
TBS containing 1.0 mm PMSF plus 1.0 mm sodium orthovanadate and
extracted by boiling in 30 ul of SDS sample buffer. Proteins were resolved
by SDS-PAGE, transferred to polyvinylidene difluoride membranes, and
probed with anti-phospho-Trk antibodies overnight. SuperSignal West-
femto substrate (Pierce) was used to detect phospho-Trk by ECL. Blots
were then stripped and reprobed with anti-TrkB "'°* antibodies. Densi-
tometric analysis of bands was performed using NIH Image 1.62 soft-
ware. To correct for variations in loading, the data are expressed as per-
centage phospho-Trk of total TrkB '®* detected in each lane.

Behavior. Experiments were performed following the guidelines of the
International Association for the Study of Pain and with approval of the
University of California, San Francisco Institutional Animal Care and
Use Committee. All experiments were performed blind to the genotype
of the mice. Mice of both sexes (20—35 g) were housed in a 12 h light/dark
cycle at 21°C. Comparisons were made between TrkB™'** mice and
their wild-type littermates. Complete details of most of the pain models
used [von Frey testing of mechanical sensitivity, Hargreaves radiant heat
test of thermal sensitivity, formalin test, Complete Freund’s adjuvant
(CFA)-induced chronic inflammation and sciatic nerve injury (SNI)
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model of neuropathic pain] can be found in the study of Shields et al.
(2007). Methods for testing after formalin mechanical hypersensitivity
can be found in the study of Zeitz et al. (2004). An individual blind to
genotype performed all behavioral experiments.

Capsaicin-induced licking and postinjection mechanical hyperalgesia.
Mice were injected with 3.0 ug of capsaicin in 10 ul of 10% ethanol/10%
Tween/80% saline into the ankle. Thermal and mechanical sensitivity
were tested as above. Postcapsaicin-induced mechanical hypersensitivity
was tested as for postformalin hypersensitivity (Zeitz et al., 2004).

Statistical analyses. All data are presented as mean *+ SEM. Data were
analyzed using two- or one-way repeated measures ANOVA with
Tukey’s post hoc analysis. p < 0.05 was regarded as significant.

Results

Inhibition of TrkB signaling does not alter mechanical or
thermal nociceptive thresholds

Previous studies reported that PP1 derivatives, including INM-
PP1, potently and selectively inhibited mutant TrkB"*'** recep-
tors. The IC;, for INM-PP1 inhibition of TrkB autophosphory-
lation was ~3.0 nMm. Importantly, there was no inhibition of wild-
type TrkA or TrkB with drug concentration as high as 10 um, and,
even at these high doses, there are no adverse side effects. Here we
measured baseline thermal and mechanical nociceptive thresh-
olds in wild-type and TrkB™'®* knock-in mice, before and after
allowing the mice ad libitum access to drinking water containing
5.0 uM INM-PP1. We found no significant change of mechanical
(von Frey test) or thermal (Hargreaves test) nociceptive thresh-
olds in either wild-type or TrkB¥®'** knock-in mice (data not
shown). We conclude that TrkB phosphorylation is not required
for acute nociceptive processing.

Inhibition of TrkB signaling prevents capsaicin-induced
mechanical hyperalgesia

Although many in vitro studies established that INM-PP1 com-
pletely prevents TrkB phosphorylation, there is much less evi-
dence that effective blockade could be produced in vivo. Here we
validated the approach in a model of chemically evoked persis-
tent pain, using oral doses reported previously to block phos-
phorylation in vivo. In these studies, we used an algogen, capsa-
icin, that maximally stimulates nociceptors that express TRPV1.
In the mouse, the great majority of TRPV1-expressing nocicep-
tors express BDNF and the neuropeptides substance P and calci-
tonin gene-related peptide. Capsaicin-induced activation of
TRPV1-expressing nociceptors not only evokes pain behavior
(shaking and licking of the injected hindpaw) but also produces a
profound secondary hyperalgesia, namely, increased mechanical
sensitivity outside of the area of injury (Sun et al., 2006; Walker et
al., 2007). The hyperalgesia is presumed to arise from a central
sensitization of spinal cord dorsal horn circuits secondary to the
intense afferent discharge induced by capsaicin. By administering
INM-PP1I in the drinking water, we could test the hypothesis that
the central sensitization requires TrkB phosphorylation. To con-
firm that there was inhibition of TrkB phosphorylation, we col-
lected lumbar spinal cords from a parallel group of mice treated
under the same conditions. Finally, to confirm that TrkB phos-
phorylation occurs normally in the mice, we also studied
capsaicin-treated wild-type and TrkB"®'** knock-in mice that
did not receive INM-PP1.

Consistent with the lack of effect of blocking TrkB signaling
on acute heat or mechanical thresholds, we found no effect of
INM-PP1 on the magnitude of the pain behavior produced by
capsaicin. Figure 1 A further illustrates that injection of capsaicin
(3.0 ng/10 ul) into the ankle of either wild-type mice or trans-
genic mice that did not receive INM-PP1 induced a dramatic
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dimerization of the receptor and its auto-
phosphorylation on tyrosine residues
(Lindsay, 1996). To determine whether
oral INM-PP1 inhibits TrkB™'** phos-
phorylation in the capsaicin model, we re-
peated the capsaicin experiment, in this
case, under pentobarbital anesthesia. Five
minutes after ankle injection of capsaicin,
lumbar spinal cords were collected and
flash frozen. Trk receptors were immuno-
precipitated, and the relative amounts of phospho-Trk and total
TrkB™'%* were assessed.

Western blots showed that capsaicin-induced TrkB phos-
phorylation in the wild-type and TrkB **'** mice was comparable
in the absence of INM-PP1 (Fig. 1C) (phospho-Trk/total TrkB,
63.3 = 1.8% WT vs 67.0 = 1.7% TrkBF®'®*). In contrast, blots of
lumbar cords showed a marked increase of TrkB phosphoryla-
tion in the wild-type mice but not in the TrkB*¢'** mice that
received INM-PP1 (Fig. 1D) (phospho-Trk/total TrkB, 47.3 +
3.7% WT vs 5.1 * 4.9% TrkB"'**). Importantly, the total
amount of TrkB loaded into the control and INM-PP1 lanes was
comparable (Fig. 1C,D). Based on these results, we conclude that
INM-PP1 significantly inhibited capsaicin-induced phosphory-
lation of TrkB. The concurrent loss of capsaicin-induced second-
ary mechanical hyperalgesia suggests that TrkB signaling under-
lies the sensitization that is necessary for the development of the
mechanical hypersensitivity.

Figure 1.

Inhibition of TrkB signaling prevents and can reverse CFA-
inflammation associated mechanical and thermal
hyperalgesia

With the ability to regulate TrkB signaling in the adult, we next
asked whether TrkB phosphorylation is an important contribu-
tor in other models of injury-induced persistent pain. Hindpaw
injection of CFA produces a profound mechanical and thermal
hyperalgesia that peaks at approximately 3 d after its injection
and persists for many days. In these studies, we allowed the mice
to drink water containing 5.0 uM INM-PP1 for 2 d before making
an intraplantar injection of CFA into the left hindpaw. Figure 2
shows that CFA-induced mechanical and heat hyperalgesia were
both significantly reduced (prevented) in the TrkB™*'®* mice
treated with INM-PP1. Importantly, there was no effect on paw-

Inhibition of TrkB signaling by TNM-PP1 in TrkB P"%* mice prevents capsaicin-induced mechanical hyperalgesia and
inhibits TrkB phosphorylation. 4, Changes in mechanical threshold were measured 15, 30, and 60 min after injection of capsaicin
(3.0 £g/10 wl, s.c.) into the left ankle. Capsaicin produced a rapid drop of mechanical threshold in wild-type mice (n = 5) but not
in TrkB 7" mice (n = 5) that drank water containing TNM-PP1 (final concentration, 5.0 um); ***p << 0.001. B, Paw-withdrawal
latency to noxious heat did not differ between WT and 7rkB 6" mice. €, D, Western blots of lumbar spinal cords from four WT and
four TrkB 7" mice show that Trk phosphorylation after capsaicin treatment in the absence of INM-PP1 (C) in the drinking water
did not differ. Total TrkB loaded for WT and mutant mice is equivalent. In contrast, in the presence of INM-PP1 (D), there is a
significant decrease of Trk phosphorylation in the 7rkB F'6* mice (for quantification, see Results).

withdrawal thresholds contralateral to the CFA injection and no
effect on the hypersensitivity induced in wild-type mice treated
with INM-PP1.

To study the reversibility of the INM-PP1 effects, we next
asked whether switching the mice to normal drinking water
would reinstate the CFA-induced behavioral changes. Two days
after drinking INM-PP1-free water, we observed that the me-
chanical and thermal hyperalgesia reappeared and were equiva-
lent to the thresholds recorded in untreated TrkB™'®* mice (Fig.
2A,B). These studies demonstrate that TrkB signaling contrib-
utes to the development of CFA-induced hyperalgesia and sug-
gest that there is a prolonged and possibly sustained increase of
TrkB signaling as the inflammation persists.

To test the latter possibility more directly, we next asked
whether blocking TrkB signaling could reverse previously estab-
lished CFA-induced hyperalgesia. In these experiments, we fol-
lowed the protocol of Kaneko et al. (2008) who showed that an
intraperitoneal injection of INM-PP1 transiently blocked TrkB
phosphorylation. We injected CFA into the hindpaw of mice and
documented the decreased heat and mechanical thresholds.
Three days later, we injected the mice with INM-PP1 (16.6 ng/g,
i.p.) and measured withdrawal thresholds. Figure 3 illustrates
that administration of INM-PP1 (intraperitoneal) produced a
significant reversal of previously established mechanical and
thermal hyperalgesia. The reversal was transient; the hyperalgesia
returned after 90 min (Fig. 3 A, B). The same treatment was with-
out effect in wild-type mice. These results demonstrate that TrkB
phosphorylation not only contributes to the induction of inflam-
mation associated mechanical and thermal hyperalgesia but also
is required for its persistence. In light of this demonstration of the
important contribution of TrkB signaling, it is of interest that
sequestering NGF with TrkA-IgG antibodies reduced the main-
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Figure 2.  Inhibition of TrkB signaling prevents CFA-induced mechanical and heat hyperal-
gesia. INM-PP1 was added to the drinking water (final concentration, 5.0 wm), and mice had
unlimited access to the water for 2-3 d before and for 2 d after injection of CFA into the
hindpaw. Baseline mechanical (4) and heat (B; latency) withdrawal thresholds of the hindpaw
did not differ in WT (n = 5) and TrkB ™" (n = 5) mice. Two days after CFA, there was a
significant drop in mechanical (A) and heat (B) thresholds in WT mice (black bars) compared
with the thresholds in TrkB "' mice (gray bars) or in the hindpaw contralateral to the CFA-
injected paw of TrkB """ mice (white bars; ***p < 0.001). Two days after the INM-PP1 was
withdrawn from the drinking water, the mechanical and heat thresholds of the CFA-injected
hindpaw dropped significantly to that observed in WT mice and significantly different from the
threshold of the contralateral paw of the TrkB """ mice (***p << 0.001). ipsi, Ipsilateral;
contra, contralateral.

tenance of a non-malignant bone injury pain but could not prevent
its onset (Jimenez-Andrade et al., 2007). Together, these results
highlight the differential contribution of TrkA and TrkB signaling to
the development and maintenance of inflammatory pains.

TrkB signaling is required for the induction and maintenance
of peripheral nerve injury-induced mechanical hyperalgesia

Neuropathic pain represents a heightened pain sensitivity in-
duced by peripheral nerve injury. In these conditions, normally
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Figure 3. Inhibition of TrkB signaling can reverse established CFA-induced mechanical and

heat hyperalgesia. Changes in mechanical (4) and thermal (B) threshold were measured at
different time points after intraperitoneal injection of TINM-PP1 (16.6 ng/g) in CFA-treated
wild-type (n = 5) or TrkB™'®* (n = 5) mice. Baseline mechanical () and heat (B; latency)
thresholds did not differ in WT and TrkB """ mice, and in both groups mechanical and heat
thresholds dropped after CFA injection. However, during the first 60 min after INM-PP1, we
observed a partial normalization of the mechanical threshold () and an almost complete nor-
malization of the heat threshold (B). These effects disappeared by 90 min after INM-PP1, at
which point there were no longer significant differences in mechanical or heat threshold of the
CFA-injected hindpaws between WT and TrkB " mice, but the latter were significantly lower
than the thresholds of the paw contralateral to the CFA injection in TrkB " mice (*p < 0.05;
*¥¥p <0.001). ipsi, Ipsilateral; contra, contralateral.

innocuous tactile stimuli can evoke a withdrawal response, a phe-
nomenon termed mechanical allodynia. Here we studied the ef-
fect of INM-PP1 on the mechanical hypersensitivity produced in
the SNI model of neuropathic pain (Shields et al., 2003). In this
model, two of the three branches of the sciatic nerve are ligated,
leaving the tibial nerve intact. Within 24 h of surgery, there is a
profound mechanical hypersensitivity of the partially denervated
hindpaw. In these experiments, we added INM-PP1 to the drink-
ing water 2 d before the surgical denervation and continued this
treatment for 3 d after the surgery. We tested the mice 3 d after the
surgery and found a profound mechanical allodynia in the con-
trol group of mice that drank the INM-PP1-treated water. In
contrast, the magnitude of the allodynia in the TrkB™*'** mice
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Figure4. Inhibition of TrkB signaling prevents nerve injury-induced mechanical hyperalge-
sia. INM-PP1 was added to the drinking water (final concentration, 5.0 tm), and mice had
unlimited access to the water for 3 d before they underwent partial SNI. Baseline mechanical (A)
and heat (B) thresholds before SNI did not differ in WT (n = 5) and TrkB "6 (n = 5) mice.
Three days after nerve injury, there was a significant drop of mechanical threshold (4) in WT
mice compared with 7rkB """ mice (*p << 0.05) or to the contralateral paw of the TrkB "¢
mice (***p < 0.001). In neither group of mice was there a change in heat withdrawal threshold
after SNI (B). ipsi, Ipsilateral; contra, contralateral.

was significantly reduced. Two days after removal of the INM-
PP1 from the drinking water, the mechanical allodynia reap-
peared in the TrkB™'®* mice (Fig. 4A). Despite the profound
mechanical allodynia observed in this model, there is limited or
no change in heat thresholds. We confirmed this in the present
study and further showed that INM-PP1 treatment did not in-
fluence the sensitivity of the nerve injury model in test of heat
sensitivity (Fig. 4 B).

These data indicate that TrkB signaling is not only required for
the induction of nerve-injury induced mechanical hypersensitiv-
ity but also for its persistence. To provide additional evidence in
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Figure 5.  Inhibition of TrkB signaling can reverse already established nerve injury-induced

mechanical hyperalgesia. Partial SNI in both WT (n = 5) and TrkB ' (n = 5) produced a
significant drop of the mechanical withdrawal threshold (A) compared with baseline. Injection
of INM-PP1(16.6ng/g, i.p.) 3 d after the SNI reversed the mechanical allodynia in TrkB "' but
notin WT mice. The mechanical threshold in WT mice was significantly lower than in TrkB /616
mice after INM-PP1 (**p << 0.01) and lower than that in the uninjured contralateral paw of the
TrkB %" mice (***p < 0.001). The reversal lasted from 30 to 60 min, reappearing within 90
min of the TNM-PP1 injection, at which point mechanical thresholds in WT and 7rkB "¢"®A mice
did not differ and both were significantly lower than in the uninjured paw of the 7rkB " mice.
**¥p < 0.001. In neither group did SNI produce a change of the withdrawal threshold to
noxious heat (B), and TNM-PP1 injection was without effect in test of heat pain sensitivity. ipsi,
Ipsilateral; contra, contralateral.

support of this conclusion, we next asked whether inhibition of
TrkB signaling in animals already rendered mechanically hyper-
sensitive could reverse the mechanical hyperalgesia. To this end,
we administered INM-PP1 (16.6 ng/g) 3 d after the SNI proce-
dure and evaluated mechanical nociceptive thresholds. Figure 5A
shows that posttreatment with INM-PP1 can partially reverse
SNI-induce mechanical hyperalgesia in TrkB"'®* mice. The du-
ration of the effect of INM-PP1 was comparable with that ob-
served after inflammation, i.e., the reversal of the mechanical
hyperalgesia was transient (lasting no more than 90 min). As
expected, we found that an intraperitoneal injection of INM-PP1
had no effect on heat thresholds in wild-type mice or in TrkB ™'¢*
mice that did not drink water to which INM-PP1 was added (Fig.
5B). Together, these results demonstrate that TrkB phosphoryla-
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Figure 6. Inhibition of TrkB signaling does not alter formalin-evoked pain behaviors but

does prevent postformalin mechanical hypersensitivity. A, Wild-type (n = 5) and TrkB P66

(n = 5) mice drank from TNM-PP1-treated water for 2 d before injection of 2% formalin into the
hindpaw. There was no difference in formalin-evoked licking of the hindpaw during either the
first or the second phase of pain behavior. B, Baseline mechanical thresholds before formalin
injection did not differ in WT and 7rkB 6" mice. However, formalin induced a significant
decrease of mechanical threshold 90 min after the formalin injection in WT but not in TrkB P64
that were treated with INM-PP1. **p < 0.01.

tion is an important contributor and indeed may be required for
both the induction and maintenance of nerve injury-induced
mechanical hypersensitivity.

TrkB signaling contributes to the state of hypersensitivity but
not the immediate pain behavior produced by hindpaw
injection of formalin

Intraplantar injection of formalin in mice produces a stereotyped
pattern of pain behavior consisting of two distinct phases (Taylor
et al., 1997; Shields et al., 2007). Because this model is sensitive to
nonsteroidal anti-inflammatory drugs and opiates, the formalin
test is generally considered to be a useful model of postoperative
pain. The second phase reportedly results from input processed
by a spinal cord that was sensitized after the intense activity gen-
erated after the injection of formalin. Moreover, reducing BDNF
levels decreased pain behavior in the second phase of the formalin
test (Kerr etal., 1999; Zhao et al., 2006). Other studies questioned
the importance of central sensitization to the second phase of
pain behavior (Taylor et al., 1997; Hosl et al., 2006). Here we
tested the effect of oral administration of INM-PP1 for 2 d before
formalin injection. As illustrated in Figure 6, neither the magni-
tude nor the time course of the pain behavior in either phase of
pain behavior in the formalin test was altered by the INM-PP1
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pretreatment. These results suggest that either central sensitiza-
tion is not required for the establishment of the second phase of
pain behavior in the formalin test or mechanisms other than
TrkB signaling are critical.

However, as we reported previously, the relatively brief dura-
tion (~1 h) of pain behavior produced by formalin is followed by
a prolonged period of mechanical hypersensitivity. In contrast to
the lack of effect of inhibiting TrkB signaling on the overt pain
behavior in the formalin test, we found that oral INM-PP1 sig-
nificantly reduced the postformalin mechanical hypersensitivity.
These results distinguish the mechanisms underlying pain behav-
ior associated with different features of the formalin test.

Discussion
A recent comprehensive review of the contribution of BDNF to
the processing of pain messages emphasized the remarkable lack
of consensus in the literature (Merighi et al., 2008a). Indeed both
pronociceptive and antinociceptive effects of interfering with
BDNEF-TrkB signaling have been reported. The disagreement
likely reflects the varied methods that have been used to alter
BDNEF or TrkB levels, the fact that selective regulation of these
molecules is difficult in the adult and the extent to which down-
regulation of TrkB signaling was documented. Here we took a
chemical-genetic approach, one that directly targeted the phos-
phorylation step that is initiated when a TrkB ligand binds the
receptor. We not only demonstrated profound behavioral effects
of treating the TrkB**'** mice with INM-PP1 but also confirmed
that these changes correlate with inhibition of TrkB phosphory-
lation. We believe that this approach provides the most direct test
of the contribution of TrkB signaling to pain processing, partic-
ularly to the thermal and mechanical hypersensitivity that arises
in the setting of tissue or nerve injury. Most importantly, because
we could reversibly block TrkB phosphorylation in the adult, we
conclude that TrkB signaling contributes to both the develop-
ment of injury-induced persistent pain and its maintenance.

The results were very consistent and robust. Blocking TrkB
signaling in the TrkB"'** mice, by oral administration of INM-
PP1, significantly prevented the development of tissue and nerve
injury-induced persistent pain. This was true for both heat and
mechanical hypersensitivity in the case of CFA-induced inflam-
mation and for the mechanical allodynia produced after partial
sciatic nerve injury. In contrast, interfering with TrkB signaling
did not alter acute nociceptive processing, as measured by base-
line heat or mechanical thresholds, or by the pain behaviors in-
duced by hindpaw injections of capsaicin or formalin. However,
INM-PPI treatment in the TrkB"*'** mice prevented the me-
chanical hypersensitivity induced after capsaicin or formalin in-
jection. The simplest explanation for these actions is that TrkB
signaling is required for the development of the central sensitiza-
tion process that underlies the development of persistent heat
and mechanical hypersensitivity in the setting of tissue or injury.
The fact that we found comparable effects on heat and mechan-
ical hypersensitivity, and in both tissue and nerve injury models,
suggests that a common TrkB signaling pathway contributes to
the persistent pain triggered by these very different injury condi-
tions. Our results also suggest that the contribution of BDNF to
injury-induced central sensitization is via its interaction with
TrkB, rather than p75, a receptor through which BDNF can also
signal (Huang and Reichardt, 2003; Fan et al., 2008). Further-
more, although NT-4 also signals via TrkB, the bulk of the evi-
dence points to BDNF, rather than NT-4, as the key TrkB ligand
(Heppenstall and Lewin, 2001; Yajima et al., 2002).

Of particular interest to the clinical problem of reversing on-
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going states of injury-induced persistent pain is our finding that
blocking TrkB signaling by intraperitoneal injection of INM-PP1
after the hypersensitivity state was established significantly re-
duced the magnitude of the hyperalgesia. The reversal was rela-
tively brief, presumably because of the rapid metabolism of the
INM-PPI, but the result illustrates that maintenance of the per-
sistent pain requires long-term phosphorylation of TrkB. A sim-
ilar conclusion followed from studies that implicated release of
BDNEF from activated microglia in the setting of peripheral nerve
injury (Coull et al., 2005). Finally, we found that sustaining the
blockade of CFA-induced persistent pain (hypersensitivity) also
continued presence of INM-PP1. When we removed INM-PP1
from the drinking water, the mechanical and heat hypersensitiv-
ity appeared, indicating that initiation of these hyperalgesic states
was delayed and not completely prevented.

That TrkB signaling must be ongoing to sustain the injury
induced-pain state was unexpected but interestingly is consistent
with two recent studies (Bekinschtein et al., 2007, 2008) that
reported that stabilization of long-term memory requires a
BDNEF-dependent late phase of protein synthesis. Whether the
requirement for an ongoing contribution of TrkB phosphoryla-
tion to sustain persistent pain reflects continued input from the
site of injury or whether it reflects activation of a BNDF source
downstream of the afferent drive (e.g., microglia; see below) re-
mains to be determined, but it does suggest that the process of
central sensitization can be reversed once established.

Because we administered the INM-PP1 by systemic routes
(either oral or intraperitoneal), we cannot identify the particular
TrkB target in which phosphorylation was abrogated. We favor
the view that the relevant TrkB is in the primary afferent nocicep-
tor or in the postsynaptic neurons targeted by the nociceptor,
both of which have been shown to express full-length TrkB re-
ceptor (Salio et al., 2005; Merighi et al., 2008a). It is also possible
that injury-induced de novo expression of TrkB in non-
nociceptive afferents (Mannion et al., 1999; Michael et al., 1999),
which in turn engage pain transmission circuitry, is critical. Con-
sistent with the view that the spinal cord or primary afferent is the
locus of the relevant TrkB, the great majority of studies that im-
plicated BNDF or TrkB in the development of persistent pain
states targeted the spinal cord. Most relevant, perhaps, is that we
found that capsaicin-induced secondary hyperalgesia was associ-
ated with significant TrkB phosphorylation in the lumbar spinal
cord and that prevention of the mechanical hyperalgesia by
INM-PP1 blocked the TrkB phosphorylation. Of course, sys-
temic administration of INM-PP1 will concurrently interfere
with the enhanced TrkB phosphorylation that occurs in the ros-
tral ventral medulla after tissue injury and which has also been
strongly implicated in the facilitation of nociceptive processing at
the level of the spinal cord (Guo et al., 2006) (see also Quintao et
al., 2008).

As noted above, although 1INM-PP1 blocked the mechanical
hyperalgesia produced after an injection of capsaicin or formalin,
the immediate pain behavior provoked by these compounds was
not altered. The latter result is consistent with the conclusions
that TrkB signaling is not required for acute pain responsiveness
to a variety of noxious stimuli (heat, mechanical and chemical).
However, because it is generally believed that pain behavior in the
second phase of the formalin test is strongly influenced by central
sensitization of dorsal horn neurons after the intense burst of
activity that occurs during the first phase, it was somewhat sur-
prising that abrogation of TrkB signaling was completely without
effect on pain behavior during phase 2. This result, however, is
consistent with studies from our own laboratory, which argued
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that pain behavior during the second phase depends as much on
afferent drive that occurs during phase 2 as it does on central
sensitization produced by activity during the first phase. In our
studies, we showed that selective blockade of pain behavior dur-
ing phase one, with the potent, but short-acting opioid agonist
remifentanil, did not reduce pain behavior in the second phase
(Taylor etal., 1997; Taylor and Basbaum, 2000). The results of the
present study are of particular interest in light of our finding that
amutation of CaMKII completely blocked pain behavior in phase
2 of the formalin test, without influencing formalin mechanical
hypersensitivity and without an effect in other persistent pain
models (Zeitz et al., 2004). Together with the present results, we
conclude that central sensitization is not a critical contributor to
pain behavior in the second phase of the formalin test. The effect
of CaMKII modification, which can occur in nociceptors as well
as in spinal cord “pain” transmission circuits, perhaps reflected
disruption of afferent drive during phase 2.

In summary, using a genetic approach to selectively abrogate
TrkB signaling in mice, we provide evidence that signaling via
TrkB is a major contributor to injury-induced heat and mechan-
ical hypersensitivity. This is true for both tissue and nerve injury-
induced persistent pain. Acute pain behavior was not altered.
Although we cannot identify the particular neurons in which
inhibition of TrkB phosphorylation is critical to these effects, the
fact that changes produced by both tissue and nerve injury were
altered argues that the locus is downstream of the primary affer-
ent fiber. Because we found normal pain behavior in the second
phase of the formalin test but decreased postformalin (and post-
capsaicin mechanical hyperalgesia), we suggest that disruption of
the central sensitization produced by these chemical activators of
nociceptors and by the different tissue and nerve injury condi-
tions underlies the profound antinociceptive effects that we ob-
served. Based on these results, we suggest that the critical locus for
the TrkB contribution is in the spinal cord dorsal horn. Finally,
because interfering with TrkB signaling before the injury pre-
vented development of the persistent pain state and that interfer-
ing with TrkB signaling after the injury normalized heat and
mechanical withdrawal thresholds, we conclude that TrkB signal-
ing contributes to both the induction and maintenance of injury-
induced persistent pain. Whether the same locus is involved in
the induction and maintenance of the persistent pain state re-
mains to be determined.
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