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Brain-derived neurotrophic factor (BDNF) is a master regula-
tor of synaptic plasticity in various neural circuits of the mam-
malian central nervous system. Neuron activity—induced BDNF
gene expression is regulated through the Ca®>*/CREB pathway,
but other regulatory factors may also be involved in controlling
BDNF levels. We report here that Wnt/B-catenin signaling
plays a key role in controlling neuron activity—regulated BDNF
expression. Using primary cortical cultures, we show that block-
ade of Wnt/B-catenin signaling inhibits the BDNF up-regula-
tion that is induced by activation of the N-methyl-p-aspartic
acid (NMDA) receptor and that activation of the Wnt/-catenin
signaling pathway stimulates BDNF expression. In vivo, Wnt/f3-
catenin signaling activated BDNF expression and was required
for peripheral pain-induced up-regulation of BDNF in the
mouse spine. We also found that conditional deletion of one
copy of either Wntless (Wls) or fB-catenin by Nestin-Cre—
mediated recombination is sufficient to inhibit the pain-in-
duced up-regulation of BDNF. We further show that the Wnt/
PB-catenin/BDNF axis in the spinal neural circuit plays an
important role in regulating capsaicin-induced pain. These
results indicate that neuron activity—induced Wnt signaling
stimulates BDNF expression in the pain neural circuits.
We propose that pain-induced Wnt secretion may provide
an additional mechanism for intercellular coordination of
BDNF expression in the neural circuit.

Brain-derived neurotrophic factor (BDNF)? is a major neu-
rotrophic factor in the mammalian CNS, and it plays crucial
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roles in development and plasticity of neural circuitry (1-3).
Dysregulated BDNF is implicated in multiple neurological dis-
orders, including neurodegenerative diseases (4) and neuro-
pathic pain (5, 6).

BDNF is an immediate early gene that is regulated by neuro-
nal activity (1, 7). Neuronal activity activates BDNF transcrip-
tion by evoking Ca®* influx via ligand- and voltage-gated Ca*"
channels (8). The Ca®>™ influx can activate the cAMP response
element-binding protein (CREB), a key transcription factor in
the activity-regulated BDNF transcription, via specific Ca*" -
dependent cascades such as the cAMP/protein kinase A, Ras/
mitogen-activated protein kinase, and calmodulin/calmodulin
kinase pathways. The Ca®" influx causes CREB to bind the
cAMP/Ca*>" -response elements in the BDNF promoter (8,
9). The Ca®"/CREB pathway is the primary mechanism that
has been elucidated so far for activity-regulated BDNF
transcription.

Wnt (Wingless-type mammary tumor virus integration site
family) proteins have emerged as a class of critical neurotrophic
factors that support the function and plasticity of neural cir-
cuits (10, 11). Synaptic activity stimulates Wnt expression (12,
13) and elicits rapid secretion of Wnt protein from synaptic
regions in an NMDA receptor (NMDAR)-dependent manner
to support the expression of synaptic plasticity (14-17).
Secreted Wnt activates the -catenin—dependent (canonical)
pathway and/or the B-catenin-independent (noncanonical)
pathways to evoke cascades of cell responses (18). Activation of
the Wnt/B-catenin pathway, via Frizzled and LRP5/6 co-recep-
tors, results in B-catenin nuclear translocation to stimulate
transcription of target genes. Synaptic stimulation and
NMDAR activation can activate the Wnt/B-catenin pathway
and transcription (14, 17).

In this paper, we show that BDNF up-regulation induced by
synaptic activity depends on Wnt secretion and the activation
of the Wnt/B-catenin pathway. In contrast to the cell-autono-
mous restriction of the Ca®*/CREB mechanism to activated
neurons, the activity-regulated Wnt secretion has the potential
for paracrine stimulation of BNDF transcription in other cells
in addition to the activated neurons. Thus, Wnt secretion may
provide a mechanism for intercellular coordination of BDNF
expression in the neural circuit. The functional significance of
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Figure 1. Stimulation of NMDA receptor activated Wnt/-catenin signaling pathway and up-regulated BDNF expression in cortical cultures. NMDA
caused B-catenin protein increase (A) and transcriptional up-regulation of cyclin D1 (B) and Axin2 (D). NMDA also up-regulated BDNF protein (C) and mRNA (D;
the primers were in exon IX and detected both pro- and mature mRNAs). NMDA receptor antagonist b-APV blocked NMDA-induced up-regulation of both
B-catenin (E) and BDNF (F) protein (n = 4-5). Statistical analysis in A-D is as follows: compared with time point 0; one-way ANOVA followed by Newman-Keuls
test; ¥, p < 0.05; ** or ##, p < 0.01. Statistical analysis in £ and F is as follows: one-way ANOVA followed by Newman-Keuls test; **, ##, p < 0.01. Relative units
were computed after normalizing the intensity of bands of interest to the internal loading controls.

the identified Wnt/B-catenin/BDNF axis in the spinal pain neu-
ral circuit is suggested by its contribution to the expression of
capsaicin-induced pain.

Results

Stimulation of NMDA receptors activates Wnt/B-catenin
signaling and up-regulates BDNF expression

Activation of the NMDA receptor stimulated Wnt/g3-
catenin signaling in primary cortical cultures (10 days in vitro;
50 um NMDA), as suggested by the 3-catenin protein increase
(Fig. 1A) and cyclin D1 transcription up-regulation (Fig. 1B),

15642 J Biol. Chem. (2018) 293(40) 15641-15651

confirming our previous observations (14, 17). Because there
were potential binding sites for the B-catenin co-transcription
factor T-cell factor/lymphoid enhancer factor in BDNF pro-
moters (20), we hypothesized that NMDAR-regulated Wnt/
B-catenin signaling may underlie activity-induced BDNF
transcription. We compared the temporal profiles of 3-
catenin—mediated transcription and BDNF expression after
NMDA stimulation. Similar to 3-catenin, NMDA up-regulated
BDNEF protein (Fig. 1C), and transcription of BDNF and Axin2
(a transcription target of B-catenin) followed similar temporal
profiles in response to NMDA treatment (Fig. 1D). p-APV (100

SASBMB
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Figure 2. Inhibition of Wnt/B-catenin signaling blocked NMDA-induced BDNF up-regulation in cortical cultures. DKK1 impaired NMDA-induced up-
regulation of B-catenin (A) as well as BDNF protein (B) and mRNA (C). Anti-Wnt3a antibody blocked NMDA-induced increase of B-catenin (D) and BDNF (E)
protein, as well as BDNF mRNA (F). IWR-1 blocked NMDA-induced increase of B-catenin (G), BDNF (H) protein, and BDNF mRNA (/). B-Catenin siRNA (J) impaired
NMDA-induced up-regulation of BDNF mRNA (K). The concentrations of drugs were as follows: NMDA (50 um), IWR-1 (10 um), siRNA (25 pm) in K (n = 4-5).*,p <

0.05; ** or ##, p < 0.01 (one-way ANOVA followed by Newman-Keuls test).

uM), a specific NMDAR antagonist, abolished the increase of
NMDA-induced B-catenin (Fig. 1E) and BDNF up-regulation

(Fig. 1E).

Inhibition of Wnt/3-catenin signaling blocked NMDA-induced
BDNF up-regulation

To directly test whether Wnt/B-catenin signaling contrib-
uted to the NMDA -induced BDNF expression, we used DKK1
protein, which is an endogenous antagonist of LRP5/6 (21).
Pretreatment of the cultures with 100 ng/ml DKK1 for 1 h

SASBMB

blocked NMDA-induced 3-catenin increase (Fig. 24), indicat-
ing that the canonical Wnt pathway was inhibited. Importantly,
the NMDA-induced up-regulation of both BDNF protein (Fig.
2B) and mRNA (Fig. 2C) was also abolished by DKK1. These
results indicate that NMDA causes BDNF expression via the
Wnt/B-catenin pathway.

Wnt3a is a prototypic ligand of the canonical Wnt signaling
pathway. Our prior studies showed that Wnt3a expression and
secretion are elicited by NMDAR activation (14, 17). We thus
sought to test the involvement of Wnt3a in NMDA-induced

J. Biol. Chem. (2018) 293(40) 15641-15651 15643
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Figure 3. Wnt3a induced BDNF expression both in vitro and in vivo. Wnt3a treatment (30 min) of cortical cultures led to increase of B-catenin (A) and BDNF
(Band C) proteins in a dose-dependent manner. Intrathecal injection of Wnt3a led to BDNF up-regulation in the mouse spinal cord (C). The data are expressed
as means * S.E. Statistical analysis in A and B is as follows: compared with time point 0 (one-way ANOVA followed by Newman-Keuls test); *, p < 0.05; **, p <
0.01. Statistical analysis in C is as follows: compared with vehicle (t test with two-tailed). *, p < 0.05 (F = 2.114, DFn = 2, Dfd = 2).

BDNF expression by using specific anti-Wnt3a antibody to
neutralize extracellular Wnt3a. Anti-Wnt3a antibody inhibited
the NMDA-induced increase of B-catenin (Fig. 2D). Interest-
ingly, the up-regulation of BDNF protein (Fig. 2E) and mRNA
(Fig. 2F) was also impaired by anti-Wnt3a antibody. These
findings indicate that Wnt3a is a major ligand that activates
the canonical pathway to stimulate BDNF transcription in
response to NMDAR activation.

Next, we directly tested the role of -catenin in NMDA-in-
duced BDNF expression, using both pharmacological and
siRNA approaches. IWR-1 is a small molecule that promotes
B-catenin degradation by abrogating Axin2 turnover, thereby
disrupting Wnt pathway responses (17, 22). Pretreatment with
IWR-1 (10 um) for 30 min blocked the up-regulation of not only
B-catenin protein (Fig. 2G) but also the production of BDNF
protein (Fig. 2H) and mRNA (Fig. 2/) that was induced by
NMDA (50 um; 30 min). In siRNA experiments, we first tested
two siRNAs (siRNA577 and siRNA1312) that were designed to
knockdown B-catenin and found that only siRNA1312 (25
pmol) was efficient (Fig. 2J; 48 h post-transfection). RT-PCR
analysis demonstrated that siRNA1312 impaired NMDA-in-
duced up-regulation of BDNF mRNA (Fig. 2K). These results
together suggest that B-catenin—mediated transcription is
essential for NMDA to stimulate BDNF expression.

Wnt3a stimulates BDNF expression in vitro and in vivo

We next determined the effect of activating the canonical
Wnt signaling pathway on BDNF expression. Cortical cultures

15644 J Biol. Chem. (2018) 293(40) 15641-15651

were treated with purified Wnt3a for 30 min. Wnt3a induced an
increase in the B-catenin protein level in a dose-dependent
manner, indicating that there was activation of the canonical
pathway (Fig. 34). Concomitant with the 3-catenin up-regula-
tion, Wnt3a also up-regulated BDNF protein (Fig. 3B). We also
tested whether activation of the Wnt/-catenin pathway led to
BDNF up-regulation in vivo. In this experiment, Wnt3a was
administered by intrathecal injection (i.t.; 20 ng/ul, 5 ul), and
spinal cords were collected 1 h after for immunoblotting. As
seen in Fig. 3C, BDNF protein was significantly up-regulated
following Wnt3a administration. This finding indicates that
activation of the Wnt/B-catenin pathway is sufficient to acti-
vate BDNF expression in the CNS.

The Wnt/B-catenin pathway is critical for peripheral
pain-induced BDNF expression in mouse spinal cords

Next, we sought to determine the role of Wnt//B-catenin
signaling in the regulation of BDNF expression that is induced
by physiologically relevant stimulations. To this end, we mea-
sured BDNF expression in the mouse spinal cord after periph-
eral painful stimulation induced by intradermal (i.d.) capsaicin
injection (0.5%, 5 ul) in the hind paw. We used this rather high
dose of capsaicin to elicit strong pain responses that last for
hours (23), to induce sufficient changes of BDNF for measure-
ment. The level of BDNF protein in L4-L6 spinal cords was
measured at different time points after capsaicin injection. We
observed that capsaicin-induced peripheral pain caused tran-
sient up-regulation of BDNF protein, which peaked at 3 h and

SASBMB
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Figure 4. DKK1 blocked peripheral pain-induced spinal BDNF up-regula-
tion. A, time course of the up-regulation of BDNF protein in the spinal cord of
mice administered with capsaicin (0.5%, 5 ul; i.d.). Band C, DDK1 administra-
tion (0.2 ug/pl, 5 ul; i.t.) blocked capsaicin-induced up-regulation of BDNF
protein (B) and mRNA (C) (n = 4-5). Statistical analysis in A is as follows:
compared with time point 0 (one-way ANOVA followed by Newman-Keuls
test); *, p < 0.05. Statistical analysis in B and C s as follows: one-way ANOVA
followed by Newman-Keuls test; *, p < 0.05.

returned to baseline by 9 h (Fig. 44). To test the role of the
Wnt/B-catenin signaling in capsaicin-induced BDNF expres-
sion, we i.t. injected DKK1 (0.2 ug/pl, 5 nl) 30 min prior to
capsaicin administration and collected the spinal cord 3 h after
capsaicin injection. We found that DKK1 abolished the capsa-
icin-induced up-regulation of both BDNF protein and mRNA
(Fig. 4, B and C). These data suggest that the Wnt/B-catenin
pathway is critical for peripheral pain-induced BDNF tran-
scription in the spinal cord.

Wnt secretion is critical for peripheral pain-induced BDNF
expression in the spinal cord

Next, we wanted to test the in vivo role of Wnt secretion in
regulating the pain-induced BDNF expression in the spinal
cord. To this end, we attempted to conditionally knock out
Whtless (Wls), an essential protein for vesicular Wnt packaging
prior to secretion (24, 25), by crossing the floxed Wis mouse
(26) with the nestin-Cre mouse (27) to delete Wis in neurons
and potentially astrocytes derived from neural progenitor cells.
We could not obtain Cre-+/ Wis™*¢#/1ox¢d newhorns, indicating
that homozygotes were embryonically lethal. Thus, we used
Cre+/Wis"*¢?’* heterozygotes in this experiment; the het-
erozygotes showed 35% reduction of WIs protein in the spinal
cord, revealed by immunoblotting analysis. Strikingly, capsai-
cin-induced pain failed to up-regulate BDNF protein and

SASBMB

mRNA in the spinal cords (Fig. 5, A and B). Although nestin
promoter-controlled Cre can express in other cell types in
addition to neurons, neurons are the major cells that express
Wnts in the CNS (14, 28) and secrete Wnts after synaptic
activation (12). The result is consistent with the idea that
capsaicin-induced synaptic activity in the spinal cord evokes
Wnt secretion from neurons and down-regulation of Wnt
secretion by deleting one copy of Wis blocks capsaicin-in-
duced BDNF up-regulation.

B-Catenin is critical for capsaicin-induced spinal BDNF
expression

We also generated mutant mice with conditional B-catenin
knockout by crossing the floxed B-catenin mouse (29) and
the nestin-Cre mouse (27). The Cre+ homozygote of floxed
B-catenin (Cre+/B-catenin*¢¥/1°*d) 3]so died during embry-
onic development, and only heterozygotes were available for
our analysis; immunoblotting showed that the heterozygotes
had a 37% reduction of B-catenin protein in the spinal cord. We
observed that BDNF expression (neither protein nor mRNA) in
the spinal cord of the Cre+/B-catenin heterozygotes was not
significantly increased after capsaicin administration (i.d.) (Fig.
5, Cand D). Thus, down-regulation of B-catenin by deleting one
gene copy in neurons (and probably other cells such as astro-
cytes) abolished capsaicin-induced BDNF expression.

The Wnt/[3-catenin/BDNF pathway is critical for the expression
of nociceptive behavior

The results described above reveal a critical role of the Wnt/
B-catenin signaling in regulating the activity-induced BDNF
expression. We further determined the functional significance
of the Wnt/B-catenin/BDNF pathway in the expression of cap-
saicin-induced nociceptive behaviors, including lifting/licking
(L/L) and flinches. In one group of experiments, we determined
the involvement of the Wnt/S-catenin signaling in the expres-
sion of the nociceptive behaviors. DKK1 was i.t.-injected (0.2
pg/ul, 5 ul), followed by i.d. injection of capsaicin (0.0025%, 10
wl) 30 min later. Here, we used a lower concentration of capsa-
icin (0.0025%) to induce spontaneous nociceptive behaviors.
The spontaneous nociceptive behaviors were disrupted by very
strong pain induced by high concentration of capsaicin (e.g.
0.5% in Fig. 4). Capsaicin alone caused robust L/L and flinching
behaviors during the first 5 min that returned to baseline by 40
min postinjection (Fig. 6, C and D). DKK1 attenuated these
nociceptive behaviors (Fig. 6, A—D). These findings indicate
that Wnt/B-catenin signaling in the spinal pain circuit plays a
critical role in the expression of capsaicin-induced nociceptive
behaviors. To test the potential role of BDNF, we performed
another group of experiments in which animals were co-in-
jected (i.t.) with DKK1 (0.2 ug/ul, 5 ul) and BDNF protein (1
ng/ul, 5 ul). We observed that the BDNF co-administration
partially but significantly reversed the inhibitory effect of DKK1
on capsaicin-induced nociceptive behaviors (Fig. 6, A-D). This
result suggests that BDNF functionally contributes to the Wnt/
B-catenin— dependent expression of capsaicin-induced nocice-
ptive behaviors. To further test the functional interaction
between Wnt/S-catenin signaling and BDNF, we determined
whether BDNF was required for Wnt3a-induced allodynia.

J. Biol. Chem. (2018) 293(40) 15641-15651 15645
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Figure 5. Deletion of one copy of either Wis or -catenin in neurons inhibited the capsaicin-induced spinal BDNF. A and B, administration of capsaicin
(0.5%, 5 wl; i.d.) up-regulated BDNF protein (A) and mRNA (B) in the spinal cord of WT mice but not in the nestin-Cre/Wls ™/~ mutants. C and D, nestin-Cre/3-
catenin™~ mutants also failed to express the capsaicin-induced up-regulation of BDNF protein (C) and mRNA (D) (unpaired t test with two-tailed. *, p < 0.05;

NS, p > 0.05.).

Similar to a prior report (30), i.t.-injected Wnt3a (20 ng/ul, 5 wl)
caused mechanical allodynia that was sustained for 24 h. We
used two reagents, TrkB—IgG (BDNF scavenger) and ANA-12
(TrkB antagonist), to block BDNF signaling. The mice were
sequentially i.t.-administered Wnt3a and TrkB-IgG (50 ng/pul,
5 ul) or ANA-12 (1.2 pg/pl, 5 pl), at 15-min intervals. We
observed that both TrkB—IgG and ANA-12 blocked Wnt3a-
induced mechanical allodynia (Fig. 6, E and F). These findings
suggest that BDNF is essential for the expression of mechanical
allodynia that is induced by Wnt3a.

Discussion

BDNEF is a major neurotrophin that is regulated by neuronal
activity to modulate plasticity of neural circuits. We report here
that neuronal Wnt/B-catenin signaling is essential for the activ-
ity-regulated BDNF expression. Previous studies reveal that
synaptic activity elicits rapid Wnt secretion from neurons to
activate the Wnt/B-catenin pathway (14). Our current data
uncover a previously unexploited mechanism by which neuro-
nal activity stimulates BDNF transcription via Wnt secretion.
This novel regulatory paradigm suggests a potential intercellu-
lar regulation of BDNF transcription in neural circuits. We also
demonstrate the functional significance of the Wnt/B-catenin/

15646 J. Biol. Chem. (2018) 293(40) 15641-15651

BDNF pathway in regulating the plasticity of pain neural cir-
cuits in the spinal cord.

Wnt/B-catenin signaling in activity-regulated BDNF
transcription

Previous studies have established that BDNF is an activity-
regulated immediate early gene (1, 7) and that the Ca®>"/CREB
pathway plays a central role in controlling activity-regulated
BDNF expression (8, 9). In this study, we elucidate a new regu-
latory paradigm of activity-regulated BDNF transcription that
is controlled by the Wnt/B-catenin signaling pathway. Our pre-
vious studies showed that synaptic activation evoked Wnt
secretion and the activation of Wnt/B-catenin signaling (14,
17). We demonstrate here that NMDAR activation-mediated
BDNEF up-regulation in cortical primary cultures is blocked by
multiple approaches that disrupt the Wnt/B-catenin signaling
pathway. Blockade of this pathway in the spinal cord also
impairs activity-regulated BDNF expression that is induced by
capsaicin-evoked peripheral pain. Conversely, activation of the
Wnt/B-catenin pathway either in cultures or in the spinal cord
stimulates BDNF expression. Thus, Wnt/B-catenin signaling is
not only critical for activity-regulated BDNF expression but
also sufficient to initiate BDNF transcription in vivo. Consistent

SASBMB
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time spent for lifting/licking (A) and total flinches (B) during the first 40 min after capsaicin injection and the temporal expression of lifting/licking (C) and
flinches (D) were determined. DKK1 significantly reduced the time spent lifting/licking and the number of flinches. BDNF significantly reversed the inhibitory
effects of DKK1 on capsaicin-induced lifting/licking and flinches. Statistical analysis in A and Bis as follows: **, p < 0.01; *, p < 0.05 (one-way ANOVA). Statistical
analysis in Cand Dis as follows: **, p < 0.01; ¥, p < 0.05 (compared with control/black; two-way ANOVA with post-Bonferroni test). ++, p <0.01; +, p < 0.05,
(compared with control/black; two-way ANOVA with post-Bonferroni test). Effects of blockage of BDNF signaling on Wnt3a-induced allodynia are shown.
Wnt3a administration (20 ng/ul, 5 pl; i.t.) induced mechanical allodynia as shown by Von Frey tests (E and F). Administration (i.t.) of either the BDNF scavenger
TrkB-1gG (E; i.t.) or the TrkB antagonist ANA-12 inhibited the Wnt3a-induced mechanical hypersensitivity. Statistical analysis in E is as follows: nonparametric
test with two-tailed *, p < 0.05 (PBS versus Wnt3a), p > 0.05 (PBS versus Wnt3a+ TrkB-IgG), p > 0.05 (Wnt3a versus Wnt3a+ TrkB-IgG). Statistical analysis in F
is as follows: nonparametric test with two-tailed *, p < 0.05 (PBS versus Wnt3a), p > 0.05 (PBS versus Wnt3a+ ANA-12), p > 0.05 (Wnt3a versus Wnt3a+ ANA-12).

with the observations that Wnt is predominately expressed in
CNS neurons (14, 28) and is secreted in response to synaptic
activity (14), deletion of a copy of Wis by nestin-Cre abolished
capsaicin-induced BDNF up-regulation in the spinal cord (Fig.
5). These findings indicate that synaptic activation that is
evoked by peripheral capsaicin administration elicits release of
Wnt protein from spinal neurons. This in turn activates the
Wnt canonical pathway and BDNF transcription. BDNF is
likely a direct target of B-catenin because there are functional
T-cell factor/lymphoid enhancer factor-binding motifs in its
promoter (20). It would be interesting for future studies to
directly test this idea using approaches such as CHIP-seq.
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Compared with the paradigm of Ca®>"/CREB-mediated reg-
ulation of BDNF transcription, an important novel aspect of the
Wnt/B-catenin-based mechanism elucidated here is its poten-
tial paracrine role of secreted Wnt in addition to autocrine reg-
ulation. We conceive that the secreted Wnt ligands from acti-
vated neurons will stimulate BDNF transcription not only in
the activated neurons but also in the nearby cells via the Wnt/
B-catenin signaling (Fig. 7). The activity-dependent paracrine
regulation of BDNF transcription in nearby cells (in addition
to the regulation of BDNF transcription in activated neu-
rons) may provide a mechanism to enhance the biological
effects of neuronal activity and thus amplify the biological
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impact of activity-regulated BDNF. In this way, the BDNF
expression evoked by neuronal activity may spread in the
neural circuits in the area of the activated neurons, including
in glial cells.

The Wnt-BDNF axis in regulation of CNS function

Our results provide evidence for a direct regulatory connec-
tion between the activity-regulated Wnt signaling and BDNF
transcription. Because both BDNF and Wnts regulate cognitive
functions, the Wnt—-BDNF axis may constitute a key neu-
rotrophic signaling cascade that responds to neuronal activity
to modulate the functions of neural circuits. Although abun-
dant information exists about the neural functions of Wnt and
BDNEF separately, we know little about how Wnt and BDNF are
coordinated to regulate CNS functions. The activity-regulated
Wnt-BDNF pathway identified here suggests that at least
some of the activity of Wnts in the CNS is mediated by
BDNF. These findings predict an overlapping contribution
of dysregulated BDNF and Wnt signaling to the pathogenesis
of brain disorders.

BDNF dysregulation is implicated in neurodegenerative dis-
orders such as Alzheimer’s disease (31, 32). BDNF mRNA
and/or protein are down-regulated in various brain regions
of patients with Alzheimer’s disease, and administration of
exogenous BDNF or stimulating TrkB can attenuate patholo-
gies in model systems (33). Recent evidence indicates that
dysregulated Wnt/B-catenin signaling is also implicated in
neurodegenerative diseases and mental disorders, including
Alzheimer’s diseases and depression (34). Similar to the BDNF
down-regulation observed in these diseases, Wnt/B-catenin
signaling is also down-regulated. Activation of this pathway
ameliorates disease symptoms in animal models (34). From the
perspective of the identified Wnt—-BDNF axis, down-regulation
of Wnt/B-catenin signaling may contribute to the impaired
BDNF expression in these diseases. In this context, we conceive
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that the Wnt/B-catenin-BDNF axis may constitute a critical
pathogenic pathway in neurodegenerative diseases and other
brain disorders, and modulation of this pathogenic pathway
may have significant therapeutic effects.

The Wnt signaling-BDNF axis in pathological pain

BDNEF is a pain modulator (35), and its up-regulation in the
pain pathway is implicated in the development of neuropathic
pain (5). Similarly, Wnt signaling has also been shown to mod-
ulate nociception (36). The up-regulation of Wnt signaling has
been suggested to play a critical role during the development of
pathological pain (23, 28, 30, 37-39). Our data show that cap-
saicin-induced pain up-regulates Wnt/B-catenin signaling pro-
teins such as Wnts and B-catenin (23) as well as BDNF in the
spinal cord (Fig. 4). Furthermore, inhibition of Wnt/B-catenin
signaling attenuates capsaicin-induced nociceptive behaviors,
and this effect is partially reversed by BDNF (Fig. 6). The rescu-
ing effect provides only suggestive evidence for a potential role
of BDNF in capsaicin-induced nociceptive behaviors. Because
immunoblotting-detectable increase of BDNF induced by high-
dose capsaicin appeared after 1 h (Fig. 44), whereas the spon-
taneous nociceptive behaviors induced by low-dose capsaicin
were rather transient (Fig. 6, C and D), this temporal discrep-
ancy may be construed as evidence against a role of capsaicin-
induced BDEN in the nociceptive behaviors. However, these
temporal profiles may not be directly comparable because they
were obtained from different experimental paradigms. In addi-
tion, as an immediately early gene (1, 7), BDNF up-regulation
may occur earlier in response to capsaicin induced pain but
failed to be detected by immunoblotting. Nonetheless, we
directly showed that Wnt3a (i.t.)-induced mechanical allodynia
was blocked by inhibiting BDNF signaling (Fig. 6, E and F).
These findings indicate a critical role of BDNF in Wnt/3-
catenin-regulated pain pathogenesis.
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Experimental procedures
Primary neuron culture and transfection

Primary cultures of cortical neurons were prepared from
C57BL/6 mouse embryos (E16) as previously described (40, 41).
The neurons were seeded at a density of 2 X 10° cells/mm? in
12-well plates coated with poly-L-lysine. The cells were main-
tained in Neurobasal medium supplemented with 2% B-27 and
0.5 mMm L-glutamine for 10—12 days before use. The culture
medium was renewed with 50% fresh medium every 3 days. For
siRNA transfection, two pairs of 3-catenin siRNA were synthe-
sized as follows: 1) siRNA 1312 forward primer: 5'-GGG UUC
CGA UGA UAU AAA UTT-3’, and siRNA 1312 reverse prim-
er: 5'-AUU UAU AUC AUC GGA ACC CTT-3'; and 2)
siRNA577 forward primer: 5'-CCA GGU GGU AGU UAA
UAA ATT-3’, and siRNA577 reverse primer: 5'-UUU AUU
AAC UAC CAC CUG GTT-3'. B-Catenin siRNA1312, -
catenin siRNA577, and control scramble siRNA were trans-
fected using GenMute siRNA transfection reagent (SignaGen
Laboratories) according to the manufacturer’s protocol. The
cells were collected for analysis 2 days after transfection.

Animals

All animal procedures were performed according to protocol
0904031B approved by the Institutional Animal Care and Use
Committee at the University of Texas Medical Branch, and all
methods were performed in accordance with the relevant
guidelines and regulations. Heterozygous 3-catenin or Wntless
conditional knockout mutant mice and WT littermates (2-3
months old, male, C57Bl/6 background) were generated by
breeding floxed B-catenin or Wntless mutant lines with the
nestin-Cre mouse line.

Antibodies and drugs

For Western blotting, the antibodies used were mouse anti-
BDNF (1:1000, Santa Cruz), mouse anti-3-catenin (1:1000, Cell
Signaling), mouse anti-GAPDH (1:1000, Santa Cruz), mouse
anti-actin (1:1000, Cell Signaling), HRP-conjugated mouse IgG
antibody (1:10,000, Pierce), and HRP-conjugated rabbit IgG
antibody (1:5000, Pierce). The drugs used in this study were
NMDA (Sigma); IWR-1 (Sigma); p-APV (Sigma); capsaicin
(Sigma); ANA-12(Sigma); recombinant DKK1 (R&D Systems);
recombinant Wnt3a (R&D Systems); recombinant TrkB Fc
protein (R&D Systems); and recombinant BDNF (Bachem).

Mouse spontaneous pain behaviors

In the spontaneous pain behavioral studies, the animals were
injected i.t. with various drugs or vehicle controls, followed by
i.d. injection of capsaicin (CAP) at the central plantar area of
hind paws 30 min after i.t. injections. The animal groups were 1)
PBS (10 ul, i.t.)/PBS (10 wl, i.d.), 2) PBS (10 ul, i.t.)/CAP (10 ul,
0.0025%, i.d.), 3) DKK1 (10 ul, 0.1 pg/ul, it.)/CAP (10 pl,
0.0025%, i.d.), and 4) DKK1 (5 ul, 0.2 pug/ul, i.t.) + BDNE (5
ul, 1 ng/ul, i.t.)/CAP (10 ul, 0.0025%, i.d.). The number of
flinches and the duration (in seconds) of L/L of the CAP-in-
jected paw were recorded at 5-min intervals for 40 min, starting
immediately after CAP injection. A flinch was defined as a
spontaneous rapid jerk of the injected hind paw.
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Von Frey test

The animals were administered (i.t.) PBS (5 ul), Wnt3a (20
ng/ul, 5 ul), Wnt3a (20 ng/ul, 5 ul) + TrkB-IgG (50 ng/ul, 5 ul,
15 min before Wnt3a); Wnt3a (20 ng/ul, 5 ul) + ANA-12 (1.2
pg/ul, 5 ul, 15 min before Wnt3a). Following drug administra-
tion, Von Frey tests were performed as previously described
(42). Briefly, we used a series of calibrated von Frey monofila-
ments (0.1-2.0 g) to poke the plantar central surface of the
mouse hind paw according to the “up and down paradigm” (43).
Mechanical allodynia was measured by the alteration of paw-
withdrawal threshold for each mouse in response to von Frey
stimuli. The time course of the nociceptive behaviors was plot-
ted as the mean of paw-withdrawal threshold in every tested
time point from 2 to 48 h after drug administration.

Western blotting

To prepare protein samples from cortical cultures, cells in
12-well plates were rinsed with PBS two times and lysed in a
lysis buffer (50 mm Tris, pH 7.5, 150 mm NaCl, 5 mM EDTA, 1%
Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate). To pre-
pare protein samples from mouse spinal cords, the mice were
sacrificed under anesthesia. The L4 —L6 lumbar spinal cord seg-
ments were collected and homogenized in radioimmune pre-
cipitation assay lysis buffer (1% Nonidet P-40, 50 mm Tris-HCl,
pH 7.4, 1% sodium deoxycholate, 150 mm NaCl, and 1 mm
EDTA, pH 8.0) supplemented with protease inhibitor cocktails
(Sigma). Spinal homogenates were centrifuged (12,000 X g) for
15 min at 4 °C. Protein concentrations were measured using the
bicinchoninic acid kit (Pierce) and normalized with 2X SDS
loading buffer (62.5 mm Tris-HCI buffer, pH 6.8, 10% glycerol,
2% SDS, 5% B-mercaptoethanol, and 0.01% bromphenol blue).
After denaturing at 95 °C for 10 min, 40 pg of protein was
loaded on a 12% SDS-PAGE gel for electrophoresis and then
transferred to 0.2-um polyvinylidene difluoride membranes
(Millipore). The membranes were then blocked for 2 h at room
temperature with 5% nonfat dry milk in TBS-T (20 mm Tris-
HCI, pH7.4, 0.15 M NaCl, and 0.1% Tween 20), incubated with
primary antibodies at 4 °C overnight, and washed with TBS-T
(3 X 10 min). The membranes were then incubated with HRP-
conjugated anti-mouse or rabbit secondary antibodies for 1 h at
25 °C followed by washes with TBS-T (3 X 10 min). Protein
bands on the membrane were detected using the ECL kit
(Amersham Biosciences), according to the manufacturer’s
instructions. Band intensity was quantified with Quantity One
4.6.2 (Bio-Rad).

Quantitative real-time PCR

Total RNA was extracted and purified from primary cortical
cultures or mouse spinal cords with TRIzol (Life Technologies,
Inc.), according to the manufacturer’s instructions. To generate
¢DNA, 1 ug of total RNA was reverse-transcribed using Super-
Script™ reverse transcriptase (Life Technologies), following the
manufacturer’s instructions. Quantitative PCR was performed
using a StepOne PCR system (Life Technologies) and the SYBR
Green PCR Master Mix kit (Life Technologies). The expression
of target genes was measured using primers specific to their
c¢DNA templates (Table 1). Specifically, the BDNF primers set
matched to amply the exon IX of BDNF for detecting the total
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Table 1
Mouse primer sequences

Gene symbol

Forward primer sequence

Reverse primer sequence

Cyclin D1 5'-AATCGTGGCCACCTGGATG-3'
BDNF 5'-GGCCCAACGAAGAAAACCAT-3'
Axin2 5'-ACAGGATGTCTGGCAGTGGATG-3'

5'-CTTCAAGGGCTCCAGGGACA-3'
5'-AGCATCACCCGGGAAGTG-3’
5'-CACAGGCAGACTCCAATGGGTA-3'

BDNF including pro- and mature BDNF. The relative gene
transcription level was calculated by the AAC; method (19)
using B-actin as the internal control. Each quantitative real-
time PCR assay was carried out at least in triplicate.

Statistics

All data are presented as the means * S.E. Statistical analyses
were performed using GraphPad Prism 5 software. The
Student’s ¢ test was used to test significance between two
groups. One-way analysis of variance (ANOVA) or two-way
ANOVA with Bonferroni post-tests was used for comparisons
between multiple groups. A p value of 0.05 was considered to be
statistically significant.

Author contributions—Wenping Zhang, Y. P., and S. Z. data cura-
tion; Wenping Zhang, Y. S., and Y. P. formal analysis; Wenping
Zhang validation; Wenping Zhang, Y. P, and L. Z. writing-original
draft; Y. S., Y. P.,S. Z.,, Wenbo Zhang, and S.-J. T. investigation; L. Z.,
Wenbo Zhang, and S.-J. T. supervision; L. Z. and S.-J. T. project
administration; S.-J. T. conceptualization; S.-J. T. writing-review and
editing.
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